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Abstract 
What is nitric oxide (NO)? Under standard temperature and pressure conditions in a chemistry 
class, NO is described as a colorless gas. When considering environmental emissions, NO is 
described as an unavoidable product in power plants and automobile engines during the 
combustion of fossil fuels. In physiology NO is described a strong vasodilator and a central 
signaling molecule involved in cellular processes. All of this makes NO a molecule of high 
interest for sensor applications. This thesis firstly deals with the optimization of Aluminum-
gallium nitride/gallium nitride (AlGaN/GaN) ion sensitive field effect transistors (ISFETs), 
including the material parameters associated with fabrication, and secondly the implementation 
of these optimized sensors for the detection of NO, regardless of application.  

As the sensors will be used in fluidic environments, the demands regarding the chemical and 
mechanical stability of passivation systems are quite different to standard Si-transistor 
technology. This passivation development was a key step in maintaining device functionality 
while additionally providing good insulation. It was demonstrated that polyimide exhibits the 
best insulating properties for these transistors in comparison to the well-known ‘hard 
passivation’ materials Si3N4 or SiO2. In order to employ polyimide as the passivation material, 
a unique ECR plasma process was developed to enable patterning while protecting the active 
sensor area of each of the AlGaN/GaN devices. Only a few nm beneath the surface of this active 
area is the so-called two-dimensional electron gas (2DEG), which is spontaneously formed 
between AlGaN and GaN and could be compared to the inversion layer in standard silicon-
based transistors. The ECR plasma step delivers the essential anisotropic polyimide etching to 
insulate each ISFET with no measureable damage to the active 2DEGs. Furthermore, it was 
demonstrated that a contamination free surface was attained through the use of this fabrication 
process, providing good device functionality from the initial measurement-state of the ISFET, 
without the need of the additional cleaning procedures previously used. This accomplishment 
leads to stable process conditions allowing for further functionalization and testing of 
AlGaN/GaN ISFET sensors for detection of desired analytes. 

Regarding NO, a number of new technological processes were developed involving 
AlGaN/GaN ISFET gate area functionalization to enable NO measurement and will be 
discussed in detail. A complete analysis of the sensor performance based on these utilized 
functionalization methods is included, which shows tungsten trioxide (WO3) and graphene 
functionalization techniques to be the most useful and compatible of those considered. These 
experiments also encompass verification of NO sensitivity in contrast to known interfering 
substances. Very interestingly it was possible to make simultaneous pH and NO measurements 
via a suitable reduction of pH sensitivity of the functionalized transistors. Preliminary 
investigations of physiological related concentrations of NO and initial biocompatibility were 
demonstrated using L929 (mouse fibroblast) cells. With large scale devices sensitivities of up 
to 57.0 mV/pH (values extremely near the theoretical Nernstian limit of 58.2 mV/pH at 20 °C) 
for W/L = 1 at VDS = 1V could be achieved. 

Finally, a miniaturized AlGaN/GaN ISFET array was developed, competitive in size and 
performance to comparable reduced sensor size arrays reported in literature. In this work, a 
sensor size reduction and pitch size of 10 µm x 10 µm and 100 µm x 100 µm, respectively, was 
employed to improve precision for in vitro cell culture or tissue related experiments. Combining 
the pH sensitivity reduction of NO sensors and the small-scale arrays, future work could enable 
simultaneous NO and pH measurement on a single chip across a local gradient in physiological 
applications.  



 
 

  



 
 

Zusammenfassung 
Was ist Stickstoffmonoxid (NO)? Aus dem Chemieunterricht kennt man NO unter 
Standardbedingungen für Temperatur und Druck als farbloses Gas. Im Zusammenhang mit 
Umweltemissionen ist NO ein unvermeidbares Abfallprodukt von Kraftwerken und 
Automotoren bei der Verbrennung von fossilen Brennstoffen. In der Physiologie ist NO für 
seine stark gefäßerweiternde Wirkung und als zentrales Signalmolekül bei zellulären Prozessen 
bekannt. All dies erklärt den starken Bedarf an NO-Sensoren. Diese Arbeit befasst sich zunächst 
mit der Optimierung von Aluminium-Gallium-Nitrid/Gallium-Nitrid (AlGaN/GaN) -Ionen-
sensitiven-Feldeffekttransistoren (ISFETs), einschließlich der zur Prozessierung notwendigen 
Materialparameter. Im zweiten Teil der Arbeit wird unabhängig von seinem letztendlichen 
Anwendungsgebiet die Implementierung des Sensors zur Detektion von NO behandelt. 

Durch den angestrebten Einsatz der Transistoren in Flüssigkeiten werden an die Passivierung 
des Systems, bezüglich der chemischen und mechanischen Stabilität, andere Anforderungen 
gestellt als bei einer Standard-Si-Transistor Technologie. Die Entwicklung einer geeigneten 
Passivierung war daher der Schlüssel, um eine gute Isolierung zu gewährleisten und gleichzeitig 
die Funktionalität der Bauteile zu erhalten. Im Vergleich mit den bekannten ‚harten‘ 
Passivierungsmaterialien wie Si3N4 oder SiO2 konnte gezeigt werden, dass Polyimid zwar die 
besten Isolationseigenschaften für diese Transistoren aufweist. Um aber Polyimid als 
Passivierung einzusetzen, musste ein neuartiger ECR (Electron Cyclotron Resonance) 
Plasmaprozess entwickelt werden, der einerseits die AlGaN/GaN-Elemente strukturiert und 
gleichzeitig den aktiven Sensorbereich schützt. Denn wenige nm unter der Oberfläche dieses 
Sensorbereichs befindet sich das sogenannte zweidimensionale Elektronengas (2DEG), das 
sich spontan zwischen der AlGaN- und GaN-Schicht ausbildet, vergleichbar mit der 
Inversionsschicht eines Standard Si-basierten Transistors. Der ECR Plasmaschritt ermöglicht 
das notwendige anisotrope Ätzen zur Isolierung der ISFETs gegeneinander ohne eine messbare 
Degeneration des 2DEG. Weiterhin wurde gezeigt, dass dieser Prozess eine 
kontaminationsfreie Oberfläche hinterlässt und damit die vorher benötigten Reinigungsschritte 
überflüssig macht. Diese Prozessabfolge schafft die Grundlage für eine stabile Prozessierung, 
welche eine weitere Funktionialisierung erlaubt sowie Tests mit AlGaN/GaN-Sensoren zur 
Detektion der gewünschten Analyten. 

Hinsichtlich der Detektion von NO wurde eine Reihe neuer technologischer Prozesse 
entwickelt, wie etwa die entsprechende Gate-Funktionalisierung des AlGaN/GaN-ISFET, die 
in dieser Arbeit ausführlich beschrieben wird. Diese Arbeit beinhaltet auch eine vollständige 
Anlayse des Sensorverhaltens in Abhängigkeit von der verwendeten 
Funktionalisierungsmethode. Dabei stellte sich Wolframtrioxid und Graphen als die besten der 
untersuchten Funktionalisierungen heraus. Diese Experimente umfassen auch den Nachweis 
der NO-Sensitivität gegenüber bekannten störenden Substanzen. Interessanterweise war es über 
die Verringerung der pH-Sensitivität des funktionalisierten Transistors möglich, eine 
gleichzeitige Messung des pH-Wertes und NO durchzuführen. Es wurden sowohl Versuche zur 
Messbarkeit von physiologischen Konzentrationen des NO als auch erste Tests zur 
Biokompatibilität des Systems durchgeführt, letzteres mit der Hilfe von L929-Zellen (Maus-
Fibroblasten). Für größere Sensoren kann dabei für ein W/L = 1 und VDS = 1V eine Sensitivität 
von bis zu 57.0 mV/pH (nahe am theoretischen Nernst´schen Verhalten mit 58.2 mV/pH bei 20 
°C) erreicht werden. 

Zuletzt wurde ein miniaturisiertes AlGaN/GaN-ISFET-Array entwickelt, das in Größe und 
Leistungsfähigkeit zu den in der Literatur beschriebenen Sensorarrays konkurrenzfähig ist. Es 
konnte eine Miniaturisierung und Pitch von 10 µm x 10 µm beziehungsweise 100 µm x 100 µm 
erreicht und angewendet werden, um die Genauigkeit für in vitro Zellkulturen oder Gewebe-
basierte Experimente zu erhöhen. Die Kombination von miniaturisierten Arrays und der 



 
 

Verringerung der pH-Sensitivität könnte in zukünftigen Arbeiten eine simultane NO- sowie 
pH-Messung auf einem Chip über einen lokalen Gradienten physiologischer Anwendungen 
ermöglichen. 
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MIHS . . . . . . . . . . . . . . . . .  metal-insulator-heterostructure 
MIS . . . . . . . . . . . . . . . . . .  metal-insulator-semiconductor 
MNP . . . . . . . . . . . . . . . . . . 2-methyl-2-nitrosopropane  
MOCVD . . . . . . . . . . . . . .  metal organic chemical vapour deposition 
MOSFET . . . . . . . . . . . . . . metal-oxide-semiconductor field-effect transistor 
MQW . . . . . . . . . . . . . . . . .  multi quantum-well 
MS . . . . . . . . . . . . . . . . . . .  multiple sclerosis  
NF-κβ . . . . . . . . . . . . . . . . .  nuclear factor κβ  
NMDA . . . . . . . . . . . . . . . . N-methyl-D-aspartate 
NO . . . . . . . . . . . . . . . . . . .  nitric oxide 
eNOS, NOS3 . . . . . . . . . . . endothelial nitric oxide synthase 
iNOS, NOS2 . . . . . . . . . . . inducible nitric oxide synthase 
nNOS, NOS1 . . . . . . . . . . . neuronal nitric oxide synthase 
OCP . . . . . . . . . . . . . . . . . .  open-circuit potential 
OCS . . . . . . . . . . . . . . . . . . Octadecyltrimethoxysilane  
OHP . . . . . . . . . . . . . . . . . . outer Helmholtz plane 
PBS . . . . . . . . . . . . . . . . . . phosphate buffer solution 
PC . . . . . . . . . . . . . . . . . . . .  pulsed coulometry  
PCB . . . . . . . . . . . . . . . . . .  printed circuit board 
PD . . . . . . . . . . . . . . . . . . . Parkinson’s disease 
PDMS . . . . . . . . . . . . . . . .  polydimethylsiloxane 
PEEK . . . . . . . . . . . . . . . .  polyether ether ketone 
pH . . . . . . . . . . . . . . . . . . .   negative common logarithm of the hydronium activity 
PGI2 . . . . . . . . . . . . . . . . . . prostacyclin  
POCT . . . . . . . . . . . . . . . .  point-of-care-testing 
PPC . . . . . . . . . . . . . . . . . .  persistent photoconductivity 
PMMA . . . . . . . . . . . . . . .  poly(methyl methacrylate) 
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PSA . . . . . . . . . . . . . . . . . . prostate specific antigen  
PSL . . . . . . . . . . . . . . . . . . porous silicon layer 
QRE . . . . . . . . . . . . . . . . . .  quasi-reference electrode 
REFET . . . . . . . . . . . . . . .  pH-insensitive reference ISFET 
RIE . . . . . . . . . . . . . . . . . . reactive ion etching 
rms . . . . . . . . . . . . . . . . . .  root mean square 
RTP . . . . . . . . . . . . . . . . . . rapid thermal process 
SAM . . . . . . . . . . . . . . . . . self-assembled monolayer 
SAW . . . . . . . . . . . . . . . . .  surface acoustic wave 
Si-NW . . . . . . . . . . . . . . . . silicon nanowires 
sGC . . . . . . . . . . . . . . . . . . soluble gualnylate cyclase 
SEM . . . . . . . . . . . . . . . . . . scanning electron microscopy 
SOD . . . . . . . . . . . . . . . . . superoxide dismutase 
SMU . . . . . . . . . . . . . . . . .  source-meter unit 
SNR . . . . . . . . . . . . . . . . . . signal to noise ratio 
SQW . . . . . . . . . . . . . . . . .  single quantum-well 
SWCNT  . . . . . . . . . . . . . . single wall carbon nanotube 
TEGa . . . . . . . . . . . . . . . . . triethylgallium 
TMAl . . . . . . . . . . . . . . . . .  trimethylaluminum 
UV . . . . . . . . . . . . . . . . . . .  ultra-violet 
WF-FET . . . . . . . . . . . . . . .  work-function field-effect transistor 
 
 



1 
 

1. INTRODUCTION  

Bio-medical and -chemical sensing devices represent an evolving field in which considerable 
progress has been made over several decades.  Although chemical sensor development dates 
back to the beginning of the 20th century with work on the first hydrogen-sensitive glass 
electrode, significant advancement in this field flourished in the 1960s [1, 2]. The beginning of 
this decade marked the first reported biosensor [3]. Since, the field has steadily developed; more 
recently, emphasis has been placed on miniaturization, low cost, and high analyte 
sensitivity/selectivity to produce the Lab-on-a-Chip and micro-total analysis solutions (µTAS). 
Due to the demanding nature of these systems, many intrinsic problems of these sensors have 
yet to be resolved. Devices built on various sensing approaches have been developed in attempts 
to overcome these difficulties. Some ideas, such as metal oxide semiconductor (MOS) 
capacitor-based sensors, chemically-sensitive Schottky barrier diodes, and solid electrolyte 
based sensors, have been abandoned due to complexity of signal read-out or issues involving 
the integration into fabrication processes. Integrated systems, such as surface acoustic wave 
(SAW) sensing and its more complex signal transduction show promise in selectivity, 
sensitivity, and response time. However, these integrated systems require complicated 
measurement setups and complicate production. 

Given these limitations, promising alternative approaches in the field include thin-film sensors, 
ion-sensitive field effect transistors (ISFETs), and chemically sensitive field effect transistors 
(ChemFETs). Since the ISFET and ChemFET are based on the field effect transistor, they 
inherently possess advantages of signal amplification and impedance transformation, in 
addition to the necessary potential for bridging electrical and biochemical realms [4].  
Enhancement of this electrical-biochemical interface is one means of increasing sensitivity, as 
well as specificity for target analytes. A wide variety of techniques can be applied in order to 
establish such an interface; the functionalization methods range from supplementary material 
layers (which can increase the electrochemical response to specific ions or molecules) to gels 
for the entrapment of biological catalysts or selective membranes. These structural modification 
techniques open the possibility of sensing a multitude of analytes separately, but also include 
the ability to simultaneously measure multiple parameters once the requisite mass fabrication 
processes are brought into play.  

Miniaturized sensor arrays are an ideal way to realize small-area, multi-parameter measurement 
systems; these systems efficiently manage space while performing in vitro or in vivo cellular 
physiological and pathophysiological analysis, when biocompatible materials are made use of 
during production. Electrolyte gated field effect transistors (EGFETs), which can also include 
ISFETs and ChemFETs, present a platform which has received a great deal of attention and 
success in biochemical sensing. Much of the development of EGFETs, sensor arrays, and other 
transistor technologies is founded on well-developed silicon-based devices. These devices, 
however, are often unsuitable for biological applications due to long-term stability issues of 
standard gate insulator materials, such as Si3N4 and SiO2 in a fluid environment [5, 6, 7]. III-V 
heterostructures, particularly III-nitrides, on the other hand, frequently demonstrate higher 
chemical stability and biocompatibility; accordingly, a significant increase in investigation of 
this material system has occurred over the past two decades [7]. Initial interest, as well as efforts 
to begin development of group III-nitride based systems, dates back to the 1970s; however, 
fabrication limitations due to the lack of electronic grade metalorganic precursors severely 
limited progress [7, 8, 9, 10, 11]. Following advancements in the fields of metal organic 
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE), high quality 
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epitaxial film growth became possible, and the advantages of these material systems (wide band 
gap, superior piezoelectric and spontaneous polarization properties, and chemical stability) 
could be exploited, making them prime candidates for bio-chemical sensors. Additional 
advantages over silicon-based devices include noise reduction and – particularly in the case of 
the AlGaN/GaN heterostructure – optical transparency, a property that enables optical analysis 
or measurement [7, 12]. 

Aluminum gallium nitride/gallium nitride (AlGaN/GaN) based systems represent an example 
of wide bandgap III-Nitride heterostructures (structures containing two or more semiconductor 
layers) exhibiting high breakdown voltage and thermal stability. A detailed structural and 
electrical analysis of this material has been reported by Ambacher, et al. [13]; their work 
presents a focus on high-voltage, high-power applications for high-electron mobility transistors 
(HEMTs). Specifically, the authors examined the various structural properties and their 
influences on the two-dimensional electron gas (2DEG) that develops within the 
heterostructure. Extending that work, Steinhoff et al. studied the use of AlGaN/GaN 
heterostructures as the foundation for ISFETs and EGFETs.  Following studies involving lipid 
membranes demonstrated promising results regarding the applicability of this system for bio-
sensing applications [7]. 

Considerable progress has been made in the last decade in the characterization and optimization 
of AlGaN/GaN ISFETs for pH measurement [14, 15].  This development, along with recent 
improvements in sensor stability, presents exciting new opportunities for exploring the 
detection of other analytes [15, 16]. One such prospect is nitric oxide (NO), an important 
signaling molecule in biological systems. NO is particularly interesting due to its paradoxical 
role: the molecule can serve as a gaseous messenger in certain contexts and as a cytotoxic agent 
in others.  The role of NO as the first known gaseous mediator was discovered though the work 
of Furchgott, et al. in 1987, proving that the endothelium-derived relaxing factor (EDRF) and 
NO are in fact one and the same [17]. This fairly recent finding along with immune system and 
neurotransmission related functions signify the way in which detection and measurement of NO 
at physiologically relevant concentrations may benefit, for example, neuroscience, 
pharmacology, and cardiology. Thus far, sensing applications for NO have been studied to 
limited degree; however, exploration of ISFET NO sensing systems has not been well 
researched. In particular, promising III-nitride material systems are notable in their lack of 
examination [18].  

Additionally, many contemporary NO sensors rely on optical measurement techniques and the 
burdensome analysis setup requirements associated with those methods. FET-based 
electrochemical (i.e. non-optical) NO detection systems lack those difficulties and offer a more 
straight-forward approach. This advantage, together with the potential of H+ measurement (the 
initial and most often studied ion during ISFET development) utilizing the same sensor chip, is 
attractive from the biological standpoint. H+ is an important parameter for many biological 
processes; it is the main ion for metabolic activity and must be tightly regulated within living 
organisms.  

Detection of NO and H+ (and other ions or molecules of interest) in a biological context 
inherently require passivation of conductive contacts/materials to ensure proper function in 
aqueous environments. Here, sensor passivation presents a substantial challenge due to the 
demanding conditions of biological media. Passivation has not often been studied or 
emphasized, despite its importance in preserving sensor integrity [4]. Regardless, passivation 
must be considered and applied to facilitate precise, reproducible analyte measurement – in this 
case pH or NO. Accordingly, various passivation materials and techniques were investigated 
and characterized in AlGaN/GaN FET systems in order to achieve robust measurement 
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conditions. This research focuses on this objective, as well as other adjacent topics, interests 
and issues.  The work is divided as follows: 

 study of various passivation materials in order to provide a stable foundation for 
AlGaN/GaN based ISFETs and the further development of biosensors, 
 

 functionalization of the GaN active area of the ISFET to enable nitric oxide 
measurement, and 
 

 miniaturization and sensitivity analysis of AlGaN/GaN ISFETs to for the development 
of multi-analyte sensor arrays 
 

Advancement in the above areas allows stable and reliable simultaneous measurement of 
multiple parameters. In addition, miniaturization of the sensors, and therefore reduction of 
required space for the sensor array, also facilitates analysis with extremely low sample 
volumes.  
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2 AlGaN/GaN Heterostructure  

To establish a foundation for the III-nitride based pH and nitric oxide (NO) detection system 
studied in this research, the AlGaN/GaN material system will first be presented. This discussion 
covers crystal growth, as well as the polarization effects within the heterostructure utilized in 
these NO detection applications. 

2.1 Growth of Group III-Nitrides  

2.1.1 Background   

Epitaxial growth of group III-nitride material systems is accomplished through various 
techniques, including sputtering, chemical transport, metalorganic chemical vapor deposition 
(MOCVD), and molecular beam epitaxy (MBE) [10, 19, 20, 21]. Although experiments 
utilizing III-V and specifically III-nitride material systems date back to the 1970s, progress was 
initially limited due to the lack of electronic-grade metal-organic precursors or plasma sources 
for nitrogen radicals compatible with MBE systems. As a result of the low quality material 
growth, highly degenerate layers with impurity concentrations in the (Nd = 1018 to 1020 cm-3) 
range [22] were observed. The high background concentrations of electrons were presumed to 
be due to point-defects such as nitrogen vacancies, as well as contamination by oxygen, silicon 
or carbon in the obtained crystal lattice [23]. An additional issue hindering progress in this field 
included the lack of a suitable substrate material. Achieving a good lattice match is important 
in this respect and, as subsequent research has demonstrated, the crystal structure of epitaxial 
nitrides is strongly influenced by the orientation and material of the substrate [4, 24, 25, 26, 27].  
Finally, the inability to produce p-type material made the development of light emitting device 
applications impossible, one of the most promising benefits from this material system with 
photoluminescence possibilities in the blue and UV range. Until high-quality epitaxial growth 
became possible such devices based on III-nitride material systems were not feasible. 

The early 1990s brought about the first display of a distinct improvement in III-nitride layers 
on sapphire substrates by metal organic techniques [10, 19, 28]. This can be attributed to general 
advancements in crystal growth technology in combination with the use of an AlN nucleation 
layer to alleviate obstacles involving the substrate [9]. This buffer layer made GaN growth with 
a flat surface on a sapphire substrates possible without macroscopic defects such as cracking or 
pitting. Although silicon carbide (SiC) is better matched regarding thermal expansion and lattice 
constants (~3.5% mismatch to GaN versus ~13.9% for sapphire), the high cost has prevented 
these substrates from being the main choice to this point. The use of an AlN nucleation layer 
was therefore a significant advancement in solving the substrate issue; subsequently, 
improvement of the structural and electronic properties occurred over the following years. As 
a result, a decrease in the background electron concentration and an improvement of mobility 
were observed, as well as the realization of p-type GaN [10, 29]. 

2.1.2 Applications  

The growth technology advancements yielding improved electronic properties of III-nitrides 
have granted opportunities to exploit promising characteristics long sought in these material 
systems. Favorable properties include the optical properties of InN, GaN and AlN, as well as 
the high thermal and chemical stability of these III-nitrides that make them prime candidates 
for various optoelectronic applications. Particularly advantageous is the wide tunable direct 
bandgap range covered by the ternary compounds (i.e. compound containing three different 
elements). As can be seen in figure 2.1, this tunable bandgap covers the range of 1.9 eV to 3.4 
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eV to 6.2 eV for α-InN, α-GaN and α-AlN, respectively and 1.7 eV to 3.2 eV to 4.9 eV for β-
InN, β-GaN and β-AlN, respectively [30, 31, 32, 33, 34, 35]. Indium nitride (InN) and its 
compounds mainly contribute to the visible and infrared (IR) portion of the electromagnetic 
spectrum. However, InN did not initially receive much attention due to difficulties in growth 
and its low thermal stability, which made high temperature growth impossible in III-nitride 
based systems [10]. Furthermore, the bandgap of InN (and other possible ternary compounds) 
is well covered by alternative semiconductors [11].  AlxGax-1N, on the other hand, with its 
tunable wide direct bandgap in the visible blue and violet and the ultraviolet (UV) range, makes 
it ideal for optical applications in this region of the spectrum. 

 

Figure 2.1: Semiconductors and the respective bandgaps, with particular focus on III-
nitrides: a) theoretical and b) experimental results correlation  

Emission at wavelengths in this range has been actively pursued, and potential for this tunable 
bandgap has been viewed favorably. Substantial progress has been made in this area with GaN-
based light emitting devices, which were the first optoelectronic application to be successfully 
developed and commercialized, the first example a blue p-n LED in 1994 [36]. In following 
years, a variety of III-Nitride systems were developed with AlN-, AlGaN/GaN- and GaN-based 
devices helping to make a range of applications for UV emission possible. The shortest emitted 
wavelength to this point has been an AlN-based UV-C LED with an output of 210 nm by 
Taniyasu in 2006 [37]. Advancements involving system optimization, such as output power of 
GaN based UV LEDs, have also been achieved with external quantum efficiencies (EQEs) up 
to 43% at near UV and UV-A wavelengths and 2.78% in the deep UV range, while blue-violet 
LEDs range up to 52-73% [38, 39, 40, 41, 42, 43]. The EQE of most UV-C range LEDs 
however, still typically lies at 2% or below as defect densities in AlGaN layers continue to 
hinder emission power and efficiency. Many of the pioneers of GaN growth optimization 
continue work on the reduction of the defect density, and consistent progress has been made 
[28, 325, 326]. In fact, the Nobel Prize in 2014 went to three of these early pioneers in the field 
Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura, for the research and development on the 
blue LED. Much of their recent work still relies on the uniform, low defect density growth that 
begins at the interface with the substrate. 

In addition to the interesting optical properties of III-nitride based systems, the development of 
high-power, high-voltage HEMTs has progressed greatly. Devices exploiting the high thermal 
stability, large peak electron and saturation velocities, and the ability to form quantum wells 
and two-dimensional electron gases (2DEGs) have found many applications as advancement 
has been made. As the growth of III-nitrides has progressed and devices based on AlGaN/GaN 
heterostructures have become more established, these are also looked to for the next generation 
of wireless communication systems and are being used more often for biological applications 
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[7, 14, 44, 45, 46]. The formation of the 2DEG, which is taken advantage of for many of these 
purposes, will be discussed in the following section.  

2.2 Two -Dimensional Electron Gas 

Studies have been conducted to assess the structural and electrical characteristics of the two-
dimensional electron gas (2DEG) that forms within the AlGaN/GaN heterostructure [20, 21, 
47]. These studies directed attention to surface properties, passivation, and electron sheet 
confinement effects. The majority of progress in III-nitride growth quality has been achieved 
using MOCVD or PIMBE technology. Since the epitaxial growth of the device heterostructures 
utilized in this research was performed with MOCVD, this technique will receive the focus of 
discussion in this section. Likewise, the spontaneous and piezoelectric polarization within the 
epitaxially grown layers, as well as the formation and confinement of the 2DEG, are described.  

Cubic zincblende and hexagonal wurtzite crystal structures are possible for group III-nitrides; 
both possess spontaneous and piezoelectric polarization properties. The wurtzite (α-phase) is 
the more stable phase in this case; since this form of GaN and AlGaN is noncentrosymmetric, 
it exhibits crystallographic polarity and may be grown either N-face or Ga(Al)-face. This 
property indicates the atomic stacking sequence and, therefore, the orientation of the 
spontaneous polarization; however, this does not identify which atom terminates the layer 
growth. Like other noncentrosymmetric structures, the polarity of the crystal affects both the 
bulk and surface characteristics. Here, the Ga-faced crystal typically exhibits higher structural 
quality and better electron transport properties [48, 49, 50]. This orientation, which may only 
be determined experimentally, is illustrated in figure 2.2 with corresponding examples of 
GaN/AlGaN/GaN heterostructures. Table 2.1 summarizes the spontaneous polarization and 
piezoelectric and dielectric constants, some of which are also represented in figure 2.1, which 
may be used to determine the polarization or bound charge densities shown.  

This table is a compilation from Ambacher, et al. in 1999, in which a comprehensive description 
of the formation of the 2DEG and the effects of various structural properties on this are 
described [21]. Here, the dependence of the 2DEG on both the spontaneous and piezoelectric 
polarization is demonstrated. The spontaneous polarization may be determined following for 
the range from GaN to AlN covered by AlxGa1-xN as a function of x, the percentage of Al 
contained in the ternary film [51]: 

0.029 0.052 .      2.1 

 

Figure 2.2: Spontaneous and piezoelectric polarization in Ga(Al)- and N-faced GaN or 
AlN layers and corresponding GaN/AlGaN/GaN heterostructures [21] 
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Table 2.1: Crystal properties of AlN, GaN and InN [21] 

 

 

For the piezoelectric polarization, this calculation involves the piezoelectric tensor, from which 
two components are relevant when describing the polarization induced along the c-axis: 

,     2.2 

for which  

,      2.3 

.        2.4 

Here, ϵz is the strain along the c-axis and the in-plane strain is assumed to be isotropic; hence, 
ϵx = ϵy. e33 and e33 are piezoelectric constants, and a and c are the lattice constants for the wurtzite 
hexagonal cell – all of which can be found in table 2.1 for the binary III-nitrides. The variation 
for the AlxGa1-xN case may be determined through the use of the elastic coefficients C13 and 
C33 which compensate for the variation in the lattice constants:  

2 .     2.5 

With the use of Equations (1) - (5), and Vegard’s law, and linear interpolation over x to account 
for AlxGa1-xN, the piezoelectric and spontaneous polarization, as well as the induced sheet 
charge density at the interface between AlGaN and GaN may be quantified. The 
heterostructures of interest are grown on a c-plane sapphire [0001] substrate with a thin AlN 
nucleation layer (i.e. Ga-face), and a thick (~1.5 µm) GaN bulk layer. AlGaN barrier dimensions 
are always held below the critical layer relaxation thickness. Consequently, the tensile strain 
within the AlGaN layer depicted in figure 2.2 is always relevant. Additionally, it has been 
shown that the piezoelectric polarization over the entire composition range of AlxGa1-xN has 
the same sign for tensile strain (negative) or compressive strain (positive) [51]. This property 
signifies that both the Ga-faced and N-faced heterostructures are relevant to the case in which 
both the spontaneous and piezoelectric polarization within the film point in the same direction, 
yielding a total polarization defined by: 

.     2.6 
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As the piezoelectric constant and the spontaneous polarization increase from GaN to AlN, (see 
table 2.1), the total polarization of a strained or unstrained (i.e. PPE = 0) AlGaN layer is higher 
than that of the relaxed GaN buffer layer. The polarization orientation and induced bound sheet 
charges at each interface are shown in figure 2.2. Additionally, the resulting 2DEG near the 
lower AlGaN/GaN or upper GaN/AlGaN interface for the case of Ga-faced or N-faced layer 
growth, respectively, in GaN/AlGaN/GaN heterostructures is shown. This 2DEG is induced due 
to the polarization pointing toward (Ga-face) or away (N-face) from the substrate. The confined 
sheet charges σP appearing at the interface relevant to the heterostructures grown in this work 
(Ga-face, Al0.3Ga0.7N) are found to be approximately 1.8	 	10 	 	at the upper 
GaN bulk layer boundary and 2.8	 	10 	  at the lower boundary of the 
Al0.3Ga0.7N layer. The additive piezoelectric polarization charge attributed to the tensile strain 
within AlGaN contributing to the total polarization within the barrier layer has a value of 
approximately 6	 	10 	  [52]. An uncompensated charge at the lower AlGaN 
boundary is thus present, which in turn leads to the formation of the 2DEG at the upper 
boundary of the GaN bulk layer with sheet carrier densities (ns) which can be great than 1 x 
1013 cm-2. The development of the quantum well may also be visualized through the band 
diagram in figure 2.3.  The formation of the 2DEG in response to the establishment of a quantum 
well at the AlGaN/GaN interface may be observed at the point where the energy drops below 
the fermi level. 

  

Figure 2.3: Valence band energy levels demonstrating 2DEG formation due to 
polarization induced sheet charges confined at the GaN/AlGaN/GaN interfaces  

Buchheim et. al. demonstrated that the compensation of the resulting polarization induced 
bound charges is not complete, and a resulting electric field within the AlGaN barrier for an 
uncapped (upper GaN layer excluded) is on the order of -300kV/cm [52]. This field leads to a 
positive surface potential Φ0 at the AlGaN/air interface of approximately 0.7 V, which is 
reduced to 0.3V with the addition of the GaN cap layer – although this value may vary 
depending upon growth conditions [53].  

The described 2DEGs formed in AlGaN/GaN heterostructures are utilized for a wide range of 
applications through the modulation of the electron gas carrier density. Example applications 
include HEMTs, optical devices (such as those covered in section 2.1.2), along with the 
developed biosensors in this research, and the previously developed fluid sensors for which 
further optimization has been carried out previously, as well as in this study, to improve 
heterostructure and measurement conditions [15, 16].  
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2.3 Heterostructure and Measurement Optimization for 
Stability in Aqueous Environments 

Defect density and chemical surface stability are two examples of the various structural 
properties that depend on growth conditions, substrate material and the orientation of epitaxial 
films. These properties have been considered in the optimization of the AlGaN/GaN 
heterostructure growth accomplished with MOCVD. Additionally, measurement conditions for 
developed devices in aqueous (i.e. a solution with water as the solvent) environments, have 
been studied [15, 16, 54]. The heterostructure represented in figure 2.4 is a general illustration 
of that used in much of the previous related work, as well as the devices developed here. The 
500 nm GaN bulk layer utilized in [54, 55] was necessary for the development of resonators; 
however, the 1.2 – 1.5 µm thick GaN used here results in fewer structural defects within the 
GaN layer [15, 16]. This defect reduction has also been demonstrated in the literature with 
validation by high resolution x-ray diffraction (HRXRD) measurement, as well as an increase 
in electron mobility from 250 cm2/Vs to 550 cm2/Vs for an increase of the GaN bulk layer 
thickness from 1 µm to 2.5 µm [21].  

 

 

Figure 2.4: GaN/AlGaN/GaN Heterostructure with spontaneous and piezoelectric fields 
and induced bound sheet charges [56]. 

In an effort to continue improvement of heterostructure integrity through the reduction of issues 
that relate to the defect types which are present, including dislocations, stacking faults, grain 
boundaries and boundaries in general, defect related phenomena were analyzed. Persistent 
photoconductivity (PPC) is one of the main defect-related problems and is observable through 
a drawn-out decay of the photoconductivity after darkening, as shown in figure 2.5. This effect 
has been attributed to deep level defects within the bandgap and was previously demonstrated 
for AlGaAs as well as AlGaN/GaN heterostructures [57, 58, 59, 60]. The drawn-out decay has 
also been shown to exist as a result of defects in both the GaN and AlGaN film through the 
investigation of n-type, p-type, and undoped GaN, GaN photodetectors and AlGaN/GaN 
heterostructures [60, 61, 62, 63, 64]. Such defects result in additional energy levels present 
within the forbidden bandgap and present an additional energy barrier for the charge carrier 
generation/recombination process. It should be noted that although more homogeneous films 
have been demonstrated by MOCVD growth, it has been made evident that the PPC has a 
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reduced effect in comparable MBE films [16]. This signifies that despite the decrease of 
structural defects during metal-organic growth, the resulting intrinsic and extrinsic point defects 
and varying types of contamination between the two growth techniques play a major role. 

To better understand the effects of PPC and how the drawn out photocurrent decay plays a role 
in the devices under investigation, various studies have been carried out [15, 16, 58, 59, 64,]. 

 

Figure 2.5: Drawn out current decay as a result of the PPC effect [64] 

The PPC drawn out decay was shown to be well described by the stretched exponential function: 

,      2.7 

where Idark represents the current without illumination, Io the current upon illumination, τ the 
time constant, and β the decay exponent which lies in the range 0 < β < 1 with reported values 
from 0.2 to 0.4 [16, 58, 59, 64]. Significant time constants of 1x103 s to 1x104 s are typical upon 
switching off ambient light or monochromatic light in the range of 2-3 eV [16, 64]. This PPC 
is detrimental to the development of stable devices as the resulting drift makes accurate 
measurement of desired analytes extremely difficult. Previous measures taken in an effort to 
reduce this effect include Si-doping near the AlGaN/GaN interface, constant illumination with 
an LED, and reference circuits to calculate out the measurement instability due to the drift 
influence. 

Doping with Si is employed at approximately 50 nm below the AlGaN barrier and has 
demonstrated a reduction of the effects due to illumination by up to a factor of 3. This 
improvement is achieved by increasing the magnitude of the sheet carrier concentration Ns and 
reducing the proportion of photo-induced charge carriers to the overall concentration of charge 
carriers. The utilization of additional reference sensors in a differential circuit has also 
demonstrated an additional successful factor 5 reduction of disturbance due to PPC. 

Utilization of violet and red LEDs as continuous illumination sources during measurement was 
based on previous measurement results on the changes in drain current of AlGaN/GaN based 
ISFETs when ambient light was removed, leaving only LED illumination [16]. Wavelengths 
near that of the GaN band gap showed the smallest change in drain current and therefore a violet 
LED (λ = 400nm) was first chosen. However, due to reports on photochemical etching of III-
Nitrides, the surface of the GaN cap layer was studied and comparative measurements were 
made with a red LED [65, 66, 67, 68, 69]. The difference in violet and red LED use was easily 
observable as comparative measurement series were carried out over extended periods of time. 
As may be seen in figure 2.6, impedance voltage profiling (IVP) was used for analysis of the 
illumination influence. Here, capacitance/conductance profiles versus bias voltage, VBIAS, 
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demonstrate drift upon continuous illumination, as well as a distortion of the shape of the profile 
curves. The initial measurement is made in darkness (black line) followed by multiple 
measurements with the activated red or violet LED, the first of these represented by the red 
curve. Although the drift is demonstrated, the benefit of the red LED (figure 2.6, right) is already 
quite evident upon observation of the extreme two-fold distortion behavior with the use of the 
violet LED (figure 2.6, left) and within a much shorter amount of time (measurement numbers 
are indicated in the insets). In addition, the loss of a clear peak in the phase measurement 
contributes to this indication.  

      

Figure 2.6: IVP of GaN/Al0.3Ga0.7N/GaN heterostructures with a 2nm GaN cap layer 
under violet (left) and red (right) LED illumination [15] 

Furthermore, measurement series in which only one measurement was made under violet LED 
illumination (followed by many hours of measurement in darkness) demonstrated a decreased 
time for settling of the PPC drift (~12 hours). However, such measurements also showed the 
inability to reproduce the initially recorded dark curve. These findings, along with the 
deformation of the IVP curves, indicate an irreversible process has occurred and demonstrate 
that this effect is much more pronounced for the measurements with violet LED illumination. 
Photochemical etching was found to be the cause of the drift seen here. The variation of the 
measurement profiles over time is a consequence of changes (i.e. reduction of surface area) in 
the upper GaN cap layer as the etching takes place. Scanning electron microscopy (SEM) 
analysis provided more insight into this issue by visually demonstrating corrosion of the surface, 
as well as displaying a difference between the etching under violet illumination (fig. 2.7b, deep 
vertical pitting) and that with red lighting (fig 2.7c, shallow horizontal etching). This may be 
compared to the unused GaN surface (fig 2.7a), where the defects are also evident; however, no 
etching has taken place. As previously mentioned, the existence of these structural defects is 
well known and typically originates at the interface with the substrate and run through the entire 
heterostructure. Although GaN is known to be extremely stable, it is also known that these 
defect sites are vulnerable to etching [70]. This vulnerability is confirmed here, as it is clearly 
seen that these sites are attacked. Etched corrosion sites resulting from the use of violet light 
have a diameter of 30-50 nm, demonstrate anisotropic vertical etching, and have a pit density 
of 2 x 1010 cm-2. Red light defect etching brought about shallower pits with increased diameter 
and a density of approximately 1 x 1010 cm-2, which corresponding well to the values in 
literature [15].  
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Figure 2.7: SEM images of a) unused, b) violet LED utilization resulting in narrow/deep 
pits, c) red LED use resulting in wide/shallow pits, d) increased cap layer with violet 
LED exposure, e) increased cap layer thickness and lower Al % with violet LED use 
[15] 

In an effort to increase the device stability and reduce photochemical etching, heterostructure 
modifications, including increased GaN cap layer and decreased Al content in the barrier film, 
were tested. SEM images of structures including these variations visually demonstrate a 
beneficial effect. Supplementary IVP analysis also demonstrated the advantages of these 
modifications. Table 2.2 presents an overview of the drift due to the violet or red LED 
illumination and heterostructure modifications. This improvement is demonstrated in terms of 
variation over the threshold voltage of the capacitance and conductance profiles, VthC, VthG, and 
the derived total sheet carrier concentration NS, and absolute value of the capacitance and 
conductance at zero bias voltage, C´0 and G´0.  

Table 2.2: Overview of illumination and heterostructure modification effect on drift 
stability [15] 

Parameter 

 

Direct 
succession  -  
violet LED 

45 Min pause  
-  violet LED 

Dark              

 

Red LED 

 
Violet LED – 
10nm Cap 

Violet LED – 
10nm Cap/20%Al

VthC (mV) -51.7 -52.3 -0.1 -0.14 -8.1 -1.0 

VthG (mV) -48.2 -50.6 -0.1 -0.18 -5.1 0.1 

Ns  (109 cm-2) -148.6 -173.0 -0.4 -0.66 -12.2 1.3 

C’0 (nF cm-2) 6.6 6.8 -0.01 0.01 2.4 0.8 

G0  (µS) -0.8 -1.5 -0.03 0.04 0.3 -0.1 

 

To ensure that the discussed corrosion is independent of time and principally due to the number 
of measurements, measurement series were made in direct succession as well as with a 45-
minute rest. The drift variations are negligibly higher for the series with a rest, showing that a 
very small part of the corrosion effect may be based solely on light-induced etching. However, 
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the majority of corrosion is due to the measurement process under illumination and is therefore 
photoelectrochemical etching of the surface. Utilization of the red LED resulted in a significant 
reduction of the drift magnitude during the measurement process. In this case the drift is brought 
to a level only slightly higher (less than a factor of 2) than measurements without light. 

The increase of the GaN cap layer and reduction of Al in the barrier layer included in the 
structural variation demonstrated better chemical stability of the heterostructure surface in 
electrolyte solution. Taking advantage of red illumination and/or the optimization options for 
the AlGaN/GaN heterostructure, utilization of sensors based on this heterostructure may benefit 
from lower drift level and increased overall stability. This optimization, in addition to the 
improvement due to Si-doping, provides the advantage of a solid basis as far as 
GaN/AlGaN/GaN growth and heterostructure characterization is concerned. With this 
advancement the improved stability of this material system is evident and the possibility to look 
towards further applications is feasible.  

Many types of bio-functionalization on a wide variety of materials and devices have been 
developed over the past 50-60 years, some of which are considered in the Chapter 3. One of the 
three main topics of this research is aimed at functionalization of the AlGaN/GaN 
heterostructure for multi-parameter bio-sensing, including nitric oxide and pH. As measurement 
of these analytes also takes place in aqueous environments, the described optimization steps are 
of great importance and are made use of for this investigation. The importance of pH and nitric 
oxide measurement, along with a brief summary of biosensors will be covered in the following 
sections.  
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3. Biochemical Sensing 

Development of biosensors began more than half a century ago, with the first reported biosensor 
from Clark and Lyons in 1962 [3]. This sensor consisted of an enzymatic layer, glucose oxidase 
(Gox), immobilized over an oxygen electrode to monitor the consumption of glucose through 
variations in oxygen levels. The oxygen electrode comprised a platinum cathode and anode 
covered by a polyethylene membrane, based on previous work by Clark [71]. The membrane 
allows for a limited diffusion of oxygen (i.e. preventing depletion of O2 in the sample) while 
measurement of oxygen levels due to reduction reactions at the cathode takes place. 
Additionally, the polyethylene serves a protective function as the surface of metal electrodes is 
often poisoned upon contact with fluid environments, particularly in biological media such as 
blood, known as “biofouling” [72]. The combination of the enzymatic Gox layer with this 
sensor fit the initial classical “biosensor” definition in which a molecular biological recognition 
unit, such as an enzyme, antibody, etc., is used in combination with a transducing element in 
order to obtain information about a particular analyte. Currently, this definition is often 
expanded to include sensors which do not incorporate this type of recognition element, however 
are operated in biological samples to obtain information about the chemical makeup of the 
sample, for example the Clark oxygen electrode itself when utilized for detection of biological 
oxygen levels, as well as microvoltammetric methods for electrochemical detection small or 
electroactive molecules, such as catecholamines, or non-enzymatic, fluorescence-based ion 
selective sensors [73, 74]. The latter definition will be taken here when the term biosensor is 
applied. Since the time of the Clark sensor a great deal of progress has been made in this area, 
including the development of a broad range of measurement and sensing techniques as well as 
a wide variety of technologies and materials. As the main topics of this work involve pH and 
NO sensors, this chapter will focus on the history and theory of these analytes, as well as an 
overview of pertinent biochemical sensing possibilities.  

3.1 pH Value 

The pH value, or more accurately the activity of hydronium ions, is an important parameter 
relevant to numerous biochemical processes and one which must be tightly regulated within 
living organisms. Slight deviation from the typical blood pH value of 7.35-7.45 signifies a 
problem with acid-base homeostasis and may indicate a respiratory or metabolic deficiency 
[75]. Here, a brief history of the pH value, the associated theory and the relevance to biological 
applications will be covered. Much of the theory in the following sections is based on General 
chemistry by Ebbing and Gammon and Prentice Hall Chemistry by Wibraham, et al. [76]. 

3.1.1 pH Value - History 

pH measurement has a broad range of applications and corresponding performance 
requirements depending on the field of application. A few examples of fields in which the pH 
value is relevant include medicine, pharmacy, biology, chemistry, agriculture, food science, 
environmental science, oceanography, and water treatment [72, 77, 78, 79, 80, 81, 82, 83, 84, 
85]. The practice of pH related measurement dates back to the 16th century where violet extract 
was used by alchemists as an acid indicator. The mid-18th century brought about the first 
documented use of a chemical indicator as Gabriel Venel made use of this extract in titration 
experiments to determine the alkalinity of water [86]. This colored indicator technique is similar 
to the pH laboratory strips currently used for approximate pH determination. However, nearly 
a century and a half passed before notable advances were made in the study of the pH value 
through electrometric measurement of the hydrogen ion concentration by some of the “founding 
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fathers” of this field: Hoff, Arrhenius, Ostwald and Nernst [84, 85]. At this time the work of 
Arrhenius on the ionization of salts, acids and bases in water by assessment of the conductivity 
in dilute solutions inspired Ostwald to develop the measurement of hydrogen ion concentration 
using the hydrogen gas electrode, which would later provide the thermodynamic 
electrochemical reference point for all other electrode potentials [87]. Utilizing experimental 
work on this hydrogen electrode, the osmotic pressure theory of Hoff, and the ionic theory of 
Arrhenius, Walther Nernst, a student of Ostwald, derived the theoretical relationship between 
ionic concentration and electrode potential [88, 89].  

Shortly following the experimental work of Henderson, et al. in the early 1900s regarding 
physiological acid-base equilibria and the mechanism of its adjustment, specification of the 
“pH” concept was presented by Søren Sørensen in 1909 [79, 80, 90]. The concept of ionic 
activity evolved in subsequent years as a more accurate replacement for ionic concentration 
[91]. Although this represents an important advancement in understanding of the electromotive 
force in chemical cells, it also created confusion concerning the terminology and 
straightforward comprehension of the pH value [92]. As the general understanding progressed 
in the two decades after the formulation of the pH value, differing techniques involving its 
electrometric measurement also arose. These typically involved utilizing a platinum electrode, 
hydrogen gas and a reference electrode within systems of various complexities [93, 94, 95]. 
During this development period Hasselbalch also made the first accurate blood pH 
measurements employing his work on the Hendersen-Hasselbalch equation and the bicarbonate 
buffer system [96, 97]. This was achieved in spite of the complicated and/or unstable 
measurement methods present during this time period, particularly in the case of blood which 
requires special attention for the gases present in solution [84, 85]. Some years later, in 1930, 
an exceptionally stable pH measurement design was first attained when Andrew Beckman 
introduced the glass electrode (fig 3.1a) [98]. Since this time many systems have evolved, 
continually making more accurate measurement as well as less demanding and/or inexpensive 
approaches possible. The combination glass electrode is an example of this development, whose 
clear advantage, based on size alone, may be observed in figure 3.1b [99]. This has enabled 
simple pH quantification for application in food industry as well as sophisticated solutions for 
electrophysiology and bio-chemical purposes as will be further discussed in the following 
sections.  

 

Figure 3.1: Examples of pH measurement systems: a) the first glass pH electrode 
introduced by Andrew Beckman in 1930 and b) an example of a typical present-day 
handheld Toledo® pH meter [99] 

3.1.2 pH Value - Theory  

Generally speaking, the pH value is a measure of the concentration, or more precisely the 
activity, of hydronium ions [H3O+] in a solution. This is directly related to the definition of acids 
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and bases and the calculation of their strength. Looking first at how an acid or base is described, 
one finds three common definitions: the Arrhenius, the Brønsted-Lowry, and the Lewis 
definition. The first is based on the demonstration by Arrhenius showing the dissociation of 
acids, bases or salts to create an electrolyte solution with mobile ions and therefore an ionic 
current. The resulting general equation of Arrhenius for the dissociation of acids and bases in 
solution is as follows: 

HA + H2O ⇌ H3O+ + A-     3.1 

B + H2O ⇌ BH+ + OH-     3.2 

with neutralization of one or the other taking place through the production of water: 

H3O+
(aq) + OH-

(aq) ⇌ 2H2O(l).         3.3 

This theory is limited however, due to the explicit designation of an aqueous solution in which 
the H3O+ or OH- ions are of interest. A generalization which accounts for solvents other than 
water, or the absence of a solvent altogether, is the Brønsted–Lowry Theory of acids and bases. 
This states that an acid and base react to form their conjugated base and acid, respectively, by 
proton transfer.  Using the above notation this may be written as: 

HA + B ⇌ A- + HB+      3.4 

This theory does not involve the constraint of dissociation of an acid to give hydronium ions or 
a base to yield hydroxyl ions, and it additionally accounts for amphoteric substances, which are 
molecules or ions that may react as either an acid or base. Water is the most obvious example 
of these, as may be observed above in equation 3.3. The Lewis Theory further generalizes by 
defining an acid to be an electron pair acceptor while a base is an electron pair donor. This 
definition makes it possible to take into account reactions in which no hydrogen ions are present. 
Ultimately, however, the Brønsted–Lowry Theory is the most widely accepted theory and will 
also be employed here. 

Once the general acid/base definition has been given, details regarding these substances, such 
as how strong or weak the acid or base is, may be discussed. A strong acid or base defined as 
one which completely dissociates in solution. The dissociation constant is used to quantify this 
strength, which is written as follows for an acid or base, respectively: 

,       3.5 

with the ionic activity α which may be defined by: 

,           3.6 

where f is the dimensionless activity coefficient and c the ion concentration. As the activity 
coefficient tends towards unity at low ionic concentrations, the ionic activity is often simply 
replaced by the concentration; in the case of the hydronium ion the resulting notation would be 
[H3O+]. In addition, the hydrogen ion H+ is often substituted for H3O+ in literature for simplicity, 
although it only exists in the hydrated form and therefore the correct form is in fact the 
hydronium ion. As this substitution is standard and the interionic interaction is negligible, H+ 
will also be the adopted notation here and should be interpreted as interchangeable with H3O+. 
Taking these substitutions into account, along with the further assumption that the activity of 
H2O at low ionic strength can be approximated to 1, the resulting acid and base dissociation 
constants are 

, .    3.7 
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These may be related through the dissociation constant of water: 

,        3.8 

which is equal to 1.0 x 10-14 at 25° C. The concentrations here use the definition of molarity, 
M, which is defined by mol/L. As the values resulting from the calculations of the dissociation 
constants may traverse several orders of magnitude, the logarithmic scale is employed to make 
the relationship between various substances more convenient. This is calculated by: 

	 .         3.9 

This formulation is particularly well known in regard to the description of the activity of 
hydrogen ions, commonly known as the pH value.  The precise definition of this quantity is the 
negative logarithm of this activity of H+ ions, which may be simplified in the same way as the 
previous constants to give  

	 .     3.10 

This value is a measure of the acidity or alkalinity of a solution with lower values representing 
more acidic and higher values more alkaline solutions. This value typically spans a range of 0 
to 14, as may be seen in figure 3.2 for various common and biologically relevant substances. 
Negative values or greater than 14 are also possible, however outside of the pH 2-12 range 
special measurement preparation is necessary to obtain correct results. 

 

Figure 3.2: pH values of various familiar items [100] 

The pH value along with the concept of dissociation and conjugated acids/bases become 
especially important for buffer solutions. These are made up of a weak acid and its conjugate 
base or a weak base and its conjugate acid. The purpose of buffer solutions is to resist change 
in pH upon addition of another solution or dilution of the original sample. pH buffer solutions 
are therefore particularly important for biological research where the pH level must be 
maintained within a narrow range to allow proper function in organisms. Most laboratory 
experiments for biologically relevant measurement employ phosphate buffer solutions (PBS) in 
order to sustain a constant pH value, as is the case throughout this work. 

3.1.3 pH Value - Measurement 

As a result of the wide range of fields requiring pH measurement, a wide variety of pH sensors 
are currently available. A representation of the various sensing methods and the abundant 
assortment of sensor classes within these methods is shown in figure 3.3. The electrochemical 
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methods, particularly those based on the glass electrode and ISFETs, will be of particular 
interest here. 

 

Figure 3.3: Methods for pH monitoring [101] 

The glass electrode alternative was the first published pH sensor, a potentiometric sensing 
device demonstrated by Haber and Klemensiewicz in 1909 [102]. An example schematic for a 
modern pH sensitive glass electrode, based on this initial work, is shown in figure 3.4. This 
includes a glass bulb at the bottom, which is the H+ sensitive element, a reference system 
making use of buffered filling solutions, stable electrode materials, and junctions between the 
various phases of the measurement cell in order to complete the electrochemical circuit. This 
type of electrode may vary in respect to the material used, the type of inner electrolyte 
employed, and the size or shape of the electrode and the junctions between phases. These 
variations make adaption to the environment in which the desired measurement will take place 
possible, allowing for analysis, for example, in highly basic or acidic conditions, extreme 
temperature environments or precise measurement under biological conditions. An example of 
the shorthand galvanic cell notation describing this entire electrochemical cell may be simply 
written as follows 

Reference electrode|Reference Solution|Test Solution||Filling Solution|Reference electrode 

which, for the commonly utilized silver/silver chloride (Ag/AgCl) reference electrode, would 
be as follows 

Ag(s)|AgCl(s)|KCl(aq), H+|glass|H+(test solution)||KCl(aq)|AgCl(s)|Ag(s) 

with phase interfaces represented by vertical lines and commas; this notation will be further 
described in the following section [103].  

In this example KCl is utilized as the reference solution, typically buffered to pH 7, on the inside 
of the H+ sensitive glass bulb, as well as the reference solution labeled 6 in figure 3.4. Although 
KCl is the most common filling solution, other solutions may also be used, containing ions 
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corresponding to the given electrode material. The choice of electrolyte is determined in an 
attempt to reduce liquid junction potentials or contamination at interfaces where some 
ion/electrolyte flow into the test solution is necessary, as well as to avoid interference from 
other ions [104, 105]. 

 

Figure 3.4: Typical Glass pH Electrode [106] 

The ISFET may be employed in a similar approach; however the transistor is used in place of 
the glass bulb, incorporating an H+ sensitive layer at the gate of the device. The principles of 
electrochemistry necessary to completely understand the mechanism by which this system 
functions will be presented in the following section followed by a detailed discussion of the pH 
sensor working principle, along with other various biosensors in section 3.4. 

3.2 Electrochemical Cells 

Having presented some of the fundamental concepts related to ions, electrolytes and the 
determination of pH it is now fitting to move onto electrochemical properties which are relevant 
to this work. These involve the chemical and electrochemical potential, the dependence of the 
energy within the system on these and the correlations which may be applied to the electrodes 
and ISFETs utilized here. The concepts and relationships provided here correspond for the most 
part to those demonstrated in Allen Bard’s Electrochemical Methods Fundamentals and 
Applications, in Electrochemical Systems by Newman and Thomas-Alyea and by Sergio 
Trasatti in The Absolute Electrode Potential: An Explanatory Note [103, 107, 108]. 

The electrochemical potential of a system depends on temperature, pressure, composition and 
electrical state. In some instances, such as in the case of electrostatics, the chemical interactions 
of a system may be ignored and the “idealized electrical potential” is then described. This is 
accordingly employed as an ideal limit of the electrochemical potential. Although this is useful 
for some calculations or approximations, in many instances both the chemical and electrical 
interactions of a system are important. This includes the interface of two phases of differing 
chemical composition, at which the factors affecting the charge transport at the phase boundary 
are of interest. In an electrochemical cell this often consists of the electrode/electrolyte interface 
such as that in the example shown in the following section in figure 3.4. This type of a single 
interface is the simplest case to hypothetically examine when considering the potential 
difference of two phases of differing chemical composition. In actuality at least two interfaces 
are required to construct a complete electrochemical cell which can be measured. For the initial 
consideration of the electrode/electrolyte interface, however, the more straightforward single 
interface as two various phases are brought into contact with one another will be considered.  
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3.2.1 Electrochemistry - Theory 

In order to understand the fundamentals of processes within an electrochemical cell, it is 
beneficial to begin with the Gibbs free energy of the system. This is a thermodynamic quantity 
which combines entropy (S) and enthalpy (H) and depending on the sign indicates whether the 
give reaction occurs spontaneously (ΔG < 0) or requires energy to be given to the system (ΔG 
> 0). At temperature T this is given by 

∆ ∆ ∆ .     3.11 

This free energy may also be defined at constant temperature and pressure as 

∆       3.12 

where n is the number of moles of electrons, F is Faraday’s constant. E is the potential between 
electrodes or half-cells; also termed the electromotive force (emf). This free energy relationship 
describes the electrical energy of an electrochemical cell where charge is transferred through 
redox reactions. When taking this type of system into consideration, the spontaneous (negative) 
instance corresponds to a galvanic cell in which chemical free energy is converted into electrical 
energy, which may be measured as a potential with proper electrical connections within the cell. 
The non-spontaneous case, on the other hand, represents the electrolytic case, in which a 
potential must be applied to introduce electrical energy into the system, thus providing the 
driving force for chemical reactions, i.e. the change in the free chemical energy. 

A further generalization, involving the formulation which relates the Gibb’s free energy to the 
reaction quotient (Q) or equilibrium constant (K) of the species involved in the chemical 
reactions within the cell, is as follows 

∆ ∆      3.13 

where R is the universal gas constant and ∆  is the standard-state free energy. The standard 
state case infers a concentration of 1 M, a pressure of 1 atm for any gases involved and a 
temperature of 298K. The reaction quotient for a generalized process 

	 ⇌ 	cC dD    3.14 

is given by 

,          3.15 

where x is the stoichiometric constant for species X. 

As Q  K the reaction reaches equilibrium and the equilibrium constant may be then be 
calculated by 

.           3.16 

As previously discussed, it is more accurate to describe the activities of the species within the 
system, in which case the concentration of X, [X] is replaced by the activity represented with 
curly brackets by {X}. Utilizing these thermodynamic relationships, the Nernst equation may 
be obtained through the combination of equations 3.12 and 3.13 

ln .     3.17 

This relates the electrochemical cell potential to its standard emf, E0, and arises from chemical 
thermodynamics of equilibrium. The calculation or quantification of the cell potential at various 
concentrations may be carried out through the use of this relationship. For a temperature of 298 
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K and n = 1 the well-known Nernstian potential of 59.16 mV is found, which represents the 
theoretical thermodynamic limit for a given reaction within the cell or for the ion-flux of a 
specific ion across a membrane. 

The Nernst equation may also be analogously derived from the thermodynamic measure of the 
chemical potential or partial molar free energy, ̅, which can be described as the difference 
between energy barriers for reduction and oxidation at an electrode in an electrochemical cell. 
The traditionally accepted chemical potential is governed by the concentration of the potential 
determining ion (RTln[X]). When two mixed phases or two volumes of varying concentration 
separated by a barrier are brought together, chemical reactions or the spontaneous flow of the 
ions takes place until the chemical potential of the components are in equilibrium 

.         3.18 

For an electrode submerged into a solution containing its own ions the resulting possibilities 
are demonstrated in figure 3.5. Depending on the relation of the chemical potential of the metal 
ion in solution, ,	to its potential as a solid, ,	the tendency for ions to leave the 
surface of the electrode and go into solution or to leave the solution and join the metal electrode 
will vary. Figure 3.5a demonstrates the case for  in which metal ions 
spontaneously go into the solution leaving behind a net negative charge consisting of a thin 
layer of electrons at the surface of the electrode. The reaction for this process is written as 

⇌      3.19 

and the corresponding shorthand notation representing the interface for this interface is 

|      3.20 

in which the vertical line is used to represent a phase boundary and c specifies the concentration 
of the ion. Other symbols used for notation in electrochemical cells, which are not yet used in 
this simple example, include: a comma separating two components in the same phase, and a 
double slash which represents a phase boundary whose potential is regarded as a negligible 
component of the overall cell potential. These symbols may be seen, however, in the notation 
describing the glass pH electrode previously shown in figure 3.4. When the rate of ions leaving 
the surface is equal to that of ions rejoining dynamic equilibrium is reached and the resulting 
potential difference corresponds to E0 from the thermodynamic relationships. For the case in 
which  the equilibrium potential polarity is simply reversed as the 
tendency for ions to rejoin the electrode exceeds the movement of ions away from the surface 
(fig 3.5b).  

 

 

Figure 3.5: Development of potential difference at the electrode/electrolyte interface due 
to differing chemical potential of the metal ion in solution of in solid form along with 
the thermodynamic requirement for equilibrium [16] 
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Figure 3.6: Examples of electrochemical cells using a) one electrolyte or b) two separate 
electrolyte solutions connected via a salt bridge permeable to ions [109] 

The ensuing charged layer of the electrolyte which develops at the immediate electrode surface 
is referred to as the electrical double layer (EDL). Since this phenomenon affects the interface 
of devices such as those used in this work it will be discussed in more detail in the following 
section. The resulting potential at the phase boundary cannot be measured on its own and it is 
thus referred to as a half-cell, whereas the complete electrochemical cell consists of at least two 
such interfaces which may then be connected to complete the circuit. This may involve two 
electrodes submerged in the same electrolyte or two separate solutions connected by an ionic 
conductor such as salt bridge; both arrangements are represented in figure 3.6. 

In this situation two half reactions are present and the overall cell potential or thermodynamic 
electrochemical potential is dependent on all interfaces present in the system. The electrode at 
which oxidation takes place is the anode of the system and reduction occurs at the cathode. The 
potential difference which may be measured between these electrodes is the emf of the cell.  
Under standard conditions (P = 1atm, c = 1 M, T = 298K) the standard cell potential which 
results at equilibrium is obtained.  

3.2.2 Electrochemistry – Electrode Interactions 

Two types of processes occur at the electrodes in electrochemical systems; the first are faradaic 
processes which receive their name as they are governed by Faraday’s Law, relating the amount 
of electric charge (Q) transferred at an electrode to the mass transfer due to the chemical process 
taking place.  Specifically, this states that, for a one-electron reaction, 1 mol of product/reactant 
are produced/consumed for 96485.4 C of charge passed, with 1 C equivalent to 6.24 x 1018 
electrons. When quantifying results of such charge transfer processes at an electrode a current-
potential plot (i vs. E) is often used, providing useful information regarding the system, 
electrolyte and interfaces of the varying phases. 

The second type of electrode interface interaction involves the electric double layer (EDL), 
which is made up of an array of charged species and oriented dipoles existing at the metal-
solution interface which develops when no transfer of electrons occurs at the electrode. This 
has been shown to behave like a capacitor as two charged layers arise and result in capacitive 
current, i.e. non-faradaic, effects at the electrode surface. The resulting charged planes are 
depicted in figure 3.7, typically termed the inner/outer Helmholtz planes (IHP/OHP) after 
Helmholtz who, in the 1850s, was the first to realize that this process takes place. His analysis 
of the EDL, however, failed to take into account effects due to diffusion, mixing, adsorption at 
the electrode surface and dipole interactions. In order to consider these influences, additional 
models were developed by Gouy-Chapman and later by Stern. These aid in the description of 
the capacitive dependence of the EDL on applied potential, despite the irrelevance of potential 
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for typical capacitors. The resulting most accurate model of the EDL involves a charge density 
at the electrode, σm (µC/cm2), and several layers of ions/molecules which are involved in the 
balancing of this charge. The innermost layer (IHP) is said to be specifically adsorbed with a 
charge density σi and is made up of solvent molecules or ions whose distance from the electrode 
is defined by the radius of the molecule or ion. The OHP is made up of hydrated ions whose 
interaction with the electrode only entails long range electrostatic forces and is therefore for the 
most part independent of the chemical properties of the ion. The distance of the OHP from the 
electrode is defined by the radius of the ions with a sphere of solvation (fig 3.7a). This layer is 
said to be nonspecifically adsorbed and may be combined with the third region termed the 
diffuse or Gouy-Chapman layer. This extends into the electrolyte bulk and has a charge density 
σi. The charge density at the solution side of the double layer may then be given by 

	 	 	 	.           3.21 

The ionic strength of the solution directly influences the thickness of the Gouy-Chapman as 
may be seen in the definition the Debye length  for (monovalent) electrolytes or colloidal 
suspensions 

     3.22 

where the permittivity of free space and relative permittivity are given by  and , 
respectively,  is Boltzmann’s constant,  is Avagadro’s number and I is the ionic strength. 
The Debye length may range from less than 1 nm for solutions of high ionic strength (> 100 
mM) to more than 10 nm for dilute solutions. In the latter case the effects due to the thickness 
of this layer must be taken into account, whereas for high ionic strength it can be neglected. 

 

Figure 3.7: Depiction of the electric double layer for a positively charged electrode 
surface [15] 

The importance of the EDL arises from the prospective electrode processes which may be 
affected by the potential drop across the IHP and diffuse layer. An electroactive species which 
is not specifically adsorbed may not come closer to the electrode than the OHP due to the 
specifically adsorbed molecules and ions. It is only possible, therefore, for this species to 
experience a potential ΦOHP due to the potential drop of ΦS – ΦIHP

 which exists across the 
adsorbed layer. The potential drop across the IHP and OHP into the diffuse layer is 
schematically illustrated in figure 3.7b.  

The electrode interface reactions and effects upon these are particularly significant in sensing 
applications, especially for biochemical sensors in which the sensing mechanism is based on 
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this electrode/electrolyte interface. In the following sections this topic will be further considered 
as it pertains to the developed sensor devices. 

3.3 Nitric Oxide 

Nitric oxide (NO) is an example of a significant messenger molecule, particularly interesting 
due to its conflicting yet crucial biological roles involving cytotoxicity and as an intercellular 
messenger [110]. This simple uncharged molecule has an unpaired electron in the outer 
antibonding π-orbital, making it a free radical. This characteristic, along with the short half-life 
of NO, contribute to the commonly believed concept that NO is highly reactive. This is, 
however, not always the case as will be discussed in the following sections along with its 
relevance to the fields of cardiovascular physiology, pharmacology, and neurology.  

3.3.1 Background 

Advantageous utilization of the effects of NO and nitrate/nitrite (NO3
-/NO2

-) production dates 
as far back as the meat curing techniques of the Romans, or perhaps even back to the time of 
the Sumerians [111, 112]. An observed reddening appearance due to the salting of meats during 
this time has now been attributed to formation of NO from nitrates and the consequent 
regulation of bacteria in the meat under anaerobic conditions follows. More recently, although 
also utilized for more than a century and a half, the therapeutic effects of nitrovasodilators such 
as nitroglycerin have been taken advantage of for human treatment of cardiovascular disorders. 
This medicinal effect was realized by Albert Nobel through the relief of angina pectoris 
symptoms from workers in his dynamite factory during the workweek [113]. Although such 
effects of NO have been exploited for many years it was only within the last decades that the 
biological importance of this molecule became apparent. 

More than 30 years ago the accidental discovery of the endothelium-derived relaxing factor 
(EDRF) took place during studies involving vasoactive drugs in which preparation of rabbit 
thoracic aorta had varied [114]. In the involved experiments it became evident that the 
procedure for rabbit aorta preparation demonstrated relaxation due to muscarinic agonists such 
as acetylcholine (ACh) and carbachol where vasoconstriction was expected as had been 
observed in previous research. It was subsequently realized that the preparation in one case had 
involved a perfusion step which consisted of bubbles running over the intimal surface of the 
aorta and the endothelium layer had been unknowingly mechanically removed. When proper 
care was taken during preparation of the tissue, the initially expected (in 1953) relaxation of the 
aorta was demonstrated in addition to the fact that this vasodilation was endothelium-
dependent; resulting in the term EDRF [115]. Following this discovery Furchgott also 
hypothesized, among other things, that the EDRF stimulates the soluble guanylate cyclase 
(sGC) of the vascular smooth muscle cell causing an increase in cyclic guanosine 
monophosphate (cGMP) This theory was based on a previous study demonstrating a 
relationship between cGMP increase and vascular relaxation [116, 117, 118, 119]. Shortly 
thereafter it was suggested by various groups in 1986 that the EDRF and NO are identical. Its 
function as the EDRF is indeed one of the main three functions carried out by NO, as was 
subsequently proven by three separate labs in the same year [17, 120, 121]. In addition to this 
role in the control of vascular tone and blood pressure, NO is also involved in the pathogenesis 
and control of infectious disease and tumors [122, 123] as well as performing intracellular 
messenger functions in neurotransmission [124, 125]. 

The discovery of NO as the first known gaseous mediator and its variety of biologically relevant 
functions, whereas previously this molecule was only known for environmental toxicity in 
pollution, led to it being named molecule of the year in 1992. Six years later in 1998 the Nobel 
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Prize was awarded to Robert F. Furchgott, PhD, Louis J. Ignarro, PhD, and Ferid Murad, MD, 
PhD for the discovery of NO and its signaling roles [126]. Presently, NO is known to be 
produced by L-arginine, that its production takes place in adventitial nerve fibers, neurons, 
epithelia and interstitial cells, in addition to the endothelium cell formation, and that it is one of 
three gaseous signaling molecules, the others being carbon monoxide (CO) and hydrogen 
sulfide (H2S) [127]. All three of these gaseous molecules are recognized anti-inflammatories, 
vasodilators, and promoters of neovascular growth [128]. Through these effects NO plays an 
important part in cardiovascular disease and the regulation of thrombosis and platelet 
aggregation, however in other instances NO switches, as described by Schmidt [129], from 
“friend to foe.” In this scenario a cytotoxic function is carried out as µM concentrations of NO 
are released, which may be beneficial when activated by macrophages in order to work against 
microbes, tumor cells or alloantigens within the immune system [130, 131, 132]. In other cases 
the high levels of NO make it the only molecule at physiological concentrations that can 
outcompete superoxide dismutase (SOD) for a diffusion limited reaction with superoxide (O2

·-

), which is produced in large amounts by aerobic metabolism [133]. This reaction of superoxide 
with NO produces peroxynitrite, ONOO-, which is thermodynamically stable (i.e. the reaction 
is irreversible) and capable of direct oxidative toxicity [134]. This indirect toxic effect of NO is 
also exhibited through other oxidative mediators, accounting for many of the toxin related 
mechanisms of NO in table 3.1, which gives an overview of the various roles of NO throughout 
the body. 

Table 3.1: Messenger, immune system and toxic functions of NO [129] 

 

Since the discovery of the various biological roles of NO, many efforts have been made to 
model the diffusion versus reactivity of this molecule, to determine whether it acts in a paracrine 
or autocrine fashion and also to investigate its synthesis and the differing enzymes responsible 
for this production. The reports regarding diffusion related properties tend to refer back to the 
benchmark paper in 1993 by Malinski, et al. in which the concentration of NO at various 
locations was measured in reference to a single NO producing cell. Pertinent details on the 
production, diffusion characteristics and the biological importance of these are covered in the 
following section. Multiple reviews are also available, such as those from Bredt and Snyder 
[135], Nathan and Xie [131] and Moncada and Higgs [110], which provide a more 
comprehensive description of NO and its biological functions.  
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Synthesis 

The production of NO typically takes place through the enzymatic conversion of L-arginine by 
NO synthase (NOS), which catalyzes the 5 electron oxidation of the guanidino nitrogen of 
arginine and molecular oxygen. NOS exists in three isoforms, all of which function through the 
stoichiometric conversion of the amino acid arginine to NO and citrulline (fig 3.8) [136].  

 

Figure 3.8: Production of NO and L-citrulline by NOS [136] 

The isoforms are named in order of their cloning: neuronal NOS (nNOS, NOS1), inducible 
NOS (iNOS, NOS2) and endothelial NOS (eNOS, NOS3). In the case of nNOS and eNOS, the 
synthesis of NO is constitutive, cytosolic Ca2+/calmodulin dependent and these synthases are 
therefore also labeled cNOS [131]. As the intracellular Ca2+ levels rise pM concentrations of 
NO are released over a period of several minutes. This takes place in the brain, for instance, in 
response to the binding of glutamate at the N-methyl-D-aspartate (NMDA) receptor, causing 
an influx of calcium ions (Ca2+). These ions in turn bind to calmodulin, activating cNOS, in this 
instance nNOS, and resulting in the production of NO [137] (fig 3.9a). This often activates sGC 
to produce cGMP, as is the case in the cerebellum. It has been demonstrated, however, that 
localizations of sGC and NOS differ in other parts of the brain, indicating that NO most likely 
has other targets as well [137]. 

         

Figure 3.9: Isoforms of NOS and their corresponding functions [138, 139, 140] 

Ca2+ inflow and subsequent binding to calmodulin is also responsible for the activation of 
eNOS, however for endothelial cells this is due to binding of, for example, ACh, thrombin or 
bradykinin at receptors. The resulting vasodilation effects are due to diffusion of produced NO 
which may then reach neighboring smooth muscle cells. This concerns the EDRF role of NO, 
which may also be carried out through other substances and processes, as is schematically 
portrayed in figure 3.9b, although NO is best characterized to date. It is currently believed that 
NO is one of three mediators, each of which predominates in various physiological 
circumstances. As shown in this illustration, the other two vasodilator substances are 
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prostacyclin (PGI2) and an endothelium dependent hyperpolarizing factor (EDHF), believed to 
be K+ [138].  In addition to the EDRF function, the inhibition of platelet adhesion and 
aggregation are also carried out through the vasculatory regulation pathway of NO production. 

The iNOS isoform is independent of Ca+ levels due to constitutive interaction with calmodulin 
[141, 142] and is activated by immunological challenge resulting in NO production over a time 
period of multiple days. This process, depicted in figure 3.9c, occurs as a result of inflammatory 
stimuli such as endotoxin, interferon regulatory factor-1 (IRF-1) or nuclear factor κβ (NF-κβ), 
enabling tumoricidal and bacteriacidal functions of macrophages [137, 131, 142]. Cytokine 
activation of macrophages in mice and subsequent oxidative injury inflicted on tumor cells or 
fungi was demonstrated in 1990 by Hibbs, et al. [143]. This oxidative damage partially results 
from the reaction of NO with superoxide, giving rise to the production of the powerful oxidant 
peroxynitrite (ONOO-). It has been shown that ONOO- can potentially oxidize and nitrate DNA 
and may cause single strand breaks through attack on the sugar-phosphate backbone [144]. 
Nitrous anhydride (N2O3) is another potential conversion product of NO, which may indirectly 
alkylate DNA after production of N-nitrosamines. A more direct cytotoxic role of NO has to do 
with the inactivation of iron-sulfur (Fe-S) centers of tumor cells or the binding to Fe-S proteins 
which are sensitive targets of NO. Cytotoxicity due to intracellular iron loss entailing the 
inhibition of various Fe-S enzymes, such as aconitase, a citric acid cycle enzyme, may also 
result from binding of NO [122, 130, 133]. These are only a few examples of how NO plays an 
important and versatile role within the immune system as a result of long-term production by 
the iNOS isoform. Numerous additional examples of the function of iNOS derived NO in 
immunological and pathological instances exist in addition to the suggested role of NO in 
various neurodegenerative diseases which exhibit oxidative stress, such as Parkinson’s disease 
(PD), Huntington’s disease (HD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis 
(ALS), multiple sclerosis (MS) and ischemia [145, 146, 147, 148]. 

Although the discussed NOS isoforms are responsible for the majority of NO production, in 
some specific cases the synthesis may be carried out through other methods. Enzymatic 
production may also take place through the xanthine oxidase pathway or H2O2 and L-arginine 
may create in NO via a non-enzymatic process [142, 149]. The reduction of nitrites to NO may 
also occur in acidic or reducing environments, which is the case, for example, during ischemic 
processes [150, 142].  

Reactivity and diffusion characteristics 

NO is often reported to have a short half-life of a few seconds, however this is in fact strongly 
dependent on its concentration and surroundings. As shown in table 3.2, for an oxygen 
dependent reaction (i.e. without a NO scavenger such as oxyhemoglobin present) this time 
varies from close to half of a second at concentrations approaching saturation (at room 
temperature) to more than half of a day at nM concentrations. The inversely proportional 
dependence of the half-life of NO on its concentration in water is as follows 

      3.23 

with 2 10 .	This is due to the requirement for two NO molecules to collide with 
one oxygen molecule in order to create NO2 (a strong and toxic oxidant) through the following 
reaction 

2 → 2            3.24 

with a rate of formation dependence on the square of the NO concentration: 
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4 .        3.25 

As physiological concentrations of NO range from a few nM (enough to activate sGC) to 
approximately 4µM (during cerebral ischemia), reaction with oxygen and production of 
cytotoxic  are not significant [133, 151, 152, 153]. The toxicity due to NO2 has been often 
overestimated during in vitro testing where no drain for NO is provided. In vivo, however, the 
rapid diffusion of NO to nearby blood vessels results in a largely increased scavenging rate of 
NO through the destruction by oxyhemoglobin to produce nitrate ( ). This reaction along 
with the binding to and activation of sGC, an enzyme involved in vasodilation and the only 
known receptor for NO [154, 155, 156], and the reaction with superoxide ( . ) to form 
peroxynitrite ( ) make up the most important biologically relevant reactions of NO, all 
of which are represented in figure 3.10 [133, 157].  

Table 3.2: NO half-life dependency on concentration in O2 saturated fluid [133] 

 

 

 

Figure 3.10: Principle biologically relevant reactions of nitric oxide [133] 

In order to understand the effects of the various reactions, as well as the diffusion versus 
reactivity relationship of NO and how this is affected by the concentration at a point in space, 
Lancaster, et al. performed various experiments with rat hepatocytes in culture and have also 
written a thorough review in [158] on this subject. A main topic in this review is the uniqueness 
of NO due to the movement within biological systems based solely on free diffusion. This 
means that the probability for movement in all directions is the same, and therefore the net 
probability of movement of any one molecule of NO is zero. The Smoluchowski-Einstein 
equation may therefore be utilized here to describe the diffusion distance of the molecules,  

〈∆ 〉 2       3.26 

where t is the elapsed time and D is the diffusion constant, which is inversely proportional to 
the molecular radius when neglecting dipole effects of nonelectrolytes such as NO. This implies 
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that NO is not slowed by a surrounding solvent cage and electrostatic interactions when moving 
through solution. As NO is very small, one of the 10 smallest existing molecules, the resulting 
D is rather large, determined experimentally to be 3300 µm2/s under physiological conditions 
[152]. It is typically assumed that this value is spatially invariant since NO is uncharged and 
approximately 9 times more soluble in hydrophobic solvents than in aqueous solutions, 
indicating that restrictions on movement due to, for example, cell membranes do not pertain 
[159, 160]. This has also been confirmed experimentally showing that the diffusion constant is 
approximately the same in water as in biological systems (although small modeling 
modifications for heterogeneous diffusion effects due to bone or cartilage could be included for 
higher accuracy) [161]. Neglecting these minor influences, however, the concentration 
dependence on NO diffusion may be described utilizing Fick’s second law of diffusion for a 
single production source as follows: 

	
∆

.    3.27 

As a result of the high diffusion constant, the spatial distribution function, known as the 
“diffusional spread,” describing the NO concentration when multiple cells are producing NO 
and the diffusion paths overlap one another is of interest. This distribution depends not only on 
the magnitude of the diffusion constant of NO and the rate at which it is produced or at which 
it reacts with other oxygen species or cellular components, but also on the physical distance to 
and the reaction rate with scavengers which provide a “sink” for NO. Many of these reactions 
with scavengers, such as red blood cells due to the extremely fast reaction rate of NO with 
oxyhemoglobin to produce methemoglobin and nitrate, are limited only by the diffusion rate of 
NO to the scavenger [158]. It has been shown that NO may diffuse up to 300 µm, as may be 
seen in figure 3.11 which summarizes the diffusion distance through the root mean square (rms) 
net displacement of NO over its half-life.  

 

Figure 3.11: NO diffusion distance under physiological conditions [158] 

This spatial correlation has been demonstrated experimentally and has been modelled to 
represent various numbers of NO-producing cells distributed homogeneously and non-
homogeneously among non-NO-producing cells. Additionally, the effect of a NO sink at 
various diffusions distances from the producing cell has been taken into account [161]. In 1992 
Malinski, et al., first experimentally demonstrated the effect of NO diffusion using a muscle 
cell 100µm away from the NO source, a single endothelial cell [151]. In addition, Schuman and 
Madison published on the spatial distribution in 1994 through NO-induced synaptic potentiation 
of paired neurons and synapses (approx. 100µm apart in hippocampal slices) [162]. Following 
in 1996 Leone, et al. made use of high transmission microscopy a high-sensitivity photon 
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counting camera to demonstrate NO diffusion spread of up to 175µm [163].  The results from 
both of these following studies correlate well with the original study by Malinski, et al. 

Due to this wide spread diffusion, the significance of the effects of NO scavengers, even at 
substantial distances from the producing cells must be considered. Lancaster, et al. have carried 
out thorough modelling efforts in an effort to understand how far NO may diffuse from the site 
of production and how the contribution of various NO producing cells affects the overall 
concentration at a certain point [161]. Additionally, complications due to drains for NO, such 
as scavenging by hemoglobin in neighboring lumen when production is carried out in 
endothelial cells, have been considered. An overview of the influence of hemoglobin at 
distances of a few up to 200 µm away from NO producing cells is given in figure 3.12 [158].  
Here it may be seen directly that the effect of hemoglobin at physiological concentrations 
(~2mM) is substantial. In figure 3.12a-c the locations of NO-producing cells are indicated by 
upward arrows, while hemoglobin scavenging sites are designated by downward arrows. The 
hemoglobin concentration is indicated through various symbols shown at the right-hand side of 
each graph. In figure 3.12d the concentration profiles resulting from of a single site of NO 
production at the distance specified on the right in relation to a single scavenging site are 
presented [161].  

 

Figure 3.12: NO concentration profiles based on varying distances between NO-
production and scavenging sites [161] 

This modeling along with that of the diffusional spread of NO for various numbers of producing 
cells within a specific tissue volume has been used to speculate on whether NO acts in mainly 
a paracrine or autocrine fashion. The results of Lancaster, et al. have been examined in order to 
confirm correlation with experimental measurements [164]. It has been demonstrated that NO 
indeed works over a wide diffusion range and that the effects are much more related to the 
number of NO producing cells in a particular region than on where these cells are located within 
the tissue volume, i.e. primarily paracrine signaling function [158]. 

Research continues on these topics for NO production in various tissues; however advancement 
in sensors for in vitro/in vivo testing possibilities continues to be important in order to be able 
to answer many questions with more certainty. Such questions may involve, for example, 
differences in various NOS isoform production resulting in a quickly established raised steady 
state concentration of NO (iNOS) or “bursts” of NO production on the millisecond timescale 
due to Ca2+ fluctuations (eNOS, nNOS) [158]. More definitive information on the local benefit 



32 
 

or potential toxicity of NO is also necessary in order to further pursue therapeutic and 
pharmacological applications of NO. The current status, accomplishments and limitation 
regarding sensors which could provide such information will be discussed in the following 
section. 

3.3.2 Methods of Detection 

Many reasons for the necessity and desire for improvement in NO detection have been 
mentioned. Due to the role NO plays in various physiological and pathophysiological processes, 
this aspiration for further sensor development is ongoing. The current most utilized possibilities 
for NO measurement include: chemiluminescence, entrapment by nitroso-compounds or 
reduced hemoglobin and subsequent detection through electron paramagnetic resonance (EPR), 
fluorescence, spectroscopy used to detect NO as it oxidizes reduced hemoglobin to 
methemoglobin and electrochemically active microelectrodes [152, 153, 165, 166, 167, 168]. 
As can be expected, each of these methods possesses inherent advantages and disadvantages. 
Many rely on secondary products such as nitrate, nitrite or NO-adducts. Additionally, 
complicated setups are necessary for many of the measurement techniques, making in vivo or 
even in vitro testing impossible. Electrochemical methods can provide an exception to these 
issues, however may lack in sensitivity or selectivity to NO.  

The chemiluminescence procedure, which typically relies on the idea that NO reacts with ozone 
to generate light through the reaction 

	 	→ ,         3.28 

has been shown to be extremely sensitive (detection limit ~20-50 pM), however also very 
complex and requires the stripping of NO from the solution into the gas phase [169, 170, 166, 
121, 171, 172]. This can be useful in some cases and allows for a very rapid time response, but 
is not useful for many biological applications and requires a great deal of equipment and a 
complex setup. Utilization of EPR also been demonstrated to provide a low detection limit (~1 
nM). This is carried out following chemical entrapment of NO by nitroso-compounds or 
reduced hemoglobin to form a stable adduct. This adduct is then detectable via the formed triplet 
signal which can be characterized by its line width and hyperfine coupling constant [165, 173]. 
Due to hydrolysis, nitroso spin traps such as 2-methyl-2-nitrosopropane (MNP) and 3,5,-
dibromo-4-nitrosobenzene (DBNBS) were shown to demonstrate a more specific detection of 
NO than the nitrones such as 5,5-dimethyb-pyrrobine-N-oxide (DMPO) [173, 174]. 
Hemoglobin has been demonstrated as a useful spin trap due to the easily detectable nitrosyl-
hemoglobin (NO-Hb) by EPR as well as the commercial availability of Hb-agarose gels which 
may be used in quartz columns for EPR [175]. An advantage of EPR detection of NO-Hb over 
chemiluminescence is the ability to detect NO in blood, which has been exploited, for example, 
in experiments involving human forearm ischemia and venous blood of rats with endotoxic 
shock [175, 176, 177]. EPR equipment is, however, expensive and requires a great deal of 
skill/experience in comparison to the chemiluminescence technique. 

A further spectroscopic method utilizing hemoglobin is based on the characteristic shift in the 
Soret absorbance peak due to the rapid oxidation of reduced hemoglobin (Fe2+) to 
methemoglobin (Fe3+) by NO by the following reaction 

	 	→ Hb .        3.29 

A shift from 433 nm to 406 nm may be observed, specific to the binding of NO as the oxidation 
to oxyhemoglobin by O2 exhibits a different absorbance peak (416 nm) [165, 173 174]. 
Advantages of this method include the reported detection limit down to 1 nM and the wide 
availability of spectrometers. Utilization of this methemoglobin spectrophotometry assay 
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method has been carried out via a dual wavelength, double-beam spectrophotometer with a 
flow-through cell to provide real-time biological analysis of endothelial cell NO production due 
to introduction of bradykinin [165, 120, 178]. Although a real-time solution is therefore 
feasible, disadvantages of this measurement technique lie in the possible interference of other 
nitrosyl groups present as well as complicated measurement equipment and setups [165].  

Alterative attempted non-electrochemical NO detection techniques include the diazotization 
assay and mass spectroscopy. In the diazotization method an NO containing sample is added to 
4N HCl. This is subsequently incubated for 10 minutes with a mixture of 2 N HC1 and 
sulfanilicacid (2 mg/ml). N-(1-naphthyl)ethylenediamine (1 mg/ml) is added and following a 
30-minute period the absorbance at 548 nm is measured. Through comparison to a NO 
absorption/calibration curve the concentration of NO may be determined. A significant issue 
presents itself in the form of sample contamination, however, due to O2 through the conversion 
of NO to NO2

-, even in supposedly O2-free gases [165]. This contamination in combination with 
the necessary time required and a higher detection limit of 0.1 – 1 µM have made this assay far 
less popular for NO detection. Mass spectroscopy, which was carried out following the 
entrapment of exhaled breath into a degassed aqueous solution of 15 nM thioproline, has also 
been relatively unsuccessful due to the equivalent possibility to make this measurement using 
chemiluminescence [179]. 

A wide variety of electrochemical NO sensors have been developed with measurement methods 
including constant potential amperometry (CPA), pulsed coulometry (PC), differential normal 
pulse amperometry (DNPA) and flow injection (FI). Amperometric microelectrodes have 
demonstrated detection limits as low as 10-20 M. The first well known electrochemical 
microprobe for NO detection was designed by Shibuki in 1990; consisting of a glass micro-
pipette with a chloroprene rubber seal, a Teflon coated Pt wire in NaCl/HCl near this seal acting 
as the cathode and a silver wire counter electrode. The Teflon seal enhances selectivity by only 
allowing the passage of low molecular weight gases, the Pt wire is utilized as the working 
electrode and is held at 0.9 V vs the silver wire, which is grounded. At this potential a current 
is produced due to oxidation of NO at the Pt cathode, which is proportional to NO concentration. 
The reported linear range for this device is, however, quite small; approximately 1-3 µM [180, 
181]. Nevertheless, Shibuki demonstrated measurement of NO release in rat cerebellar tissue 
with alleged nanomolar NO sensitivity and a rapid response time in the seconds range. 

Since the time of the first electrochemical NO sensor several concepts have been investigated. 
Some examples of these include taking advantage of the fact that NO avidly binds to metals 
such as Fe, Cu, Co and Mn to form metal nitrosyl complexes by using an electropolymerized 
film of metal ethylenebis(salicylideneiminate) [(M(salen), M=Co, Fe, Cu and Mn] [157, 182]; 
utilizing hemoglobin immobilization onto TiO2 or SnO2 electrodes [183]; Nafion coated multi-
walled carbon nanotube electrodes [184]; and an electroformed tetrasulfonated nickel 
phthalocyanine (NiTSPc) layer on carbon microelectrodes. Many of these techniques have 
demonstrated improvements in some form, however still suffer from high detection limits or 
limited application possibility in vivo or in vitro. One of the most promising electrochemical 
method to date remains that demonstrated by Malinski and Taha in 1992, involving 
electrochemical deposition of a thin polymeric porphyrin layer onto thermally sharpened carbon 
fibers suitable for measurement with single cells. The application of metalloporphyrins was 
based on previous work by the same group showing that they catalyze the oxidation of NO [185, 
186]. The microelectrode is covered with a Nafion film which results in slightly a lower current 
response, however the selectivity against anions, such as NO2

- or NO3
-, which may significantly 

interfere in authentic NO detection is significantly increased. This sensor was successfully 
employed to measure NO production from a single cell following introduction of bradykinin to 
the system. This concept has also been made commercially available by world precision 
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instruments (WPI) with their ISO-NO series including variations on the selective polymer film 
as well as modifications on the size and setup depending on the desired application. 

As described, successful NO detection has been demonstrated though various methods, with 
differing characteristic advantages and disadvantages. The electrochemical-based 
microelectrode has exhibited the most elegant solution, especially for biological applications. 
The redox current generated by these electrodes is typically very small; however, on the order 
of physiologically relevant NO concentration changes [187]. This area for improvement, along 
with the potential of electrochemical techniques for biological in vivo or in vitro applications, 
make the combination of unique NO recognition with the inherent signal-amplification 
properties of transistors an ideal solution. This concept has been made use of here in order to 
develop a sensor array for pH and NO measurement. In the section 3.4 a brief background of 
biochemical sensing devices will be presented with particular attention given to the ISFET and 
related transistor based devices. 

3.4 History of Biochemical Sensing 
The focus in this section will be on the most successful device structures for bio-electrochemical 
measurement without complex read-out requirements: thin film transistors, ISFETs and 
ChemFETs.  Particular attention will be paid to III-Nitride based systems and especially to the 
AlGaN/GaN heterostructure due to the superior chemical and biological properties, and the 
relevance to the developed sensors here. 

3.4.1 Thin Film Sensors 

A wide variety of devices for biochemical measurement and analysis are based on conductivity 
modulation upon variations in concentration changes or introduction of a specific chemical 
substance. The thin film sensor is one of the simplest approaches used to realize this type of 
device, with the working principle based on resistive changes within the chemically sensitive 
film due to variations of specific chemical substances within the sample. This variation results 
in an increase or decrease in the conductivity of the film, which can in turn be read out in a 
simple manner as a voltage or current. An example of this is shown in figure 3.13, in this case 
a tin oxide (SnO2) sensor to detect hazardous gases such as H2, CH4, CO, H2S or NOx, the most 
popular and commercially successful of this device type [188, 189, 190].   

 

Figure 3.13: Thin film Pt-doped SnO2 sensor for hazardous gases [188] 

In this specific case the thin film consists of a platinum (Pt)-doped SnO2 sensitive layer, 
deposited onto interdigitated gold contacts; all of which are based upon a standard Si/SiO2 
substrate. In general, the dopants used and the crystal structure of the films are very important 
in order to create sensitivity to specific analytes. In addition, the surface area of the sensitive 
film is obviously an important parameter through which sensitivity may be enhanced by the use 
of micro-/ or nano-structured films [189]. Since thin film sensors are based on surface 
interaction with a chemical species, the higher the surface area and the ratio of this with respect 
to the film volume, the more sensitive the device becomes. Conversely, with increasing film 
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volume the overall change as a result of variation of the analyte will be too small to produce a 
significant enough change in the overall conductivity, resulting in low sensitivity. 

Thin film sensors have been successfully implemented in temperature or strain gauges, as well 
as applications in which thin film technology is highly desired due to the small size and low 
power consumption [189]. The robust nature of several typically employed thin film materials, 
such as gallium oxide, has also made them attractive for applications such as monitoring 
automotive exhaust [191]. Thin films are also frequently utilized for biological sensors, 
however many times in a transistor format such as thin film transistors (TFTs) or in combination 
with FETs in order to benefit from amplification properties.  

3.4.2 The Ion-Sensitive Field Effect Transistor and Related FETs 

The idea of employing an ISFET for electrochemical sensing was presented by Bergveld in 
1970 in a short communication [192] and followed by a full description of the concept in 1972 
[193]. The initial application for which the ISFET was intended was in the realm of 
electrophysiological measurement, specifically for the recording of biological events such as 
action potentials [194]. This aim was based on the relatively small possible dimensions of 
ISFETs, along with the expected signal transduction possibilities and signal to noise ratio 
(SNR). Extracellular monitoring of activity from smooth muscle fibers of the guinea pig taenia 
coli as well as action potential recordings from the flexor tibialis of a Locust were indeed 
demonstrated utilizing the ISFET in 1972 and 1976, respectively [193, 195]. Although the 
legitimacy of some of these results has been questioned due to leaky passivation issues at the 
relatively high voltage bias that was used, the resulting measurements demonstrate the typical 
shape of monophasic neuro-active cell activity [4, 193, 195, 196]. Additionally, subsequent 
similar recordings from cardiomyocytes were presented by Steinhoff in 2005 with AlGaN/GaN 
based ISFETs as well as the successful demonstration of action potential recordings from 
cultured cerebral rat neurons with Si-based FETs by Offenhäuser, et al. in 1995 and 1997 [197, 
198, 199].  

Despite accomplishments regarding physiological recording, a particular difficulty regarding 
the commercial success of ISFETs has been present since the beginning of development which 
lies in the miniaturization of the reference electrode [4, 194, 196]. Substantial research has been 
carried out involving appropriate micro-reference systems, including the miniaturization of 
conventional Ag/AgCl electrodes, miniature liquid junction electrodes, and reference field 
effect transistors (REFETs) which are essentially ISFETs covered with a chemically insensitive 
film and operated in differential mode to remove drift light and temp sensitivity [200, 201, 202]. 
Significant progress has been made, even resulting in Si-technology compatible solutions such 
as a porous silicon layers (PSLs) over a micromachined cavity into which the reference solution 
may be loaded or an isotropically etched cavity through the entire wafer which allows for 
contact to the reference solution at both sides, while impeding efflux of the electrolyte into the 
sample solution due to the small pore opening and the use of a hydrogel [202]. These examples 
show the potential for possible micro-reference systems, however much advancement is still 
necessary in order to utilize these ideas in a commercial device. In general, the reduction of 
diffusion from the reference electrode solution to that of the sample, compatibility with standard 
semiconductor processing techniques and the lifetime or stability of attempted reference 
systems have prohibited most techniques from aiding in the miniaturization of the complete 
ISFET sensing device.  

Although these reference electrode issues have hindered significant successful 
commercialization in many instances, the ISFET field has also experienced a great deal of 
success. Despite the declared uncertainty regarding initial physiological recording results, 
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important verification has been presented in addition to a great deal of further progress 
concerning the understanding of the cleft interface between the cell and sensor surface and, as 
a result, the physical phenomena affecting or affected by this interface [193, 195]. 
Commercialization has also taken place, especially in disciplines in which the measurement 
conditions require higher stability then that offered by the standard glass pH meter. An 
assortment of related sensor structures has been developed over the past 35 years as well, which 
may be grouped into general categories; however there is some slight discrepancy which exists 
related to the terminology. This is attributable to competition between Bergveld, who originally 
published the idea of the ISFET and Janata, who claimed the first patent on these structures 
[192, 203].  In one case the ISFET and the related enzymatically selective field effect transistor 
(ENFET), ImmunoFET (IMFET), work-function field-effect transistor (WF-FET) and other 
related FETs are grouped into the general category referred to as chemically sensitive field-
effect transistors (CHEMFETs) [4]. This term indicates the modulation of the measured signal 
by chemical species, which is certainly the case for all included devices. In the other 
classification of devices the ISFET is defined as a device in which the bare oxide is used at the 
interface with an electrolyte in order to measure modulation of the oxide/electrolyte interface 
potential, whereas the CHEMFET incorporates a membrane at this interface to achieve 
selectivity for specific chemical species. Although neither definition is technically incorrect, 
here the overall category of ISFETs will be used, encompassing the subgroup of CHEMFETs 
and thus the related devices also described by this classification. 

3.4.2.1 Si-based ISFETs for pH Measurement 

The ISFET is essentially a MOSFET with the gate contact replaced by solution and a reference 
electrode.  This liquid/insulator interface, i.e. hydrated SiO2 in the case of the initial ISFET 
based on silicon, allows for the measurement of the analyte concentration. A comparison 
between the typical Si-based MOSFET structure and that of the ISFET is demonstrated in figure 
3.14. 

 

Figure 3.14: Comparison of a) MOSFET vs b) ISFET [194] 

The similarities as well as the differences between the two structures become apparent upon 
observation of the visual structural comparison in figure 3.14a and b. Although the basic 
transistor structures are very similar, and even the equivalent electrical schematic diagram 
corresponds to both structures, there are significant issues, measurement demands and process 
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difficulties which arise when working with the open gate structure. Due to the issue of stability 
in liquid, in particular for aggressive fluids such as biological media, encapsulation of the ISFET 
devices is an area of major importance. A portion of this work deals with the optimization of 
passivation materials and the non-destructive structuring process for this purpose; details 
concerning this are addressed in Chapter 5. 

As the foundation for the theoretical ISFET operation is based on that of the MOSFET, the 
fundamentals and their relation to the solution-gated system will be discussed briefly, based 
mainly on the theory presented in Physics of Semiconductors by Sze as well as various literature 
sources which have dealt with the application of these concepts to the ISFET [204, 205, 206, 
207]. The linear regime will be the point of interest in our case for the operation of the ISFET, 
thus the theoretical equations in this operation mode will primarily be considered. The general 
description of the drain current of the MOSFET, as well as the ISFET, in the non-saturation 
regime is as follows 

,        3.30 

where Cox is the oxide capacitance per unit area, W and L represent the channel width and 
length, respectively, and µ is the mobility of the charge carriers. The threshold voltage, Vt, of 
the MOSFET is defined as the gate to source voltage (Vgs) necessary to create a conducting 
channel between the source and drain contacts. The mobility, gate oxide capacitance and 
channel geometry parameters may be grouped into a term, β, the geometric sensitivity parameter 

.      3.31 

It becomes clear that, for the MOSFET, Vgs is the only variable input parameter when β is taken 
into consideration as a design parameter which remains constant, in addition to Vds which is 
held constant by the applied electronic circuit. The value of Vt depends somewhat on fabrication 
processes, however these are under precise control, particularly for silicon semiconductor 
technologies, therefore making Vt constant as well [194]. Following the development of the 
ISFET, the determination of whether the additional input variable due to variations in the ion 
concentration of the electrolyte should be viewed as a modulation of Vt or Vgs was necessary. 
Various theories and models were presented to describe the interactions at the electrolyte/oxide 
interface, dealing with differences in the mechanism of pH sensitivity such as surface adsorption 
versus diffusion into the oxide creating a thin hydrated “gel” layer comparable to that of the 
glass electrode [206, 207, 208, 209]. Comparison with the glass electrode, and therefore the 
attempted correlation of a value such as the chemical potential of H+ ions in the insulator, μ , 
originates from the initial use of SiO2 as the gate insulator of the ISFET. An improved model 
was found, however, in the application of the site-dissociation model, proposed by Yates in 
1974, to the ISFET by Siu and Cobbald as a colloid chemistry model of the oxide-aqueous 
electrolyte interface [210]. Verification of this treatment was given later by Bousse in a detailed 
description of the site-dissociation theory in combination with the Gouy-Chapmann theory of 
the EDL and the consequent application of these to the ISFET [207]. The response time of the 
sensors was taken into account along with the analysis of gate insulators which are not porous, 
i.e. Si3N4, in order to verify that the charging behavior of the metal oxide occurs at the surface 
and not through diffusion of H+ into the oxide [207, 210]. Accurate definition of the surface 
potential and the modulation of this through the interaction with the potential determining (p.d.) 
ions was the main goal of the developed models for the ISFET. In these models for the initial 
ISFET the p.d. ions, and additionally the most often studied in the decades following, are H+ 
and OH- [211]. As the equilibrium between the AOH surface sites and the H+ ions in solution 
takes place it is generally accepted that the following reactions are occurring 



38 
 

⇌      3.32 

⇌ AOH .     3.33 

The surface hydroxyl groups may therefore be neutral, protonated, or deprotonated, depending 
on the H+ concentration and the equilibrium constants for the relevant dissociation reactions. 
This leads to a pH-dependent net surface charge and an additional voltage drop at the 
solid/liquid interface. In order to quantify the variations in this surface potential the equation 
for the MOSFET threshold voltage is taken into consideration 

Ф Ф
2 ,    3.34 

where ФM and ФSi correspond to the work functions of the metal and silicon, Qox, Qss and QB 
are the accumulated charge in the oxide and at the oxide-silicon interface and the depletion 
charge of the silicon, respectively, and the final term, 2ϕf, deals with the amount of doping in 
the silicon bulk and the consequent onset of inversion at the channel. As stated, this is dependent 
on fabrication processes as all involved terms are physical parameters [194]. In order to apply 
this to the ISFET two additional terms must be added to incorporate the effects of the reference 
electrode and the oxide/electrolyte interface 

Ѱ
Ф

2 .   3.35 

Here the potential of the reference electrode is given by Eref, while Ѱ  represents the 
interfacial surface potential.  is the surface dipole potential of the solvent and is therefore 
constant, whereas Ѱ represents the chemical input parameter of the system and has been 
demonstrated to be pH dependent for gate materials which react in an amphoteric nature, as 
described for the AOH surface groups of many of the gate oxides/nitrides considered during 
ISFET research. Although pH sensitive, many of these gate materials demonstrate sub-
Nernstian sensitivities and/or substantial dependence on the overall ionic concentration, in 
particular SiO2 which also shows a large hysteresis in comparison to other materials [211]. 
Investigations aimed at explaining the inability to attain the theoretical Nernstian sensitivities 
of gate materials were carried out by Bousse, et al., resulting in a theory involving two 
additional terms in the definition of the input parameter [207] 

Ѱ 2.3 .    3.36 

These supplementary parameters are pHpzc, the value of pH for which the surface is electrically 
neutral, and β, a parameter characterizing the sensitivity of the surface. β was shown to be only 
surface dependent at high ionic strengths where the capacitive double layer reduces to the Stern 
capacitance. As may be seen from equation 3.36 this sensitivity factor accounts for the deviation 
from theoretical Nernstian limits when the value of β is not large [194, 207]. In order to confirm 
modeling results, Van den Berg, et al. carried out an extensive study in 1985 based on the 
theoretical sensitivities of SiO2, Si3N4, Al2O3 and Ta2O5 to ions, especially H+ [211]. In this 
work the equilibrium of surface OH groups of the various materials with the activity of H+ at 
the electrolyte/insulator interface is considered. The typical approximation of [H+] in place of 
the hydronium ion activity is employed and one utilized approach involves relating the surface 
hydroxyl groups to the bulk hydronium ion concentration, [H+]B, which is then related to the 
concentration directly at the surface, [H+]S, through the Nernst equation  

/     3.37 

where q is the elementary charge and k is the Boltzmann constant. This approach was further 
developed by van Hal resulting in an improved model and a clarification of the importance of 
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[H+]S [209]. Here the dissociation constants for the equilibrium conditions of the surface OH 
sites are as follows 

     3.38 

     3.39 

where vi represents the number of sites per unit area. Utilizing the difference in the number of 
surface sites carrying positive and negative charge the surface charge density, σ0, may be 
defined. From this it may be derived that the variation in the number of charge carrying surface 
groups for a small change in the pH at the surface, pHS, is the intrinsic buffering capacity  

.              3.40 

The equal but opposite charge of the EDL may then be employed to relate the 
insulator/electrolyte potential to this intrinsic buffering capacity. The final result is a general 
expression for the sensitivity of the electrostatic potential to bulk pH variations 

2.3      3.41 

with the dimensionless sensitivity parameter  

.      3.42 

where Cdif is the differential capacitance, which can be described as the ability of the electrolyte 
to store charge in response to a change in the electrostatic potential. Additional details on the 
full derivation of these terms may be found in [103] and [206]. The value of α varies between 
1 and 0 with the theoretical Nernstian limit attained at a value of 1. As may be observed in 
equation 3.42 this ideal response of α=1 is only possible for gate insulator with a high surface 
buffering capacity value and a low double layer capacity [194].  Experiments were carried out 
with various typical ISFET gate materials demonstrating the highest surface buffering capacity 
for Ta2O5 as well as giving an explanation for the deviation from the previously expected 
Nernstian behavior (fig 3.15).  

 

Figure 3.15: Response of various ISFET gate materials to (a) variation of pH in constant 
0.1 M TABCl (b) variation of NaCl concertation at constant pH of 5.8 [194] 

It is clear that the performance of SiO2 is sub-Nernstian as well as varying a great deal with 
ionic concentration, while the very high surface buffering capacity of Ta2O5 may be recognized 
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through observation of figure 3.15b where the response scarcely varies over the entire ionic 
concentration range. 

The clear understanding of the variables affecting the mechanism by which the ISFET functions 
also made further improvement with related ChemFETs possible. Taking the importance of the 
surface buffering capacity into account development of various ion sensors could be better 
optimized by ensuring that materials which buffer the ion of interest are utilized, some of which 
will be discussed in Section 3.4.3. Beforehand, however, the deviation from Si-based ISFETs 
will be covered in terms of research involving ISFETs based on III-Nitride material systems.  

3.4.2.2 GaN and AlGaN-based ISFETs for pH Measurement 

Over the past 10-15 years ISFETs and related applications based on III-Nitride material systems 
have developed, particularly due to the interest in the advantageous material and chemical 
properties of these devices. Exploitation of the chemical stability is extremely attractive due to 
the challenging requirements for measurement in liquid environments while the optical 
transparent nature of these structures when grown on sapphire substrates is additionally very 
advantageous for biological applications where simultaneous monitoring of electronic and 
microscopic processes is critical [7, 197]. In 2003 the initial demonstration of an AlGaN/GaN 
based heterostructure for pH sensitive ISFETs was presented by Steinhoff, et al. [7]. In this case 
the 2DEG (described in Chapter 2) of transistor structures based on GaN:Si/GaN:Mg double 
layers and AlGaN/GaN heterostructures is utilized as the channel of the device, modulated by 
ion induced variations in the surface potential due to surface sites which are neutral, protonated 
or deprotonated, as described for the Si-ISFET [197]. In these preliminary studies of III-Nitride 
ISFETs the surface was analyzed in order to realize optimal sensitivity, taking into account the 
previous Si-ISFET studies on surface buffering capacity and effects of the double layer. As may 
be seen in figure 3.16a, in the initial report three variations on the GaN surface were fabricated 
and the interface potential change as a result of variation of the pH value was measured and 
compared. Two devices were measured as grown, while sample B was thermally oxidized prior 
to measurement [212].  

 

Figure 3.16: AlGaN/GaN based ISFET: a) Heterostructure variations and b) Comparison 
of the interface potential change vs pH variation - a constant offset value was introduced 
to facilitate comparison [212] 

Due to the nearly identical sensitivities of all samples it may be concluded that the pH response 
is a surface effect. Additionally, it may be inferred that this surface effect occurs according to 
the site-binding model with sites on a GaxOy surface layer resulting from a native oxide or from 
the thermally grown oxide. The mechanism by which the H+ sensitivity is brought about is then 
analogous to that of the systematically studied metal oxide surfaces of Si-based ISFETs. Here 
the surface reactions take place as follows 

⇌        3.43 
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⇌ GaOH        3.44 

with dissociation constants, Ka and Kb, intrinsic surface buffering capacity, βint, and the 
differential capacitance, Cdif, dominating the definition of surface sensitivity as demonstrated 
in the previous section. Although the amphoteric nature of the surface and the theoretical 
definition of the insulator/electrolyte potential correspond to that of the Si-based device, the 
underlying heterostructure here is quite different. To understand the influences of this system 
and the dissimilarities with respect to Si-based ISFETs several studies regarding heterostructure 
variation have been performed [7, 53, 212, 213, 214, 215, 216]. In these, the accumulation or 
depletion of the 2DEG channel according to the pH dependent variations of surface potential is 
taken into account. Details regarding the general processes of heterostructure growth and 
transistor fabrication for the analyzed systems will be given in the following chapter, here the 
2DEG, pictorially depicted in figure 3.17a-c, may simply be considered as the conducting 
channel within the semiconductor for which the charge carrier concentration and electrical 
conductivity are of interest. 

 

Figure 3.17: Crystal structure of GaN/AlGaN/GaN heterostructures with a schematic 
representation of the 2DEG for the case of a) neutral surface charge b) protonated or 
positive surface charge and c) deprotonated/dissociated or negative surface charge. 
Monitoring pH value dependent 2DEG variation though d) channel current modulation 
during transient modification of the electrolyte pH value and e) threshold voltage shift 
of transfer characteristic curves. f) Depiction of surface potential change due to pH 
variation and the ensuing interface potential shifts throughout the heterostructure, 
including effects on the 2DEG charge density [16, 212]   

The GaN/AlGaN/GaN crystal structure is shown in this figure with the 2DEG represented by 
the blue area at the lower AlGaN/GaN interface. In this representation a) depicts the case for 
which the surface is neutral with a specific charge carrier concentration within the 2DEG. Upon 



42 
 

protonation of the surface hydroxyl sites (fig 3.17b) as the pH value of the electrolyte lowers 
(i.e. the H+ ion concentration increases) accumulation of charge within the 2DEG takes place 
due to the variation of surface potential. In the case of an increase in the pH (i.e. decrease in the 
H+ concentration) the surface sites are deprotonated resulting in a more negative net surface 
charge and depletion of the 2DEG, as demonstrated in figure 3.17c. The pH dependent 
modulation of surface potential and the resulting variation in the charge within the 2DEG may 
be quantified by monitoring the drain-source current during transient adjustment of the H+ 

concentration (figure 3.17d) or through threshold voltage shifts of the transfer characteristic 
curves upon modification of the pH level, as displayed in figure 3.17e [212]. This may also be 
viewed in terms of surface potential modulation and the ensuing alteration at each interface 
within the heterostructure, including the effects on charge carrier concentration within the 
2DEG at the lower AlGaN/GaN interface, as shown in figure 3.17f [16]. This relationship 
between the polarization induced interface charges within the heterostructure and the way in 
which these may be modulated at the electrolyte/insulator boundary may also be further 
understood through the help of figure 3.18. This corresponds to the discussion in Chapter 2 
regarding the development of the 2DEG due to spontaneous and piezoelectric polarization 
within the heterostructure. A cross-sectional view of a typical heterostructure is provided with 
fixed charges which accumulate at the interfaces resulting from the spontaneous and 
piezoelectric fields within the heterostructure. The interface charge densities are found by 
employing theoretical calculations along with correlation to the measurement of interface 
charges throughout the heterostructure by photoreflectance, polar optical scattering, acoustic 
scattering, piezoelectric scattering, and ionized impurity scattering [217, 218, 219, 220, 221]. 
This heterostructure is very similar to that used for other GaN sensors as well as those in this 
work, consisting of a 5 nm oxide at the electrolyte interface, a 3nm GaN cap layer, 35nm 
Al0.28Ga0.72N barrier and a 1.5 µm GaN bulk layer on a sapphire substrate [212, 217, 218].  

 

Figure 3.18: Simulated charge and potential distribution within the AlGaN/GaN 
heterostructure [218] 

Several publications deal specifically with the study of the electrolyte/insulator interface to 
determine the number of hydroxyl sites, the dissociation constants and the effects of 
heterostructure modifications on these [222, 223]. In order to make quantitative calculations for 
the electrolyte/insulator interface of this system, evidence that the GaxOy surface behaves 
similarly to that of Al2O3 was taken into account and the density of surface sites, nS, and the 
dissociation constants for Al2O3 were thus used as a starting point [7, 218]. Solving the Poisson-
Boltzmann equation utilizing these values to determine the interface potential, using the site-
binding model for the surface charge density, and taking nS as an adjustable parameter it was 
demonstrated that the calculated values could be well correlated experimental data of Steinhoff, 
et al. where a sensitivity of 55.7 mV/pH was found [212, 218]. Through variation of the 
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modelling parameters and comparison with experimental results, determination of the 
dissociation constants and concentration of surface oxide sites could be achieved. Additionally, 
it was demonstrated that reduction of the distance between the amphoteric insulating surface 
and the 2DEG leads to an improvement in the transduction of the surface potential/charge 
interaction to the monitored modulation of channel conductivity [218]. This has been seen in 
the case of N-faced GaN which is less stable, however the 2DEG exists closer to the surface. 
This reduction of the distance may also be taken into account advantageously, as is the case in 
this work with a thinner barrier layer of 10nm and a GaN cap layer which is varied between 2-
10nm [56]. 

Regardless of the heterostructure growth method, thickness of the barrier or GaN cap layer, 
surface oxidation techniques, as well as Si-doping (to an extent) within the heterostructure, little 
variation in the experimental pH sensitivity of the AlGaN/GaN surface has been observed. This 
has been demonstrated through various analysis methods, typically exhibiting near Nernstian 
sensitivities of 52-58 mV/pH [53, 212, 213, 214, 215, 216]. Measurement techniques which 
have been utilized to show this response include flatband potential determination of GaN 
through electrochemical impedance spectroscopy (EIS), potentiometric measurement of GaN 
FETs and AlGaN/GaN electrolyte-gated HEMTs, and the analysis of transfer characteristics for 
bare AlGaN surfaces [212, 213, 215]. Very recently further verification of the consistency of 
the pH-dependent surface potential modulation for these material systems has been carried out 
through potentiometric measurement of N-face GaN and also the evaluation of HEMT transfer 
characteristics with simultaneous x-ray radiation to demonstrate  simultaneous measurement 
possibilities of biochemical and radiation responses [214, 216].  

 

Figure 3.20: Extracellular potential of spontaneously beating rat heart muscle cells 
recorded with an AlGaN/GaN EGFET. The cells were cultivated on the device surface 
[197]. 

The establishment of III-Nitride based systems for stable and sensitive detection of H+ ions led 
quickly to experimentation concerning biocompatibility and the potential to measure cell 
activity, similar to the extracellular potential recording results for Si-ISFETs. This investigation 
proved successful through the extracellular recording of spontaneously beating rat heart muscle 
cells cultured on the device [197]. Figure 3.20 shows the recorded tonic firing of these cardio 
myocytes using an AlGaN/GaN EGFET. This, in addition to a study on the effect of the surface 
oxidation process and variation of Al content in the AlxGayN layer (x = 0, 0.22, 1) on the 
adhesion of 3T3 fibroblasts (fig 3.21) may additionally may be seen as an examples of the 
desired biocompatibility of the devices [7, 197].  
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Figure 3.21: Comparison of adhered 3T3 fibroblasts on different untreated and wet 
thermally oxidized (2h, 700°C) Ga-face AlxGa1-xN (x=0, 0.22, 1) surfaces after 3h and 
24h. The inset shows the image of adherent cells on an untreated Al0.22Ga0.78N surface 
after 24h. [7] 

 

As the understanding of the III-Nitride heterostructure has progressed and the biocompatibility 
and bio-sensing possibilities of the fundamental systems have been demonstrated, various bio-
sensing functionalization techniques have been developed based on these devices. An overview 
of pertinent sensors based on related systems will be given in the following section.  

3.4.3 AlGaN/GaN Bio-functionalized HEMTs 

The measurement of various analytes is desired over an extremely broad range of applications. 
The focus in this work involves biomarkers, which are used in life science to signal the onset 
of specific biological events. Biomarkers may include any biologically relevant molecule which 
has meaning in biological, medical, physiological, pathophysiological, disease diagnosis 
applications and so on. This field is extremely wide-ranging with many different sensing 
techniques based on a wide-variety of platforms. Here we will focus mainly on the development 
of bio-functionalized III-Nitride HEMTs, however many Si-based ISE or ISFET examples 
exist, many of which are well summarized in a detailed overview of by Izquierdo, et al. for 
continuous flow systems in an assortment of disciplines [224]. One Si-based example which is 
quite interesting lies in the relatively early development of an ISFET array for detection of 
multiple ions, indicating the desire for simultaneous monitoring of varying substances over 
exceedingly contrasting fields.  

Already in 1992 Vlekkert demonstrated one of the first multi-analyte ISFET systems for flow 
injection analysis of pH and potassium concentration for horticulture applications [225]. In this 
investigation typical Si-based ISFET structures were utilized with modifications at the alumina 
gate consisting of a hydrogel as the inner solution for the ion of interest and an ion selective 
membrane on top of this, both covalently anchored to the substrate to maintain stability [237]. 
This demonstration of the possibility to monitor multiple analytes is widely desired over a 
variety of fields, particularly for physiological or pathophysiological measurement which can 
greatly benefit from this prospect. In this case, as has been previously stated, the stability and/or 
biocompatibility of Si-based technologies become problematic. When taking these concerns 
into consideration, the proclaimed chemical stability and demonstrated improvement in 
biocompatibility of the AlGaN/GaN material system is extremely attractive, particularly in 
comparison to SiO2. The necessity for development of surface functionalization techniques for 
biosensors based on this heterostructure, however, becomes apparent for numerous 
applications. In many cases biological molecules such as enzymes or antibodies and/or their 
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complementary binding partners, antigens or haptens, are employed in the functionalization of 
biosensors in order to achieve selective sensitivity towards a particular analyte. To achieve the 
immobilization of the desired selective biomolecule, a controllable chemical surface 
modification must be achievable. 

In 2005 Kang, et al. demonstrated an example of 3-Aminopropyl triethoxysilane (APTES) 
surface treatment on GaN, resulting in an exposed amine (NH3) surface functional group which 
facilitates covalent linkage with proteins [226]. Verification of this functionalization technique 
was accomplished by the binding of N-hydroxysulfosuccinimidobiotin (sulfo-NHS-biotin) to 
the surface amine groups. Sulfo-NHS-biotin possesses an extremely high affinity to bind 
streptavidin or avidin proteins [227, 228]. The initial binding of sulfo-NHS-biotin at the amine 
functional groups, as well as the following exposure to streptavidin is demonstrated in figure 
3.22a. Exposure to BSA coated nanoparticles was utilized as a negative control, with no 
response in the source-drain current of the AlGaN/GaN HEMT, validating immobilization of 
streptavidin at the gate surface. Although evidence for the ability to functionalize the surface of 
the gate region with a bioreceptor was given through this work, covalent immobilization of the 
silane was not directly shown. The covalently bonded organosilane functionalization on GaN 
and AlN surfaces was, however, demonstrated shortly afterward [229]. X-ray photoelectron 
spectroscopy (XPS) and atomic force microscopy (AFM) were employed along with 
temperature-programmed desorption measurements to show Octadecyltrimethoxysilane (OCS) 
and APTES self-assembled monolayers (SAMs) following wet chemical hydroxylation of the 
GaN and AlN surfaces (fig 3.22b). This verification of covalent bonding strongly supports the 
possibility for the realization of stable chemical biofunctionalization techniques by providing a 
monolayer of functional groups. These may then be used to bind specific molecules for sensing 
or strands of deoxyribonucleic acid (DNA) to sense hybridization due to DNA matching, some 
examples of which are discussed in the following [229, 230, 231, 232].  

        

Figure 3.22: Demonstration of surface functionalization techniques through a) the 
change in HEMT drain-source current as a result of interaction between NHS-biotin and 
streptavidin introduced to the gateless HEMT surface and b) O 1s core-level XPS-
Spectra of untreated (circles) and hydroxylated (squares) AlN and GaN. For GaN, an 
enhanced surface oxidation is observed. b) Si 2p core-level peaks for hydroxylated as 
well as APTES- and ODTMS-modified AlN. The inset shows a schematic of SAM 
formation on the surface (R: Remaining alkyl chain for ODTMS, amino group for 
APTES) [229, 230] 

Following initial studies exhibiting the possibility for functionalization, an assortment of III-
Nitride BioFET chemical surface modification techniques have been developed over the past 
decade for the detection of various biological analytes. Several examples of these include 
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deoxyribonucleic acid (DNA) detection, early identification of kidney injury using kidney 
injury molecule-1 (KIM-1) antibody, prostate specific antigen (PSA) sensing for prostate cancer 
detection and the monitoring of glucose levels using exhaled breath condensate (EBC); 
summarized in a review from Kang, et al. in 2008 [230, 231, 232]. The assorted 
biofunctionalization techniques for these devices are presented in figure 3.23. Despite the 
possibility to make use of the ionic boding between Ga and N to allow for direct DNA or protein 
attachment at the open gate surface, here a thin 5nm Au layer was employed to provide a more 
stable functionalization method. In the case of DNA tethering this interaction with Au surfaces 
has been carefully investigated [229, 233]. As shown in figure 3.23a the Au-coated gate area is 
functionalized with 15-mer 3'-thiol-modified oligonucleotides. This immobilized DNA strand 
is then utilized to detect the formation of duplex DNA through oligomer hybridization when 
matched target DNA is introduced to the system. An observed decrease in the drain-source 
current upon introduction of matched DNA to the gate surface indicated the successful tethering 
of DNA at the Au surface, while lack of response to mismatched DNA verified the absence of 
non-specific binding (fig 3.23d) [232]. 

 

Figure 3.23: Biofunctionalization of AlGaN/GaN HEMTs for a) DNA matching b) 
antibody detection and c) glucose monitoring and corresponding measurement results 
for introduction of d) matched or mismatched DNA, e) KIM-1 molecule and f) various 
EBC glucose concentrations [230, 231, 232] 

AlGaN/GaN based detection of disease biomarkers with immunosensor-based analytical 
platforms has also been demonstrated through the use of antibodies, as presented in figure 
3.23b. The KIM-1molecule is concerned in this example, which has been proven to be an 
indicator of acute kidney injury (AKI) as well as showing a dramatic increase in the post 
ischemic kidney [234]. For the gate modification here, a thin Au layer is also employed. This 
allows for the self-assembly of a thioglycolic acid molecule (HSCH2COOH) monolayer due to 
a strong interaction between the thiol group and gold. The antibody immobilization may then 
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be realized by making use of the interaction between the carboxyl group of thioglycolic acid 
and the amine group on the KIM-1 antibody. Subsequently, modification of the drain-source 
current may be observed due to varying concentrations of KIM-1 molecule (fig 3.23e). This 
demonstration of a non-invasive technique for pathogen detection is promising for disease 
diagnostic applications based on analogous systems. 

In figure 3.23c the development of an enzymatic sensor is shown, created through the 
immobilization of glucose oxidase (Gox) on ZnO nanorods [231]. Very low detection limits 
were demonstrated for this sensor, achieving 0.5 nanomolar sensitivities (fig 3.23f). Although 
extremely low detection limits may not be necessary or even desired for in vitro or in vivo 
applications where the background glucose concentration is in the millimolar range, when 
working with EBC much lower concentrations are present. These may be correlated to the 
concentration in blood, however lower detection limits may in fact be required [75]. In this 
situation the AlGaN/GaN ISFET functionalized with ZnO nanorods and Gox immobilization 
could provide a non-invasive and adequately sensitive technique, particularly advantageous in 
regard to diabetic measurement in which the persistent necessity for phlebotomy can be very 
uncomfortable for patients [235]. 

Although many innovative bio-sensing techniques have been and are being developed on the 
III-Nitride platform, some basic issues are still at hand. Among these are the economic 
considerations in general as Si-based technologies are typically significantly cheaper. 
Applications which desire optical transparency or better biocompatibility, however, look to 
solutions such as III-Nitride systems. FET devices offer many positive aspects, especially for 
measurement of weak signals and/or high impedance applications, making them particularly 
suited for biosensing [236]. Miniaturization of the sensors is continuously desired; however the 
reference system continues to pose problems in this respect. A great deal of research has been 
devoted to this issue, as discussed, and continual is being made. A stable passivation is essential 
for measurement of any sort in a fluid environment. This topic has been generally problematic 
for ISFETs, and must be regarded carefully with III-Nitride systems in order to avoid damage 
to the underlying 2DEG. This must all be reconsidered when establishing new material or 
chemical functionalization techniques at the gate surface. In the following chapters the 
fabrication of devices utilized in this study is discussed, in addition to a developed technique to 
generate a stable passivation layer and the use of this with the nitric oxide sensor 
functionalization developed on the AlGaN/GaN technology.  
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4. Materials and Methods 

The AlGaN/GaN based heterostructure has been a subject of investigation for approximately 
20 years for a variety of applications, including high frequency, high power microwave devices 
as well as biochemical sensors. Much of the fabrication process has been thoroughly studied 
and optimized for heterostructure growth utilizing both molecular beam epitaxy (MBE) and 
metal organic chemical vapor deposition (MOCVD).  All fabricated samples for this work were 
grown using MOCVD, as this technique is available as an industrial option and additionally the 
process has been optimized during previous work [15, 16, 54]. This growth method, as well as 
the following fabrication steps used to create the ISFETs or other test structures, will be 
discussed here in order to provide an understanding of the complete process. This will also 
facilitate the explanation of optimization or functionalization steps involving various stages of 
sample production. 

4.1 Wafer Growth 

Two-inch [0001] c-plane sapphire wafers were used as the substrate for AlGaN/GaN 
heterostructure growth. The sapphire substrate provides a hard, chemically inert, monoaxial 
crystal material with excellent thermal stability and optical properties. Depending on the optical 
requirements of the intended final application or measurements, the wafers are polished on 
either one or both sides. Additionally, quality epitaxial growth of GaN and AlGaN layers may 
be achieved due to the acceptable lattice mismatch of 13.9% between sapphire and GaN. SiC 
substrates provide a much improved mismatch of only 3.5%, however the trade-off of material 
cost makes sapphire currently more attractive when the heterostructure growth quality suffices. 
At a pressure of 15 mbar the MOCVD process is carried out, beginning with a thin (~20nm) 
AlN nucleation layer utilized to alleviate the lattice mismatch issues and to increase structural 
integrity. The AlN deposition is carried out at low temperature (460°C) followed by a high 
temperature anneal (1120°C) and the subsequent deposition of the following layers. Utilized 
precursors for GaN and AlGaN MOCVD growth include triethylgallium (TEG), 
trimethylaluminium (TMA), and ammonia (NH4). Through variation of the ratio of TEG to 
TMA the Al content of the AlxGa1-xN barrier layer may be adjusted.  

 

Figure 4.1: AlGaN/GaN MOCVD Heterostructure [56] 
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The heterostructure depicted in figure 4.1 is typical of that utilized throughout this work. The 
sapphire substrates are 330 µm thick and the following AlN nucleation layer is typically 20 nm 
thick. Subsequently, a 1.5 µm GaN buffer layer is grown and afterward the 10 nm AlxGa1-xN 
barrier and 0-10 nm GaN cap layers were deposited. The AlxGa1-xN barrier layer Al content 
was typically 30% and Si-doping (2 x 1013 cm-3) is used just below the AlxGa1-xN barrier layer. 
This Si-doping aides in the reduction of undesired light sensitivity of the final structures [16, 
15]. Further specific details on the MOCVD process and optimization of the AlGaN/GaN 
heterostructures based both on sapphire as well as on SiC may be found in [54]. 

4.2 Sensor Fabrication 

Once the MOCVD heterostructure growth has been finished, sensor fabrication is carried out at 
the wafer level, resulting in 64 sensor chips per 2” wafer, 5 mm x 5 mm in size. An example 
image of a finished sensor chip is shown in figure 4.4, while a schematic showing an example 
of the components of a single completed ISFET is given in figure 4.2. The fabrication steps 
necessary to reach this stage will be covered in this section as well as an explanation of each of 
the components shown here. The extra fabrication steps utilized for sensor functionalization 
will be addressed in the following section. 

 

Figure 4.2: ISFET Schematic demonstrating the outcome of four main fabrication 
processes 

The first step required in the fabrication process involves establishing ohmic contact to the 
2DEG within the heterostructure. In order to realize this task, a technique involving a multi-
layer metal stack of Ti/Al/Ti/Au (20/80/30/100 nm) is utilized. Previous research has been 
carried out in order to determine optimal metals, ratios of these and annealing temperatures to 
achieve low resistance contact to the charge carrying electron gas [164, 238, 239]. The first two 
metals of this stacking system have been shown to dominate the process of actually contacting 
the 2DEG while the second Ti layer (which is often replaced with Ni or Mo) provides a diffusion 
barrier. The final Au layer improves the ability to contact this metal stack as well as reducing 
the contact resistance.  Other metals and contact systems have also been investigated, for 
example TiN which provides a much smoother contact surface, however these are in the 
developmental phase and were not taken advantage of for the devices here. Patterning of the 
ohmic contacts is performed through a typical photolithography lift-off process using a standard 
positive photoresist. This indicates that the areas of photoresist exposed to UV light and 
developed will be removed (fig 4.3a), allowing for patterning of the metal the contacts as 
desired (fig 4.3b). Once the photoresist has been patterned, an Ardenne® tool with multiple 
magnetron sputter sources is used to create the Ti/Al/Ti/Au stack. This tool achieves the 
deposition of multiple materials with minimum contamination since all sputtering is done 
within one chamber continuously under vacuum. Following this a rapid thermal process (RTP) 
anneal is carried out under N2 atmosphere for 45 seconds at 825°C. It is through this high 
temperature procedure that the metal diffuses through the GaN cap and AlGaN barrier to create 
a low resistance contact to the 2DEG (fig 4.3c). 
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Figure 4.3: (a) Photolithography patterning and (b) lift-off structuring of ohmic contacts. 
(c) Ohmic contact to the underlying 2DEG following an RTP anneal. 

Specifically, the lower Ti layer reacts with the underlying nitrogen of the heterostructure 
resulting in the formation of interfacial nitrides [54]. In this case a thin TiN layer is formed 
which, along with the ensuing reduction of the Schottky barrier, generates nitrogen vacancies, 
which act as donors producing a highly doped n+-AlGaN layer beneath the thin metal layer. At 
the same time, the sputtered Al of the metallization sequence diffuses along dislocations in the 
semiconductor providing good conductive paths to the underlying 2DEG [54]. Once the 2DEG 
has successfully been contacted, all contacts on this substrate are then connected to one another 
via this charge carrying channel. In order to create electrical separation between the channels 
of various transistors an inductively coupled plasma (ICP) Cl2 etch step is implemented. By 
etching the heterostructure deeper than the level of the 2DEG, unwanted electrical contact 
between separate transistor channels is eradicated. This structuring of the 2DEG is achieved 
using a thick photoresist, patterned in such a way to mask the ohmic contacts and the area 
between them, which will then be the channel of the ISFET. Although difficult to perceive in 
the optical microscopy image in figure 4.4, the mesa is defined as indicated by the white dotted 
line; etching the area outside of the ohmic contacts and the open gate of the transistor.  

 

Figure 4.4: Completed sensor chip example, 5mm x 5mm size. An ohmic contact is 
indicated by the blue dotted line, unetched mesa area within the white dotted line, metal 
contact line by the green dotted line and the open gate area with a yellow arrow. 

Once the 2DEG for each structure is confined to the desired location and electrical contact has 
been made, a second metallization is carried out in order to produce metal lines which provide 
the possibility for metal boding upon completion of the sensor chip or simply to probe the 
contact pads for electrical characterization of the device. The optical difference between the 
surface morphology of the annealed ohmic contact (blue dotted line) and the subsequently 
deposited contact lines (green dotted line) may be readily observed in figure 4.4. The contact 
lines are defined using a positive photoresist and lift-off, analogous to the first metallization 
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process. In this case a thin 30 nm Ti adhesion layer is deposited followed by 200 nm of Au, 
providing a highly conductive contact line with a very flat surface.  

At this point in the fabrication process each structure has been electrically isolated from one 
another and contact to the 2DEG has been established, in the presented figures these contacts 
represent the source/drain of the ISFET. As the operating conditions for these devices involves 
a fluid working environment, insulation of all metal contacts must also take place. This is a 
generally problematic area, often referred to as the weak link due to the numerous requirements 
of the passivation layer. This must be a chemically and mechanically stable layer with high 
electrical insulation properties. Additionally, the passivation layer must adhere well to the 
surface of the device and, one of the biggest obstacles, structuring this layer must be possible 
without damaging the underlying 2DEG. This patterning issue maybe be better visualized 
through observation of figure 4.5a in which the etch mask is indicated; the blocking or 
protection of the insulating layer is achieved with this mask while the gate region is etched free 
of this dielectric material. Other processes may be utilized in addition to this method of etching, 
some of which will be further discussed in Chapter 5. At this point, however, with the aid of 
this sketch it is straightforward to imagine the possibility of detrimental effects to the 2DEG 
due to physical etching through ion bombardment, as this conducting channel lies only 20 nm 
beneath the surface.   

 

Figure 4.5: a) Example of passivation structuring by etching using an etch mask b) 
Completed ISFET with patterned passivation to allow measurement in a fluid 
environment 

Upon successful structuring of the insulation layer, and in the case of a utilized etch mask, this 
material must be removed. The passivation etch process was predominantly carried out for the 
devices used here through the use of an Al etch mask. Care must be taken here in order to 
complete this fabrication step within a short period of time, typically 1-3 days, due to the 
development of a native oxide upon contact of the Al with ambient air. Holding the sample 
under vacuum obviously may aid in the prevention this issue. In any case, the Al mask is 
removed prior to use of the fabricated ISFETs. The individual sensor chips are then separated 
through a wafer dicing process utilizing a mechanical saw. The resulting 5 mm x 5 mm chips, 
the example of which was shown in figure 4.4, may be employed at this point in an appropriate 
measurement setup with integrated contact, sealing and fluidic system. The chip may also be 
mounted onto a ceramic (fig 4.6a) or printed circuit board with contact pads which are bonded 
to the bond pads of the sensor chip. The bond wires in this case are subsequently insulated using 
a silicon rubber paste which may be accurately dispensed over the wires while leaving the center 
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of the chip exposed to allow contact with the electrolyte.  This may be perceived in figure 4.6a 
and b as the transparent square covering the indicated contact pads as well as the edge of the 
chip, where the bond pads for the ISFETs are located. This encapsulation process allows for the 
entire chip and board to be immersed into fluid, apart from the connection pads seen at the 
bottom edge of the blue ceramic in figure 4.6a. 

 

Figure 4.6: Mounted, bonded and encapsulated sensor chip 

Once the sensor chip has been packaged in this way, measurement may take place, however a 
contamination due to photoresist or incomplete removal of the passivation layer is often present. 
This was typically dealt with in previous work by employing a 24 h watering process in addition 
to (partial) physical removal of the contamination layer utilizing a cotton applicator and acetone 
to reduce sensor drift [15]. Following this procedure stable measurement conditions were 
achieved via repetitive measurements (for approximately 5 h) and further DI water cleansing 
steps. This topic will be further analyzed in the following chapter as it again pertains to the 
development of a stable passivation system, which was one of the main goals in this work. 

Without further modification to the structure during or following the process the resulting pH 
sensor has been shown to be stable as well as precise and accurate over a broad pH range.  In 
order to work towards the objective of a multi-purpose sensor chip, and specifically to attain 
the desired goal of nitric oxide sensing, various functionalization layers were developed and 
tested. In the following section the details regarding the utilized materials and processes 
necessary will be discussed. 

4.3 Functionalization for Nitric Oxide Measurement 

As discussed in chapter 3, nitric oxide is important biological molecule due to its function as an 
intracellular messenger, vasodilator and in the immune system. In this section the discussion 
will focus on the functionalization of ISFETs to attain NO sensitivity. The materials utilized 
include tungsten trioxide (WO3), graphene, porphyrin, and aluminum oxide or ‘alumina’ 
(Al2O3).  

4.3.1 Tungsten Trioxide (WO3)  

Tungsten trioxide (WO3), an n-type indirect wide band gap semiconductor, has found use in 
various applications including gas sensing, photocatalysis and electrochromic devices [240, 
241]. Environmental monitoring of various gases, particularly pollution related substances such 
as NH3, CO, CO2, and NOx, has brought about the exploration of various metal oxide 
semiconductors. As early as 1991 work involving the use of WO3 for NO and NO2 detection in 
air at elevated temperatures clearly demonstrated superior sensitivity in comparison to other 
oxide films [222, 242, 243]. However, this film has seldom been studied regarding NOx 
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sensitivity in fluid environments. Here compatible fabrication techniques were developed to 
allow for functionalization of the gate area of AlGaN/GaN ISFETs with WO3 thin films.  

In general, tungsten oxide films have been realized through the use of several deposition 
techniques including reactive sputtering, chemical vapor deposition (CVD), evaporation, 
anodization, and sol-gel techniques [241, 244, 245, 246, 247, 248, 249]. Many studies have also 
been conducted regarding various nano-structuring possibilities, resulting in plate-like, slab-
like or cube-like structures, various sizes of grain-like morphologies, nanowires, nanorods and 
nanoneedles [241, 250 251]. For the devices used in this work, two methods were developed 
and employed to achieve WO3 thin films. The first is based on the inexpensive method from 
Widenkvist, et al., which is also easily incorporated into the AlGaN/GaN ISFET fabrication 
process. Initially sputter deposition of a 20 nm W layer is carried out followed by a subsequent 
immersion of this layer in nitric acid (HNO3) at a temperature of 50 °C. It is believed that the 
resulting reaction involves an initial oxidation of tungsten to 	due to the strong oxidizing 
nature of HNO3. Subsequently, it is expected that the 	should precipitate to tungstite 
according to the following reaction 

2 → ∙ .    4.1 

The resulting surface structure for a 20 nm W film processed under these fabrication conditions 
was similar to the plate-like structures in literature. A schematic demonstrating this method is 
depicted in figure 4.7 and the corresponding SEM image portraying the obtained morphology 
is given in figure 4.8a. This result is an example of the nanostructured surface, which may be 
interesting for many applications, here mainly due to the surface area increase of the transducer 
of the system.  

 

Figure 4.7: Processes for the formation of WO3 through a) chemical etching of W to 
create a nanostructured surface or b) thermal oxidation of W forming a smooth surface 

The second utilized method also involves an initial patterning of the sputtered tungsten film 
through photolithography and lift-off techniques. 20 and 30 nm films were deposited, which 
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were then oxidized by RTP at a temperature of 600 °C for 90 seconds in oxygen atmosphere, 
resulting in a smooth surface of the WO3 films. Similar annealing processes, converting the 
deposited amorphous film to a polycrystalline film, have been demonstrated to produce a more 
robust layer, increasing chemical and electrochemical stability [252]. A schematic of this 
method is also depicted in the illustration in figure 4.7 as well as an example of the acquired 
WO3 surface morphology in figure 4.8b; a particle is included in this SEM image to demonstrate 
focus at the surface. 

 

Figure 4.8:  SEM images of the gate functionalization surface morphology for a) 
HNO3 nanostructured WO3 and b) thermally oxidized WO3 by RTP 

In order to confirm that the produced films are indeed comprised of the WO3 stoichiometry, 
XPS was carried out following oxidation. A reference sample was prepared simultaneously with 
the WOx samples, however without intentional oxidation and was transferred as quickly as 
possible to vacuum conditions in the XPS tool to avoid prolonged contact with ambient air. A 
comparison of the measured spectra for these materials is given in figure 4.9.   

 

Figure 4.9: XPS confirmation of WO3 structure for oxidized W layers (top) vs a 
reference W layer (bottom) 
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XPS is carried out through the irradiation of a sample with X-ray photons which transfer energy 
to electrons within the sample. These electrons may then be emitted from their initial state with 
a kinetic energy and intensity dependent on material type, atomic orbital, energy of the incident 
X-ray and the binding energy. The elements present as well as their concentration may then be 
identified through analysis of the emitted photoelectrons. In this case, examination of the W4f 
peaks of the film without oxidation (figure 4.9, bottom) shows mainly the response due to 
emission of electrons corresponding to the metallic tungsten film (contribution shown by the 
yellow curve); however a thin native oxide is also present due to the contact with air (blue 
curve). Utilizing the relationship between the assessed oxidation state and the ratio of metallic 
to oxidized content, this was estimated to be approximately 0.7 nm. The measured spectrum for 
the unknown mixed-phase WOx film is shown in the upper portion of figure 4.9; the peaks for 
various binding energies demonstrate the various material species present. In this case the 
predominating WO3 stoichiometry is revealed (oxidation state of W6+, blue curve), with a small 
amount of an additional oxidation subspecies. This has been identified as the W5+ oxidation 
state, which has also been observed in literature as an often present additional species for 
various methods of W oxidation [253, 254, 255, 256]. Finally, a small part of the film remains 
in the metallic state as may be observed by the small peaks corresponding to the yellow W 
curve. These variations in existing oxidation states and resulting material properties represent 
an area in which a great deal of optimization could take place to maximize sensitivity for a 
specific analyte. Here the initial demonstration of the use of WO3/x films for NO detection was 
carried out. 

4.3.2 Graphene  

Since the preliminary preparation of two dimensional graphene sheets [257] and the initial 
demonstration of the electronic properties, research in the field has exploded with applications 
ranging from much focus in the realm of FETs [258, 316] to utilization for electrochemical 
sensors, biosensors [259, 260], and energy storage and production [261, 262]. Many possible 
applications of the two-dimensional sheets of carbon atoms are conceivable when taking into 
consideration the superior electronic transport and biocompatibility properties, as well as the 
high flexibility while simultaneously exhibiting exceptional material stiffness and strength 
[262]. In order to make the employment of this material possible, a great deal of advancement 
has taken place, including the development of a variety of techniques to yield an assortment of 
graphene materials. The commencement of this progress dates back to the mid-1900s when B. 
C. Brodie carried out work involving the technical terminology for various substances referred 
to as ‘graphite’ and methods to oxidize this material. He conducted experiments with graphite 
from several sources, physically grinding the materials into small plate-like structures and 
subsequently purifying the substance by boiling the graphite in acid. The chemical and thermal 
treatment described in this work provided the foundation for many current graphite oxidation 
techniques, including that of Hummers, et al., which was published exactly one century after 
Brodie and which is the basis for the process utilized in this work [263]. The two other mainly 
utilized over the past few decades in an endeavor to achieve single sheets of graphene include 
exfoliation of graphite by tape-transfer to the desired substrate and CVD growth, typically on 
nickel (Ni) substrates with subsequent transfer to the target substrate via a poly(methyl 
methacrylate) (PMMA) sacrificial layer [264].  

As chemical sensing is the main topic of this work, graphene related sensing applications are of 
particular interest here. Various graphene structures have been studied over the past decade in 
relation to structural quality and sensing properties; pristine, intentionally doped or defective 
graphene have often been researched theoretically as well as practically [265, 266, 312]. This 
practice spans a variety of sensing applications, especially for systems similar to thin-film gas 



57 
 

sensing due to the high surface area to material volume ratio, demonstrating achievements such 
as detection of single gas molecules [270, 271, 316]. This is relevant, for example, in order to 
successfully sense a small amount of environmental pollutant or toxic gas molecules such as 
NH3, NO2, which has been shown in practice to significantly affect conductance of single wall 
carbon nanotubes (SWCNTs) [269]. Several studies have been carried out regarding the atomic 
interactions and the gas adsorption-induced modifications of the electronic properties of 
graphene and related materials [266, 267]. Whether the molecular interaction which takes place 
is due to charge transfer or physiosorption is a point of discrepancy among graphene-based 
sensing reports.  Additionally, the quality of the graphene sheet and presence of contamination 
or dopants is another major point of discussion with numerous groups reporting the observed 
sensitivity to a given analyte to be a result of contamination or doping, while pristine graphene 
may demonstrate a much lower or completely insensitive response [267, 268, 317]. Recently 
several investigations have taken place in which the quality and/or doping of the graphene 
sheets has been specifically considered. Zhang, et al. carried out a theoretical study on the 
differences between the small molecule interactions of NH3, NO2, CO and NO with pristine, 
boron-doped, nitrogen-doped and defective graphene sheets (P-, B-, N-. and D-graphene) [266]. 
Here the most favorable adsorption configurations were sought by placing the molecule of 
interest at various positions and orientations in reference to the graphene film (similar modeling 
to the following example of Chen, et al., shown in figure 4.10). Theoretically relevant values 
are extracted for each molecule and graphene type. Their findings are summarized in the 
following table, where the significant variation in adsorption energy (Ead), atomic spacing (d) 
and Mulliken charge (Q) may be seen for each gas molecule studied, depending on dopant or 
defect presence in the graphene sheet [266]. 

Table 4.1: Adsorption energy (Ead), equilibrium graphene-molecule distance (d) defined 
as the shortest atom-to-atom distance) and Mulliken charge (Q) of small molecules 
adsorbed on different graphene sheets [266] 

 

A related study was carried out by Chen, et al. examining the differences in the interaction 
between similar small gaseous molecules (NO, N2O and NO2) and either pristine graphene or 
Si-doped graphene [267]. Here the variation in atomic spacing and molecular orientation may 
additionally be visualized through the diagrams in figure 4.10 (the C, N, O and Si atoms are 
represented by grey, blue, red and yellow balls, respectively) [267]. Figure4.10 1a, b and c 
demonstrate the interaction of adsorbed NO, N2O and NO2 on pristine graphene with given 
bond distances (in Ångstroms) and angles (in degrees). To acquire these values each adsorbed 
molecule was placed in various orientations, perpendicular or parallel to the graphene film and 
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at various locations with regard to the carbon atoms, i.e. on top of a carbon atom, in the 
honeycomb ring structure or at a C-C bond. The most stable adsorption configuration was found 
through this procedure and the pertaining values were extracted. Similar modeling and 
computations were carried out upon introduction of Si atoms into the graphene sheet lattice. 
The results for molecular interaction with NO are provided in figure 4.10, 2a, b and c where the 
two most stable configurations of a single NO atom are given in a and b with the N- or O-atom 
bound to the Si-atom. Here the increase in the adsorption energy (Eads) by 0.755 eV for the case 
of the bound N-atom (fig 4.10, 2a), compared with the intrinsic graphene system, theoretically 
demonstrates this configuration to be the most stable. Fig4.10, 2c provides the most favorable 
geometry configuration in the case of two NO molecules binding to the identical Si-atom. Here 
it may be noted that the adsorption energy of the two NO molecules is slightly larger than that 
on the single molecule, indicating that the dimerization configuration is preferred [267].  

 

Figure 4.10: 1) Most favorable molecular configuration for a) NO, b) N2O and c) NO2 
in relation to pristine graphene sheet. 2, 3, 4a, b, c, (d)) Possible, most stable, adsorption 
configurations for NO, N2O and NO2 on Si-doped graphene. Bond lengths are given in 
Ångstroms and angles in degrees [267]. 

Figure 4.10, 3a, b, c, d and 4a, b, c show the resulting most stable geometries and adsorption 
orientations for N2O and NO2 through analogous analysis techniques. Figure 4.10, 3a and b 
reveal only physical adsorption of the N2O molecules with variations in Eads stemming from 
van der Waal’s attraction. As may be understood from the increase in Eads, the most stable case 
for the interaction of N2O with graphene is observed when an O-atom is left bound to the Si-
atom while an N2 molecule escapes from the sheet. Finally, in the case of adsorbed NO2 the 
most stable configuration is found when one O-atom is bound to Si in a nitrite configuration. 
This type of analysis may provide a great deal of insight into the molecular interactions. In this 
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way the described studies, as well as related theoretical and practical studies, have brought the 
potential of graphene-based sensing capabilities to a higher level through the improvement in 
the characterization of utilized films and, thus, the better understanding of the transpiring 
molecular interactions. 

Based upon the presented possible interactions of small gas molecules and graphene, especially 
that of NO, this type of functionalization was also developed for the sensors here. Most of the 
discussed results from literature deal with environmental gas monitoring, therefore, in the case 
of practical sensing studies, measurement conditions are typically in air. For the sensing 
applications considered in this work, detection of NO must take place in a fluid environment. 
The primary goal was, therefore, to initially develop a compatible fabrication technique and 
assess the potential for NO sensing based on the AlGaN/GaN ISFET. As stated above, the 
Hummers method was utilized here for the formation of graphitic oxide, followed by the 
reduction of this material and dispersion in deionized water (DIW). To complete the 
functionalization process the produced graphene sheets must be positioned at the gate of the 
ISFET. Realization of this task was achieved through a developed “spray-on” technique of the 
graphene dispersion. This process is schematically depicted in figure 4.11. 

 

Figure 4.11: Schematic depiction of reduced GO spray-on technique 

Following the application of graphene to the sensor-chip surface, thorough rinsing of the sensor-
chip surface was carried out following a short drying period of approximately 2-3 minutes. This 
results in a distribution of the graphene flakes across the GaN surface which may be seen in the 
SEM images in figure 4.12. Here the typical wrinkled structure of the graphene sheet may be 
observed. 

 

Figure 4.12: SEM images of graphene flakes on the GaN gate surface following spray-
on deposition.  
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Two final techniques were evaluated in addition to the tungsten oxide and graphene films. These 
include porphyrin attachment and an Al2O3 layer. These will be covered here only briefly as 
arising issues with fabrication processes or passivation damage hindered stable measurement 
utilizing these techniques. 

4.3.3 Porphyrin 

Nitric Oxide sensing based on porphyrinic films is one of the original and most well-known 
techniques to date, for example the detection of NO from a single-cell by Malinski, et al., only 
a few years after the discovery of NO, was covered in Chapter 3. In this case a microelectrode 
was utilized and electrochemical deposition was carried out using differential pulse 
voltammetry (DPV) [151]. Porphyrin based sensing stems from the advantageous electron 
transfer capabilities in addition to allowing the possibility to control the redox chemistry of the 
central metal. This may be better understood upon examination of the general porphyrin 
structure in figure 4.13a as well as that of the metalloporphyrin with Ni as the central metal, 
Nickel (II) tetrakis(3-methoxy-4-hydroxyphenyl) porphyrin (Ni(II)TMHPP), in figure 4.13b. 

 

Figure 4.13: a) Simplest porphyrin structure b) Nickel (II) tetrakis(3-methoxy-4-
hydroxyphenyl) porphyrin c) Heme B, well known porphyrin and cofactor of 
hemoglobin [275] 

This central metal may be varied through chemical processes, including examples such as iron 
(Fe2+), zinc (Zn2+), tin (Sn4+), chromium(Cr2+), manganese (Mn2+), copper (Cu2+), magnesium 
(Mg2+). The naturally occurring and most well-known metalloporphyrin, heme B, contains Fe2+ 
as may be seen in figure 4.13c. This heme is found is proteins such as hemoglobin, myoglobin, 
the peroxidase enzyme family and endothelial nitric oxide synthase. Metalloporphyrins 
modeled on this iron-containing heme are particularly interesting in regard to the NO 
scavenging behavior of hemoglobin due to the heme B cofactor [133, 158]. This concept, along 
with the demonstration of good catalytic behavior of polymetric metalloporphyrin films for the 
electrochemical oxidation of small molecules, has led to their use for a variety of sensing 
applications. 

To facilitate the use of porphyrins or films incorporating porphyrins, deposition techniques must 
be established. Currently, functionalization of electroactive surfaces with porphyrin has been 
demonstrated by chemisorption, attachment to previously functionalized electrodes through 
chemical reactions, chemical reactions with a functionalized polymer, incorporation of the 
porphyrin with the polymer film, and electrochemical polymerization electrochemical 
techniques [186]. As the surface to be functionalized in the case of this study is not an electrode 
surface, electrochemical deposition methods must be disregarded. Chemical interaction with 
the target surface through simple drop-casting or dip-coating methods was therefore taken into 
consideration as a reasonable potential approach. The intended chemical interaction was to 
achieve direct surface attachment through the use of surface hydroxyl groups (fig. 4.14). 
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Figure 4.14: Surface functionalization through metalloporphyrin attachment [274] 

The Ni(II)TMHPP was dissolved, utilizing ethanol as the solvent and drop-cast onto the sensor 
surface. This was allowed to dry for at least 30 minutes at room temperature before a thorough 
rinsing of the sensor. A diminished sensitivity was, however, demonstrated through the use of 
this technique as will be presented in Chapter 6. It may therefore be concluded that the surface 
attachment was unsuccessful and/or inhibition or blocking of the catalytic center of porphyrin 
took place. Additionally, as was visually observed in several instances, passivation damage 
occurred or contamination remained on the GaN gate area, reducing the effective surface area. 

4.3.4 Aluminum Oxide (Al2O3) 

Aluminum oxide (Al2O3) or alumina is a potentially useful material, particularly when the 
compatibility with the utilized material system is taken into account. Al2O3 forms the foundation 
of the device as the AlGaN/GaN heterostructure growth takes place on sapphire wafers. Due to 
the often proclaimed interaction of NO with metal oxides, in addition to specific sensing 
applications based on nano-alumina, a process to functionalize the GaN gate surface with Al2O3 
was developed here [252, 253, 272, 273]. Atomic layer deposition (ALD) was employed to 
deposit an amorphous 20 nm Al2O3 film across the entire substrate. An etch-resistant photoresist 
is utilized to mask the areas in which the alumina layer is desired and a hydrofluoric acid dip is 
carried out to etch the superfluous material (fig 4.15). Following this structuring of the Al2O3 
layer a thermal annealing at a temperature of 700 °C may be employed to achieve 
polycrystalline films and to increase the dielectric constant. 

 

Figure 4.15: Functionalization of sensor surface with aluminum oxide 

This technique was relatively unsuccessful with low NO sensitivity for the experiments carried 
out in this study; additionally, arising fabrication issues provided obstacles in some cases. The 
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problematic processability may be recognized in figure 4.16 by the peeling appearance of the 
alumina layer (with blue tint) at the gate region.  

 

Figure 4.16: Fabrication difficulty with Al2O3 layer structuring 

This problem typically occurred on samples with thicker (>100nm) Al2O3 films. Nevertheless, 
the possibility to overcome these issues through optimization exists and sensitivity testing was 
carried out here on samples with thinner films, despite imperfect structuring. As stated, the 
results, which will be covered in Chapter 6, show relatively low NO sensitivity. This procedure 
is therefore mentioned only as a side note as Al2O3 is known to demonstrate good pH sensitivity, 
therefore the reduced NO sensitivity could provide useful for simultaneous monitoring of NO 
and pH (or other analytes), as is the desired goal for the sensor array presented in Chapter 7.    

4.4 Measurement Procedure 

Due to the piezoelectric nature of the heterostructure as well as the light sensitivity issues 
covered in Chapter 2, care must be taken in order to achieve a stable measurement set-up. 
Chronoamperometry techniques were applied for the majority of measurements carried out in 
this research. These measurements were carried out inside a metal box-like structure which 
could be grounded proving a quasi-faraday cage. This aids in reducing electrical noise from the 
environment as well as providing a lower level of “light pollution” from ambient sunlight. Prior 
to amperometry measurements, initial testing is also carried out to ensure that good contact to 
the 2DEG has been made and to determine the maximum sensitivity regime is known and 
utilized.  

4.4.1 Material and Device Characterization 

Before reaching the final testing stage of developed sensors, various film or process 
characterization steps take place. Test structures are often employed in these instances to ensure 
achievement of necessary electrical properties, such as whether the 2DEG has been effectively 
contacted and individual ISFETs have been electrically separated during etching processes. 
Furthermore, material properties such as resistivity, sheet carrier density and mobility of the 
charge carriers may be determined. To quantify the latter three properties, hall structures are 
commonly employed; examples of those used in this work are shown in figure 4.17. 
Representations of Van der Pauw geometries are indicated by the yellow circle (rectangular 
structure), green circle (‘clover-leaf’), and orange circle (‘Greek cross’) structure; variations 
which have been demonstrated to provide more accurate results depending on material system 
and fabrication constraints such as contact size [276]. In the case of the AlGaN/GaN 
heterostructures in this research, the uniform thickness of the 2DEG may be assumed and 
additionally the contact size typically does not present a major complication, making the 
rectangular and Greek-cross structures the most useful. Detailed information on the theory for 
hall measurements may be found in [276] as well as a detailed analysis of the AlGaN/GaN 
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material system in [54]. As stated, hall measurements were employed in this work to determine 
charge carrier concentration and to ensure structural quality; often results are also correlated to 
the obtained values through the use of the capacitance-voltage (CV) structures, one of which is 
indicated by the blue circle in figure 4.17. 

 

Figure 4.17: AlGaN/GaN test structure chip for the characterization of heterostructure 
growth and fabrication processes. Yellow, green, and orange circles represent various 
Van der Pauw hall structure geometries. A TLM structure is indicated by the pink oval, 
and CV measurement structure by the blue circle and an IV or CV test structure by the 
red circle.   

The CV method may be utilized to derive the depth profile and charge carrier concentration of 
the barrier(/cap) layer(s) and 2DEG, respectively, through the use of assumptions based on the 
plate capacitor model, as has been shown by Ambacher, et al. and elaborated on by Donahue, 
et al.  [11, 56]. A cross-sectional view of this structure, along with the typical Si-based metal 
insulator semiconductor (MIS) CV counterpart structure for comparison, is given in figure 4.18 
[56]. The upper metal Schottky contact is the inner gold circular contact in this microscope 
image. The outer darker torus shaped portion is the contact to the underlying 2DEG which acts 
as the “back electrode”; this may be better visualized through the cross-sectional schematic in 
figure 4.18.  In this portrayal the “inner 2DEG” is understood as the area found directly under 
the Schottky contact, and the “outer 2DEG” is found in the region between the edge of the 
Schottky contact and the ohmic contact to the 2DEG.  

 

Figure 4.18: Typical Si-based MIS structure in comparison to the AlGaN/GaN structure 
[56]. 
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Fabrication of structures which allow for utilization of the transfer length method (TLM) was 
also carried out. These may be utilized to determine contact resistance and, as mentioned above, 
to simply validate that contact to the 2DEG has been achieved. Finally, CV or IV structures, 
such as the example indicated by the red circle in figure 4.17, may also be utilized for various 
purposes. In this thesis this type of structure was typically employed to test preliminary 
structuring possibilities for passivation materials, as well as to examine the electrical integrity 
of these insulating materials. A cross sectional view of this layout, corresponding to the 
structure shown in this red circle, is presented in figure 4.19. A lower round metal contact is 
structured via lift-off, followed by deposition of the insulating layer to be assessed. An etch 
mask is deposited and structured in order to define the dielectric circular area (alternatively lift-
off or direct photostructuring may be used if the material is compatible or photosensitive, 
respectively). Lastly, the upper contact is defined, once more through photolithography 
techniques. After completion of the structure, resistivity and break-down information on the 
dielectric film can be obtained. The upper and lower contacts are connected to a probe station 
(Keithley 2400) and a voltage range is scanned while observing leakage current through the 
insulating material. Utilizing the film thickness, characteristic dielectric properties and 
breakdown information with dependence on the applied electric field may be extracted from the 
resulting IV characteristics. 

 

 Figure 4.19: IV test structure for characterization of dielectric film integrity 

Once a stable foundation has been established and fabrication/necessary packaging of the sensor 
chip has taken place (fig 4.6), characterization of the ISFET may be carried out. In this case the 
source, drain and reference electrode are connected as schematically shown in figure 4.20. 
Typical transistor curves such as the transfer and transconductance characteristics may be 
measured utilizing this same measurement setup and the appropriate analysis tool and software 
again in this case a Keithley 2400 with two source measure units (SMUs) and LabVIEW® 
programs to apply desired drain-source or reference potentials and read out the current.  

 

Figure 4.20: (a) Measurement connections showing source-drain bias (VDS), gate bias 
through the use of a reference electrode (Vref) as well as the readout of drain-source 
current IDS. Representative transfer (b) and transconductance characteristics of a single 
AlGaN/GaN ISFET [197] 
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Diverse information such as proper operation of the transistor (this is relevant when examining 
contamination concerns as discussed in Section 4.2), and specific properties like transfer and 
transconductance characteristics or threshold voltage (fig 4.20 b, c) In the case of EGFETs the 
corresponding the variation of surface potential may also be measured or derived to determine 
analyte sensitivity. Conversely, the reference potential may be held constant and transfer IV 
curves may be recorded over various concentrations of the analyte; this has been well 
demonstrated for pH by Bergveld, et al. [194, 197]. 

4.4.2 Sensor Characterization and Solution Preparation 

Simple phosphate buffer solutions were employed to maintain stable fixed pH values. These 
buffering systems are prepared using monopotassium phosphate (KH2PO4), disodium 
phosphate (Na2HPO4), and dipotassium phosphate (K2HPO4), to attain approximate desired pH 
values with the subsequent addition of hydrochloric acid (HCl) to adjust the pH to the exact 
value if necessary. The phosphate buffer solutions utilized for sensor characterization include 
blends which yield pH values of 6.5 (PB6.5), 7.0 (PB7.0), 7.4 (PB7.4), and 8.5 (PB8.5). These 
may be used to determine H+ sensitivity of the ISFET as well as to provide the basis (typically 
PB7.0) for preparation of solutions used to analyze NO sensitivity.  

As NO is rapidly destroyed though reaction with oxygen, one option which can be used for 
measurement in and/or calibration of sensor systems involves the careful pre-preparation of 
solutions which must be carefully deoxygenated prior to bubbling with NO gas. The storage of 
the samples must also be done cautiously to prevent reintroduction of oxygen into the solution. 
One possibility to accomplish this task entails working under oxygen-free conditions during the 
preparation of fluid samples followed by rapid sealing of and freezing of the solutions using 
liquid nitrogen [165]. A more convenient option, particularly for the initial functionalization 
testing presented here, involves the use of a nitric oxide complex which releases NO into 
solution in a controlled manner. This allows for the preparation of various concentrations 
necessary for cascade measurements to assess NO sensitivity. The employed complex is a type 
of NONOate, which are compounds with the chemical formula R1R2N-(NO−)-N=O, where R1 
and R2 are alkyl groups as shown in figure 4.21a. The production of such adducts relies on the 
long-known reaction of NO with primary and secondary amines to form salts with this structure 
[277, 278]. The specific NONOate employed here is diethylenetriamine/nitric oxide 
(DETA/NO) adduct or 2,2′-(Hydroxynitrosohydrazono)bis-ethanimine from Sigma-Aldrich® 
(figure 4.21b). Calculated concentrations were prepared in solutions of PB7.0 and half-life 
times were calculated based on the work of Beckerman, et al. (table 3.2), which specifies the 
NO to be in solution saturated with air at room temperature, i.e. [O2] = 225 µM [133]. 

 

Figure 4.21: Nitric oxide complexes: a) NONOate, general formula and b) DETA/NO 
adduct, the specific NONOate utilized in this study.   
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Once preparation of pH and NO solutions is taken care of chronoamperometric measurement 
was typically made use of to examine sensitivity characteristics. The measurement cell is 
constructed from polyether ether ketone (PEEK) to allow for a fluid volume of approximately 
7mL. The two-piece cell provides an opening for the surface of the sensor chip in the center at 
the bottom of the reservoir and a sealing ring which fits around this chip and prevents fluid 
leakage. From one side the contact lines on the ceramic circuit board are accessible to make 
electrical connection feasible. A schematic demonstrating this measurement setup is given in 
figure 4.22.  

 

Figure 4.22: PEEK measurement cell a) side-view, b) top-view with sealing ring shown 
in black and c) depiction of pipetting during chronoamperometric measurements 

After enclosure in this measurement cell and electrical connection to the ISFET, the reservoir 
is filled with the initial buffer solution. IV transistor characteristics are recorded to ensure 
proper connection as well as to analyze the general performance of the device. By exchanging 
the buffer for varying pH values the H+ sensitivity may be found through analysis of the transfer 
characteristics and quantification of the threshold voltage. Similarly, chronoamperometry may 
be utilized by setting a constant VDS and measuring IDS as a function of surface potential or 
applied reference potential, Vref or VGS. In this research a 0 V reference potential was typically 
utilized and various concentrations of the analyte of interest were pipetted into the reservoir. 
This is fairly straightforward for pH measurement through calculation utilizing given phosphate 
buffer pH levels and the volume of the solution in the measurement cell and the solution to be 
added. In the case of NO measurement the time of the NONOate in solution must also be taken 
into account due to the discussed half-life of this molecule. The results of such experiments and 
a comparison of the functionalization methods will be presented in Chapters 6 and 7. 
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5. Passivation/Contamination Study 
As discussed in the previous chapters, the passivation of the ISFET is a critical step, which has 
posed problems throughout the development of these devices due to comprised integrity after 
encapsulation and packaging [279]. Operation in a fluidic environment entails distinct 
requirements much different from the encapsulation of typical FETs or electronic devices in 
general. The utilized material (1) must provide good insulation of the metal contact lines to 
avoid leakage current, (2) must be stable over time, and (3) the patterning of this layer without 
damaging the underlying heterostructure or sensitive gate surface must be possible. 
Additionally, the resulting exposed surface defined through the structuring process must be 
completely free of the passivation material as the sensitivity of the ISFET is defined by this 
surface. In an effort to stabilize this issue for the AlGaN/GaN based system presented here, 
various passivation materials and techniques were investigated and characterized.  Leakage 
current, fabrication issues and stability in solution were taken into account. The structural 
integrity after introducing the devices into a fluidic environment, and finally the effects of 
patterning on the 2DEG and surface contamination were considered. 

5.1 Passivation Investigation 

Several dielectric materials were considered to improve the passivation of III-nitride ISFETs. 
These include polyimide, SiOxNy, SiO2, Si3N4, stacking techniques involving the latter two, 
Al2O3 and cyclotene. Polyimide is a well-known insulating material utilized in state-of-the-art 
devices such as implantable devices for biological applications including retina, neural implants 
[280, 281]. The relative dielectric constant of the final film depends on the specific polyimide, 
but typically ranges from approximately 2.9 to 3.5, with the variety utilized here lying at the 
lower end of this range. Advantages of this film include the known biocompatibility and various 
possibilities which exist involving the deposition and patterning [282, 283]. Polyimide films 
were therefore initially considered based on the given properties and the highly compatible 
nature of the deposition with the device fabrication process in this work. The specific utilized 
process firstly involves the spin-on deposition of an aminosilane based adhesion promoter to 
enhance adhesion of the subsequent polyimide (VM651 - HD MicrosystemsTM). Spin speeds, 
as well as baking temperatures and times were selected according to the company specifications 
on the data sheet and were optimized in previous work [54]. Following application of the 
primer, the polyimide film (PI 2610 - HD MicrosystemsTM) is then spun on at a speed of 800 
rpm followed by 2750 rpm, resulting in a film thickness of approximately 1.8 µm. A 
temperature annealing step must then be carried out in order to cure the material, driving out 
the carrier solvent (N-Methyl-2-pyrrolidone - NMP) and obtaining the best possible electrical 
and mechanical properties. The optimal established conditions for this temperature anneal 
include a steady increase to 200 °C at 4 °C/min under ambient atmosphere, a 30 min holding 
step at 100 °C, and a subsequent ramp to 350 °C at 2.5 °C/min under nitrogen atmosphere. The 
substrate is held at 350 °C for 2.5 hours and brought slowly back to room temperature to avoid 
cracking of the film. At this point the resulting polyimide layer is fully imidized producing a 
stable passivation film which must then be patterned. To carry this structuring process out, a 
metal (Al or Ni) etch mask was first patterned through photolithography techniques and the 
exposed polyimide windows (fig 4.5, 4.6) were etched via various plasma processes which will 
be covered in the following section. 

One of the known drawbacks of polyimide is that the advantageous encapsulation properties 
are compromised by water uptake and degradation [284]. Although the polyimide film used in 
this study demonstrates an improvement in these areas over previous polyimide varieties (0.5% 
moisture uptake vs 2-3%), SiO2, Si3N4, and blends or stacking methods involving these 
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materials were additionally considered in an effort to explore supposed “hard passivation” 
materials [286]. Dielectric constants of these films range from approximately 3.9 to 7-8, higher 
than that of polyimide or other available polymer films, however the possible reduction of fluid 
uptake along with the ensuing increase in leakage current is quite attractive [285]. Unstressed 
(62 MPa) films were deposited as well as introducing tensile (841 MPa) or compressive (-412 
MPa) stress into these films through variations of growth conditions in an attempt at reduction 
of recognized issues such as development of pinholes in Si3N4 and SiO2 [287, 288]. Stress 
measurements were carried out utilizing analogously deposited material layers on a standard Si 
wafer. Additional methods to suppress problematic film growth such as alternating material 
type to create a dielectric stack, or the inclusion of short etching steps throughout the growth 
phase, were also employed. Finally, a hybrid of the Si3N4 and SiO2 was tested, producing a 
SiOxNy film. All films containing Si were deposited using plasma enhanced chemical vapor 
deposition (PECVD). This procedure will be described in the following section, in which a brief 
overview of various plasma techniques will be given. All hard passivation layers were deposited 
to result in a total thickness of approximately 200 nm. In the case of Si3N4/SiO2/Si3N4 the 
deposition time for each layer was adjusted to give ~66 nm per layer, for a final thickness of 
200 nm. 

Structuring the passivation material through wet chemical methods as well as dry plasma 
etching was investigated. However, it must be taken into account (also in the case of polyimide) 
that etch processes utilizing fluorine ion (F-) bombardment, or ion bombardment in general, 
may affect the electrical properties of the 2DEG. In fact, F- ion effects have even been positively 
exploited in the past to modify transistor properties with physical dependence such as threshold 
voltage [289, 290]. This effect will be further considered as well in the following sections. 

Additional insulation materials were also taken into consideration including sol-gel, 
Cyclotene®, and Al2O3, however fabrication issue or immediate dielectric breakdown of the 
produced film hindered further investigation. Therefore, the following will cover only results 
and achievements regarding polyimide and Si-based passivation films. 

5.1.1 Plasma Etch Processes 

The physics of plasma processes is an extremely complicated subject within itself. Since the 
beginning of the seventies plasma processes have been developing; etch processes as well as 
sputter deposition or PECVD have made considerable progress. However, many factors take 
part in the ignition of plasma as well as the ensuing additive or subtractive processes. Included 
in these factors are plasma process parameters (gas, flow, pressure, power) as well as less 
influential factors such as chamber geometry, material of the reactor, and so on [291, 292, 293, 
294]. 

The development of plasma takes place through the ionization of neutral atoms/molecules 
through the dissociative processes occurring due to collision with free electrons. This results in 
a partially ionized gas with a wide range of properties dependent on the stated process 
parameters. In general, capacitively coupled RF plasmas are the most common in dry etching 
[293]. The most well-known system used to accomplish this task is reactive ion etching (RIE) 
as a result of the simple design. Alternative methods including inductively coupled plasma 
(ICP) and electron cyclotron resonance (ECR) may also be employed, particularly when low 
pressure environments or reduction of ion bombardment are desired. Schematics of each of 
these plasma chambers are given in figure 5.1. Typically, power is applied to the upper or lower 
electrode at a frequency of 13.45 MHz, at which the free electrons can follow the variations of 
the electric field and, if collision is avoided, gain considerable energy while the positive ion 
movement is much lower as they gain most of this through thermal energy as their movement 
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is much slower [294]. Due to the longer ranging movement of the electrons, they collide more 
often with the electrodes and reactor walls, resulting in the development of a DC electric field 
in order to maintain charge neutrality and to repel these electrons from the walls/electrodes. The 
capacitor shown in each schematic between the electrode and the power generator aids in the 
formation of this DC charge. Usually the DC bias is controlled by the various factors influencing 
the plasma itself and etching or deposition processes. The AC signal is then superimposed onto 
this DC bias.  

 

Figure 5.1: Example reactor construction for RIE, ICP, and ECR plasma chambers [295] 

Reactive ion etching 

Reactive ion etching is commonly employed in research institutes as well as industrial 
applications to accomplish dry etching tasks. This is a result of the simple design of the parallel 
plate reactor. Although the straightforward reactor construction provides a significant 
advantage, there are disadvantages as well regarding this technique. As discussed above, 
capacitive coupling is utilized to couple energy into the system and create reactive species 
through collision of free electrons with molecules of the utilized gases. This manner of energy 
coupling restricts the possibilities for etching or material deposition since the resulting plasma 
density is limited. This issue becomes more prominent at lower pressures, which are often 
desired in order to improve anisotropic etching and thus the material aspect ratios. ICP and ECR 
techniques provide alternative options in which low pressure plasmas may be realized.  

Inductively coupled plasma 

ICP techniques achieve higher plasma densities by means of power transfer through magnetic 
fields brought about by inductive coupling. This magnetic field, and the subsequent plasma 
generation, is induced as an RF voltage is applied to the coil wrapped around the chamber 
through which the used gases are introduced. This coil is represented in figure 5.1b by the circles 
on either side of the reactor section containing the plasma depiction. Once the plasma is formed, 
an electric field is formed within the reactor according to Faraday’s Law which essentially 
relates the rate of change of the magnetic field, B, to the electric field, E: 

      5.1 

where µ is equal to µrµo, the relative permeability and the permeability constant (4π × 10−7 
H·m−1), respectively. To sustain ICP high RF power is necessary, typically on the order of 100 
W. However, by employing this high power the desired high density plasma at low pressure 
may be obtained. In this research ICP processes are utilized only to achieve the mesa etching 
fabrication step. This anisotropic etch of GaN and AlGaN has previously been optimized and 
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provides the electrical separation of the specific ISFETs [15, 16, 54]. This process has been 
discussed briefly in Chapter 4, and as the ICP has no further relevance and the standard etching 
processes were employed it will not be discussed further. 

Electron cyclotron resonance 

Electron cyclotron resonance (ECR) is a technique less often utilized in industrial practice, 
however may be quite useful for specific applications or requirements in research and 
development settings [291]. The main disadvantage, particularly relevant for industrial 
applications, has to do with lack of uniformity with increasing substrate size. As substrates 
employed here are relatively small ∅ 2" , this does not impose a problem and the possibility 
for process variation may be exploited. The working principle involves a magnetron, located at 
the label ‘ECR’ in figure 5.1c from which a 2.45 GHz signal is produced and directed through 
the use of a waveguide in the direction of the substrate. This microwave generation along with 
the deflection of electrons through the use of a magnet allows for ECR to be attained. Plasma 
is generated through the coupling of the AC electric field with the frequency, f, at which the 
electrons rotate in the applied constant magnetic field, B: 

2 .         5.2 

Although the chamber design can impact the produced plasma, in some cases resulting in less 
density at the substrate level, in general a main advantage of the ECR plasma is a more dense 
plasma in relation to RF capabilities. This is possible at low pressures of less than 10 mTorr, 
but high magnetic fields of approximately 875 G are required at a magnetron frequency of 2.45 
GHz. 

In this case, the ECR method is interesting for the developed technology due to the reduction 
of ion bombardment while maintaining film removal during plasma etching. Specifically, this 
relates to the process step in which the passivation layer is patterned. This patterning takes place 
at the sensitive surface of the device, where the underlying 2DEG integrity is at risk when 
plasma-induced damage may occur due to ion bombardment. Observable damage to the 2DEG, 
measureable through variations in sheet resistance (Rs), demonstrates the delicate nature of this 
step. This type of effect has also been shown by Basu, et al. and later by Linkohr, et al. in studies 
looking into the electron transport properties of AlGaN/GaN heterostructures following plasma 
treatment [289, 296]. In these studies, the effects of fluorine (F) adsorption into the barrier layer 
and the resulting ion-induced damage or etching of the GaN surface were understood to have 
detrimental effects on 2DEG properties. Although some recovery of transport properties could 
be attained through annealing, in some cases with a slight increase in sheet carrier concentration, 
Ns, due to a shift in the surface potential, avoiding physical ion bombardment and/or etching of 
the surface altogether would be optimal. Therefore, the realization of this type of process was 
one of the main objectives of this work in order to achieve a reliable process with controllable 
sensor results. In order to achieve this goal practically, potential process variations were 
considered, some of which are included in table 5.1 (etch rates in this table are specific to 
polyimide).  

Decreasing the RF bias as much as possible to avoid accelerating ions towards the substrate 
surface is desired. As the plasma density and ion energy are strongly connected in capacitively 
coupled plasmas, and additionally tend to linearly increase with RF power, alternative systems 
such as the ICP or ECR were considered. The concept of utilizing DC bias only and avoiding 
RF altogether was developed, which is possible in the case of ICP or ECR as the plasma induced 
through inductive or resonance coupling. The further possibility to modify the specific ECR 
used in this study presented itself, thus this was employed to carry out a comparison of DC vs 
RF along with process variations such as employing a gas ring which provides a more 
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homogeneous introduction of gas into the chamber as well as utilization of a raised substrate 
holder, bringing the substrate approximately 10 cm closer to the plasma. All processes in table 
5.1 are therefore carried out in the ECR system. This portion of the study resulted in a successful 
extremely stable O2 etch process for polyimide which creates little or no measureable effect on 
the 2DEG. The etch rate is somewhat low, approximately 33 nm/min, however the lack of ion 
bombardment and/or adsorption onto/into the AlGaN/GaN barrier and cap layers proves to be 
very consistent. This process allows for complete material etching across the entire wafer, 
despite non-uniform thickness of the polyimide due to spin-on deposition edge effects, without 
damaging centrally located chip which are exposed to the plasma for longer periods of time.  

Table 5.1: Overview of ECR plasma etch process variations 

Process Nr O2 % CF4 % Other % Pressure (*10-3 
mbar) 

Bias Etch Rate 
polyimide 
(nm/min) 

1 100   2.5 -50V DC 10 

2 80 20  2.5 -50V DC 37 

3 80  20(SF6) 2.5 -50V DC 25 

4 80  20(CHF3) 2.5 -50V DC 27 

5 80 20  1.25 -50V DC 30 

6 80 20  5 -50V DC 24 

7 20 80  2.5 -50V DC 19 

8 100   2.5 -100V DC 33 

9 80 20  2.5 -100V DC 42 

10 80 20  2.5 5W (-110V) 124 

11 100   2.5 20W (-205V) 139 

12 92 8  2.5 20W (-205V) 187 

13 88 12  2.5 20W (-205V) 186 

14 80 20  2.5 20W (-205V) 177 

15 70 30  2.5 20W (-205V) 186 

16 60 40  2.5 20W (-205V) 184 

17 0 100  2.5 20W (-215V) 65 

 

Lastly, for dielectric material comparison not carried out on the AlGaN/GaN heterostructure, 
plasma etching may be utilized to structure the Si3N4, SiO2, and related passivation systems. 
However, in the case where the 2DEG is present, all plasma processes which provide reasonable 
etch rates for these materials created permanent damage. Wet chemical processes were therefore 
investigated as a means to pattern Si-based dielectric films. 

5.1.2 Wet Chemical Etch Processes 

As a result of ion-induced damage generated by plasma etch processes the use of wet chemical 
etching was explored in the case of Si-based materials. Established recipes with well-defined 
etch rates exist for standard SiO2 or Si3N4 films in literature. Hydrofluoric acid (HF) dips are 
often employed in etching process steps for oxides, particularly in the form of buffered oxide 
etchants (BOEs). This type of BOE solution consists of diluted HF buffered with ammonium 
fluoride (NH4F); the role of the NH4F being to replenish the fluoride ions as they are consumed 
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during the etching process. BOE has a very high selectivity against Si, and is thus often utilized 
to etch SiO2 layers while leaving the Si substrate or layer intact. Etch rates depend, to some 
point, on the strength of HF within the BOE solution [322]. Phosphoric acid (H3PO4), on the 
other hand, etches Si3N4 with high selectivity against SiO2. This etch selectivity may be further 
enhanced through the use of additives to the solution [323]. These etch solutions were starting 
point to develop potential etch recipes for the film variations investigated in this thesis. 
Modifications were made according to the passivation technique (blended SiOxNy films or 
stacks of differing SiO2/Si3N4 layers). However, partially due to the isotropic etching of SiO2, 
in most cases the wet chemical method was far less reliable for the required etching processes 
(the underetching due to this effect may be observed below in figure 5.5a). Additionally, 
significant contamination often remained on the sensor surface making 
measurement/characterization impossible. This structuring difficulty, along with material issues 
which will be presented in Section 5.3, rendered the hard passivation variations rather 
impractical for the final ISFETs, therefore these processes will not be discussed in great detail.  

5.2 Material Comparison 

Once the generated films were successfully deposited and patterned, test structures were 
employed in order to analyze the dielectric properties. As discussed in Chapter 4 (fig 4.17, 
4.19), these consisted of circular metal contacts underneath and on top of structured passivation 
layers. The contacts were probed and IV characteristic curves were recorded. After analysis of 
the acquired data several materials could be ruled out due to immediate dielectric breakdown 
(fig 5.2a). PECVD of Si3N4 was performed in two separate tools in order to compare these 
films. The nitride layer with the lowest dielectric strength was deposited in the chamber of “tool 
2” as may be observed from the much higher currents throughout the applied voltage range 
(dark green line fig 5.2a, b). This early breakdown may be attributed to the issue of pinholes 
mentioned above for films of Si3N4. This assumption is further supported by the fact that this 
utilized PECVD process demonstrating the earliest breakdown is improved slightly by 
incorporating short etching steps during the Si3N4 growth (light green, fig 5.2b). However, in 
the case of this film, the etching method did not improve the material quality sufficiently to 
contend with the further dielectrics. Most likely this has to do with process optimization for the 
specific tool, particularly since Si3N4 films from the first PECVD tool exhibited a much better 
performance. 

Analysis of materials demonstrating useful results (fig 5.2c) reveals that the Si-based films 
perform relatively similarly to one another while polyimide (pink curve) outperforms all other 
materials, withstanding applied fields of at least 0.2 MΩ/cm. Additionally, throughout the 
scanned voltage range, observed currents in the polyimide films remained at least an order of 
magnitude below the next best performers. This is consistent with literature, where higher 
breakdown fields are often reported as well, up to 1-5 MΩ/cm [297]. In this case, the quantified 
field value simply represents the magnitude of the electric field at the highest applied voltage, 
30 V. The polyimide film was not pushed to dielectric breakdown as 30 V is more than an order 
of magnitude above the voltage bias at which the ISFETs are operated. This initial material 
comparison based on the insulating properties alone set polyimide as the best performer. 
However, this does not include further significant constraints when employed as the ISFET 
passivation.  

Due to the unique requirement of the ISFET to perform in a stable manner in a fluid 
environment, this aspect of the investigated materials was examined. The test structures were 
soaked in ionic solutions (PB8.5 or PB4) for one hour or more and were measured again 
immediately following removal from solution and a brief drying step to remove excess liquid  
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Figure 5.2: Comparison of various passivation materials through the use of IV 
measurements. a) Breakdown of low quality Si3N4 films b) Zoomed in view showing 
dielectric breakdown of the secondary Si3N4 film and c) Suitable films for further 
investigation: SiOxNy, Si3N4/SiO2/Si3N4, Si3N4, and polyimide. Note: variations in the 
multiplication factor for the current magnitude are given at the top of the y-axis. 

 

Figure 5.3: Passivation material comparison including exposure of each film to PBS pH 
8.5 for 1 hour 
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at the outer surfaces. Negligible differences were observed for materials soaked in solutions 
with varying pH values, therefore only one variation (PB8.5) is displayed here. Surprisingly, 
fluid uptake was exhibited by all utilized films. Polyimide is known to demonstrate this effect; 
however, the “hard passivation” layers were expected to display this behavior at least to a lesser 
degree [298, 284]. This expectation stems from the reported lower porosity and utilization of 
films such as Si3N4 as a capping layer to hinder moisture adsorption [299]. Uptake by films 
involving SiO2 on the other hand could be anticipated based on the studies of the ‘gel-like’ 
interface described in Chapter 3 with regard to the glass electrode and pH measurement 
principle. Indeed, the Si3N4 based films do outperform those containing SiO2. As may be 
observed in figure 5.3, the resulting current in all films more than doubled, with an increase of 
an order of magnitude or more in Si3N4/SiO2/Si3N4, SiOxNy, and polyimide. In this respect Si3N4 
exhibits the best performance when looking specifically at moisture uptake. However, in the 
voltage range of interest and considering issues discussed in the following section, polyimide 
prevails as the material with the most advantageous characteristics. These characteristics, 
along with the developed straightforward ECR etch process presented in Section 5.1, 
provides solid evidence for the advantages of polyimide utilization for standard 
AlGaN/GaN ISFET passivation. 

Additional silicon oxide/nitride based passivation issues 

Further issues regarding the use of oxide or nitride based passivation films were additionally 
revealed during this investigation. The general lack of stability of SiO2 in solution is fairly well-
known. Chemical dissolution of oxides has been described in many instances [298, 300]. In an 
attempt to evade this problem SiO2 was always placed at the inner location of a stack when 
utilized. Nevertheless, as demonstrated in the previous section, water uptake is still present in 
all films, meaning that the potential for this type of reported dissolution is still possible.  

A secondary effect was recognized through the loss of electrical separation between individual 
ISFETs following deposition of the passivating layer. Typically, the ISFETs are electrically 
separated through the use of the discussed ICP mesa etching step (Section 4.2). This step results 
in the physical removal of cap, barrier, and some tens of nm of the bulk material between 
sensors, eliminating 2DEG electrical conduction between ISFETs on the same substrate. 
Deposition of silicon oxide or nitride passivation layers, however, resulted in a 
counterproductive induction of conductivity at the interface of the upper GaN layer and the 
passivation layer. This reintroduction of electrical connection or crosstalk between the ISFETs 
was observed to some extent for all oxide or nitride materials, presenting an additional issue for 
their consideration. The interface at which this issue is present may be seen in figure 5.4a for 
the example of the Si3N4/SiO2/Si3N4 stacked passivation system. In this cross-section the 
interface where Si3N4 is in contact with the surface of the GaN cap layer appears quite minimal, 
although this is obviously not to scale. After examination of figure 5.4b it may be seen that the 
contact at this interface is in fact present over the majority of the surface, either with the upper 
GaN cap surface or (for the most part) with the etched sidewalls and lower GaN bulk layer. 
Only the labeled ‘open gate’ portion of the device etched during the final passivation etch does 
not have this material on top. Therefore, induced electrical conduction at the passivation/GaN 
interface creates a major problem due to cross-talk between transistors (fig 5.4b, red double-
headed arrow).   

Although such oxides and nitrides are often utilized as capping or passivation layers, a limited 
number of reports existing regarding the band offsets at the GaN/dielectric interface for SiO2 or 
Si3N4 [205]. After observation of the induced conductivity once silicon nitride or oxide was 
deposited on the exposed GaN surface in this research, an explanation was sought, firstly 
through literature research to examine previously reported effects.  
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Figure 5.4: a) Cross-section and b) top view demonstrating passivated regions and 
possible crosstalk issues 

 

 

Figure 5.5: SEM visual demonstration of extremely stressed Si3N4 layers. a) Cross-
sectional side view with the GaN gate surface (left) and passivation layers partially 
peeling due to mechanical stress of sample preparation. b) Angled view showing the 
polyimide (used as an etch mask in this case) and Si3N4/SiO2/Si3N4 layers with c) 
zoomed view emphasizing the lower Si3N4 layer, including high tensile stress which is 
optically evident as the material physically splits in the horizontal plane without 
underlying contact/support. 
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The presence of electronic states at the GaN/dielectric interface seems to provide a reasonable 
clarification through the effects of electron trapping [250]. The influence of band offset due to 
interaction at the interface was shown to be particularly pronounced for the case of extremely 
strained Si3N4. Conductivity in nitride films was about an order of magnitude higher than those 
with GaN/SiO2 heterojunctions. This corresponds well to the existing literature in which 
flatband voltage (VFB) offset variations for GaN/Si3N4 or GaN/SiO2 interfaces are considered 
[250, 300]. The flatband voltage is defined as the voltage at which the transition between the 
depletion regime and the inversion regime of a transistor or MIS/EIS capacitor structure occurs 
[205]. This is closely related to the threshold voltage through 

2  

which was discussed in Section 3.4.2.1 due to the dependence of Vt, and thus VFB, on the surface 
potential. In an MIS structure, VFB is the potential at which there is no charge on the plates of 
the capacitor and thus no electric field is present across the insulator is present. Based on 
variations in VFB information may be obtained regarding surface states, bulk trap states within 
the insulator or interface trap states at the dielectric/semiconductor interface [205, 300]. In the 
relevant studies for this research, ΔVFB was shown to be 3-10 times higher for Si3N4 with the 
suggestion that interface traps cause the offset in oxide films, while bulk trap states are the 
source in nitride films. Consideration of this final issue regarding induced conductivity in nitride 
or oxide ‘hard passivation’ options gave enhanced support for the use of polyimide. 

5.3 Surface Contamination 

A final requirement in addition to the extreme importance of patterning the passivation layer 
without damaging the underlying 2DEG involves the complete removal of the insulating 
material from the sensitive surface. This has presented significant issues in previous studies 
involving the AlGaN/GaN heterostructure in a fluid environment. The AlGaN or GaN surface 
(more precisely the native or thermal oxide present at the surface) bestows the ion sensitivity 
of the device for standard ISFETs based on this material system. Remaining insulating material 
on this surface thus presents a significant issue through the reduction or complete blocking of 
the sensitive area. In previous work, a DI water soaking step of at least 24 hours in addition to 
mechanical removal utilizing a cotton applicator in addition was carried out to partially remove 
this contamination. Subsequently, approximately 5 h or more of electrical measurement was 
also necessary before the sensor surface was ready to be utilized in a stable manner. The latter 
treatment step may be carried out through continuous measurement until proper transistor 
transfer characteristics are obtained and depletion of the 2DEG is possible. This will be further 
described below regarding the results in figure 5.7.  

Initial consideration of this issue brought about the use of various cleaning methods following 
process steps in which photoresist is in contact with the gate surface. The considered 
supplementary cleaning solutions were AZ100 and TechniStrip Micro D350 (dimethyl 
sulfoxide, DMSO), both supplied by MicroChemicals GmbH [286]. These options offer 
alternatives with lower vapor pressure in comparison to acetone, the standard utilized solvent 
for resist removal. The extremely fast evaporation of acetone may result in re-deposition of 
resist residue onto the substrate. AZ100, on the other hand, is a remover based on an amine-
solvent mixture which has been specialized for the stripping of photoresist and has a much 
lower evaporation rate. Additionally, due to the relatively high boiling point, this remover may 
be heated to 60-80 °C, further improving the removal of photoresist. An additional promoted 
feature is its low attack on aluminum, which could prove beneficial in this case due to the 
presence of Al within the heterostructure. DMSO is a photoresist stripper which has developed 
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as a non-toxic alternative to the powerful stripper, NMP (1-Methyl-2-pyrrolidon). This polar 
solvent may also be used at elevated temperatures due to it high boiling point and may be 
employed as a stripper or lift-off media. For the described fabrication process (Chapter 4), 
experiments with DMSO were performed at a temperature of 80 °C in place of acetone for lift-
off steps to pattern metal contacts (ohmic contacts as well as contact lines). AZ100 was utilized 
at a temperature of 65 °C as a remover for the photoresist etch mask during the mesa etch when 
structuring the 2DEG. 

In order to evaluate the potential benefit of these procedures, the Auger effect utilized. This is 
a material surface study technique which relies on ionizing radiation which causes a core 
electron to be ejected from an atom. This leaves a hole in the core level, which is rapidly filled 
by another electron. Through this process energy is emitted, either in the form of an X-ray or a 
secondary electron, the Auger electron. As this electron is dependent on the binding energies of 
the atomic energy levels and not on the energy of the incident radiation, elemental analysis 
along with analysis of bonding information may be performed [301]. This technique on its own 
is very specific to the surface atoms, with resolution down to sub-monolayer thickness and 
20nm surface spatial area. The possibility to analyze hundreds of nm into the film is available 
as well when elemental depth profiling is carried out through the use of ion sputtering in 
conjunction with Auger analysis. This type of depth profiling was made use of in this study to 
analyze contamination level at the sensor surface. After comparison of the Auger spectra for 
the AZ100 sample and that of the sample fabricated under typical (acetone-based) conditions it 
is clear that the carbon (C, black curve) levels are indeed lower for the device utilizing the 
AZ100 remover. This signifies that the surface contamination is indeed organic and that the 
mesa etching step represents one process point, in which surface contamination is produced. 
Uncertainty regarding this step was previously present due to the temperature and unknown 
effects of the plasma on the cross-linking behavior of the resist mask.  

 

Figure 5.6: Auger spectra of samples with a) standard and b) AZ100 remover surface 
cleaning treatment. Higher carbon levels may be observed at the surface for the standard 
process. 

In addition to the quantification of contamination levels on the surface by Auger techniques, 
electrical characterization was carried out through continuous measurement methods. This 
procedure was achieved through the use of ISFET transfer characteristics. Contamination at the 
surface shields the functional OH groups as well as acting as a quasi-dielectric layer creating 
an additional potential drop and preventing typical depletion of the 2DEG. This may be 
visualized in figure 5.7 where the transfer characteristic curves are presented to demonstrate 
effectiveness of cleaning procedures and the positive effect of the developed ECR plasma 
process. The measurements are carried out with the drain-source voltage is held constant, in this 
case at 1V. At Vref values less than about -1V the ISFET should be “off” under proper operating 



78 
 

conditions as the 2DEG is depleted in this case and pA IDS values are observed. When Vref is 
scanned to higher voltages the channel turns “on,” the 2DEG accumulates, and mA range IDS 
values are reached. As stated, contamination present on the gate surface prevents complete 
depletion of the 2DEG resulting in only about an order of magnitude variation between the on 
and off state. After continuous measurement of the ISFET this contamination layer is slowly 
decomposed until the transistor reaches a stable state and switches correctly. This reduction of 
contamination may be observed in figure 5.7 as the on/off ratio increases with measurement 
repetition. Figure 5.7a demonstrates the results using the described DMSO cleaning process, 
figure 5.7b that of AZ100, and figure 5.7c represents the effects of the ECR O2 plasma clean.  

 

Figure 5.7: Demonstration of reduced surface contamination through repeated IV 
transistor measurement cycling for a) DMSO treatment, b) AZ100 treatment, and c) 
extended O2 ECR plasma structuring. The data are plotted to demonstrate on/off ratio 
and, in the case of surface contamination, the inability to deplete the 2DEG resulting in 
the ‘off’ state 

From these results it is easily observed that the AZ100 procedure results in a functional sensor 
in about half the time of the DMSO process (14 transfer curve measurements for AZ100 vs 31 
recorded curves for DMSO). Advantageously, the O2 plasma clean results almost 
immediately in an ISFET which functions stably, only 3 measurements are necessary 
before proper on/off behavior is attained. This is further demonstrated in Chapter 7 where 
sensitivity measurements for the miniaturized ISFET array drift only slight from the first 
measurement (without any continuous measurement procedure beforehand) and show very 
stable results after approximately 5-7 measurements. All cleaning procedures display 
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significant improvement over the previous 24-48 hour contamination removal process, with the 
least efficient DMSO-only variant requiring less than 2 hours of measurement.  

A final benefit of the developed ECR plasma etch process entails the highly anisotropic 
resulting profile. As one of the final goals is to develop a multi-sensor array (see Chapter 7), 
miniaturization of devices becomes necessary with increasing number of desired ISFETs. This 
logically requires the individual dimensions to be reduced. Isotropic etching can create 
significant fabrication issues when attempting to define small structures. Figure 5.8 
demonstrates the highly anisotropic nature of the DC-biased ECR O2 plasma etch process. 

 

Figure 5.8: SEM image following ECR O2 polyimide etch, demonstrating anisotropic 
etching resulting in near 90° sidewalls 

This aspect ratio, in addition to the previously describe benefits of the developed DC bias O2 
ECR etch process provide a stable low-leakage passivation for the AlGaN/GaN ISFETs. With 
this solution a reliable basis is formed and the development of further sensing (or other) 
concepts may be researched and tested. This was exploited to investigate the possibilities for 
nitric oxide detection, the second main goal of this research which will be covered in the 
following chapter. 

Key accomplishments demonstrated in this section include: 

 realization of a stable passivation process through the use of polyimide, which 
demonstrates the best insulating properties in comparison to Si3N4 or SiO2 based ‘hard 
passivation’ materials as well as offering a more biocompatible system 
 

 development of a unique ECR plasma process developed to accomplish isotropic 
polyimide etching without measureable 2DEG damage 
 

 contamination free sensitive open gate surface ensuring good device functionality from 
the initial measurement state of the ISFET, without need of additional cleaning 
procedures 
 

 achievement of stable process conditions allowing for further functionalization and 
testing of AlGaN/GaN ISFET sensors for further analytes. 
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6. Nitric Oxide Sensitivity Study 

The diverse biological roles of nitric oxide have made this molecule a subject of study since its 
recent discovery in the late 1980s [17, 110, 112]. In Chapter 3 a discussion on the significance 
of NO in neuroscience, immunology, and cardiovascular fields was presented. The ongoing 
desire to study NO within these fields and understand its influence in living systems drives the 
need for new and improved sensing possibilities. Various AlGaN/GaN ISFET functionalization 
techniques utilized in this research to develop NO sensors compatible with the fabrication of 
pH sensors on the same substrate were presented in Chapter 4. In this chapter the application of 
these functionalization methods and the ensuing measurement results are demonstrated. 

6.1 Functionalization Sensitivity Comparison and Verification of NO 
Presence/ Sensitivity using Hemoglobin 

Initially, in order to compare the performance of sensors with different functionalization 
materials, a standard IDS vs time curve for various NO concentrations was measured (fig 6.1). 
This measurement was carried out separately for sensors employing each type of 
functionalization technique. For the results discussed here, square gate areas (W/L = 1) were 
used with an area of 500 µm x 500 µm. The measurement cell described in Chapter 4 was 
employed in order to bring the sensor in contact with the solution of interest. The beginning 
solution was PBS with a pH value of 7.4 (PBS7.4). VDS in these measurements was set to 1 V 
and Vref was held at 0 V. The sensor response was allowed to settle prior to the initial control 
measurements, which consisted of PBS7.4 additions into the measurement bath. These controls 
provide an idea of the stability of the sensor signal and ensure that this signal does not vary 
upon addition of fluid with a composition identical to that present in the bath. In figure 6.1 the 
initial control additions were made at approximately 300 s and 600 s. Subsequently, NO 
solutions were prepared using the previously discussed NONOate in the same PBS7.4 solution 
used for filling the preliminary measurement cell. Addition of NO solutions were made at 1000 
s, 1300 s, 1700 s, 2700 s, and 3000 s to result in a final concentration of 750 nM, 1 µM, 1.1 µM 
and 1.2 µM, respectively. During this procedure further control measurements were also carried 
out at 2200 s and 3200 s to continually ensure that the sensor response was not affected by 
PBS7.4 additions. In figure 6.1 the signal drift due to decomposition of NO and diffusion out 
of the solution (see Section 3.3.1 and table 3.2) was calculated out in order to make the material 
comparison more visually straightforward. This diffusion and variation in concentration over 
time, however, was taken into account when calculating the final bath concentration. The 
normalized response of each curve was calculated, resulting in ΔIDS on the y-axis. Each 
functionalization method is color coded and marked in the legend in the inset of the graph. 

From this overall material comparison it may be concluded that the graphene and WO3-based 
functionalization methods provide the only viable solutions of the examined techniques. 
Porphyrin, Al2O3 and the bare GaN gate surface were comparable in performance, although 
porphyrin has been often used in literature for NO sensing applications. The lack of good 
sensitivity in this case probably has to do with blocking of the catalytic center as a result of the 
deposition method or insufficient electrochemical potential to catalyze the reaction with NO 
(Section 4.3.3). The largest sensor response is provided by the nanostructured WO3 layer due 
to the increase in NO sensitivity along with the large surface area. However, signal instability 
is also introduced as may be observed from the IDS fluctuation. Therefore, further 
characterization was typically carried out using either the RTP oxidized WO3 layers or the 
graphene functionalization method. The measured signal utilizing these methods is significantly 
higher as well as very stable. In further work, the nanostructured variant could be further 
optimized in order to combine the advantages of sensitivity and surface area enhancement.  
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In order to demonstrate the measurement result when the drift due to NO decomposition is not 
removed, an example of the raw data is given in figure 6.2. This measurement corresponds to 
that in figure 6.1, made using a 500 µm x 500 µm sensor with graphene functionalization at a 
VDS of 0.25 V and Vref = 0 V. The NO and control additions, as well as the resulting final 
concentrations, are therefore the same as those in figure 6.1. 

 

Figure 6.1: Normalized drain current response (IDS) of various functionalization layers 
to nitric oxide additions.  

 

Figure 6.2: Raw measurement data for NO sensor with graphene functionalization 
demonstrating IDS fluctuation as a result of NO decomposition upon reaction with O2 

It may be observed here as time progresses that the sensor signal fluctuates towards the initial 
baseline value following the addition of NO to the target solution.  This “drift” of IDS due to the 
decomposition of NO and the diffusion out of the solution may be beneficial. This provides 
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initial evidence that the sensor response is in fact due to NO sensitivity. This proof may be 
quantified through the addition of a single concentration of NO into the measurement bath. By 
subsequently allowing the signal to fluctuate back towards the baseline value as NO reacts with 
O2 (equation 3.24), the time at which the drain-source current reaches half of the initial response 
can be observed. The expected half-life of NO in the solution could additionally be calculated 
based on the initial concentration. Correlation of these values allows for the conclusion that the 
drift towards baseline values agrees with the expected decay due to t1/2 of NO. This is depicted 
in figure 6.3 utilizing a 500 µm x 500 µm sensor with graphene functionalization at a VDS of 1 
V and Vref of 0 V. The NO concentration in the measurement bath was adjusted to 0.9 µM 
corresponding to a half-life of approximately 620 s in solution exposed to air, thus assuming an 
O2 concentration of 225 µM [133]. This clearly agrees well with the time at which [NO] falls 
to half its initial value, which occurs about 650 s after the addition. 

 

Figure 6.3: Nitric oxide decomposition demonstrating half-life in solution as well as 
sensor response to NO 

This experiment was repeated for other concentrations of NO as well. The results are presented 
in figure 6.4 with concentrations of 650 nM and 2 µM represented by the cyan and purple 
curves, respectively. In this case the calculated concentrations correspond to a theoretical t1/2 of 
approximately 870 s (650 nM) and 275 s (2 µM). These times correlate well to the extracted t1/2 

values from the measurement, showing ~820 s for the 650 nM addition and slightly over 400 s 
for the 2 µM concentration. The inaccuracy of t1/2 for the higher concentration is most likely a 
result of slight timing errors while mixing the NO adduct in PBS and making dilutions. Overall, 
these experiments provide excellent evidence of NO sensitivity utilizing the theory of NO 
decomposition and observing the corresponding signal “drift.”  

An additional method utilized in this research to verify the sensor response to NO involves the 
use of hemoglobin. As discussed in Section 3.3, the NO is rapidly scavenged by hemoglobin 
(free or in red blood cells). This occurs under physiological conditions as NO diffuses from the 
point of production into the blood stream [133, 151, 161]. This interaction of NO with 
hemoglobin may be taken advantage of in sensitivity experiments to ensure that the sensor 
response is due to the presence of NO [133]. 
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Figure 6.4: Confirmation of t1/2 dependence on NO concentration for [NO] = 650 nM 
(cyan) and 2 µM (purple)  

This verification test was carried out in two separate manners as a result of the light sensitivity 
issues present with AlGaN/GaN based sensors. The light sensitivity (discussed in Chapter 2) is 
present due to photo-induced charge carriers. These cause a significant variation in IDS upon 
modification of the amount of light to which the sensor chip is exposed. Solutions containing 
hemoglobin (Sigma-Aldrich® Hemoglobin from bovine blood) were prepared in PBS7.4, a pH 
value at which hemoglobin is soluble. Due to this presence of hemoglobin, the test solutions are 
inherently a reddish-brown color. Addition of this solution to the measurement bath causes the 
molar attenuation coefficient – or light adsorption characteristic – of the fluid to be modified 
and thus the number of photo-induced charge carriers. Therefore, the variation in IDS must be 
carefully inspected in order to understand the effects of light transmission property modulation 
versus those due to the presence of hemoglobin. The first experiment, presented in figure 6.5a, 
makes use of the IDS fluctuation towards baseline values following the initial sensor response 
to NO. The green, black, and blue arrows in figure 6.5a indicate additions of control PBS7.4, 
hemoglobin, and NO, respectively. In the first measurement the control addition (PBS7.4) was 
made at 700 s to ensure signal stability. The second noticeable fluctuation in the IDS level is due 
to the addition of a small amount of hemoglobin giving a concentration in the cell of 
approximately 0.1 µM. The current level decreases as expected due to the increased adsorption 
of light within the fluid and the consequent reduction of photo-induced charge carriers. The 
subsequent two additions consist of NO resulting in a total concentration of 250 nM and 500 
nM in the measurement bath. The drift towards the baseline current value is evident due to the 
decomposition of NO, in this case partially by the low concentration of hemoglobin as well as 
through the discussed reaction with O2. The influence of scavenging by hemoglobin is evident 
via observation of the fluctuation of IDS. In this instance the t1/2 value is (or will be) attained 
much more quickly than expected. A final higher concentration of hemoglobin (~1 µM) is added 
at 1500 s. It may be may be understood from the flat, steady IDS response that the measurement 
bath is at this point free of NO, while the overall reduction in current at this addition is once 
again due to the increased molar attenuation coefficient. 
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Figure 6.5: Verification of NO detection though the addition of hemoglobin a) following 
NO addition and b) prior to NO addition. 

In figure 6.5b a similar technique was utilized; however with hemoglobin (~1 µM) present from 
the beginning of the measurement. In this case it is expected that the addition of NO should not 
create a sensor response due to the fast scavenging of this molecule. The first two additions in 
figure 6.5b at 40 s and 90 s are PBS7.4 control measurements, exhibiting no variation in IDS. At 
175 s the first NO addition is made, resulting in a final concentration of 500 nM, as anticipated 
with no significant sensor response. The second NO addition at 290 s results in a final 
concentration of 4 µM. Here the concentration is high enough to produce an initial sensor 
response; however as expected, the NO is quickly scavenged and the initial IDS value is 
obtained. At 400 s additional hemoglobin is added, resulting in a decrease in IDS as observed in 
the previous measurement due to photo-induced charge carrier reduction.       

6.2 NO Sensitivity Tests 

With the completion of experiments ensuring that the desired NO sensitivity has been attained, 
in contrast to that of other interfering substances, further experiments were carried out to 
evaluate the developed sensors. The limit of detection (LOD) and sensitivity range were 
examined within this evaluation – to the extent possible considering the half-life of NO in 
solution. When working with sensing applications in general, various operating regimes may 
be considered for optimal measurement conditions. Vref (or VGS) is typically set to a value which 
avoids electrochemical reactions when possible and not desired, does not approach level at 
which hydrolysis becomes a risk, and remains within a range where the device sensitivity is not 
compromised. Two main operating regimes are utilized in the realm of FET-based biosensors: 
subthreshold and peak transconductance (gm). In Section 3.4.2.1 the drain-source current 
dependence on specific material properties and bias voltages was given, which can be further 
simplified in the linear regime where VDS << VG-VT as follows:  

.    6.1 

In the saturation regime (VDS > VG-VT) the drain current is given by: 

,            6.2 

with VT in both cases incorporating information about the interfacial surface potential as 
discussed in Chapter 4 [302, 194]. 		may also be approximated to VT depending on fabrication 
related conditions. The conditions which result in deviation from this approximation will not 
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be discussed as the topic of interest is the amplification of the system which may be described 
as: 

					 				 	   6.3 

in the linear or saturation regime, respectively [205, 303]. In both cases this may be found 
through the derivation of the drain current with respect to gate bias 

.             6.4 

The value of gm provides a quantification of the amplification delivered by the transistor, with 
the peak value giving the VGS at which this signal amplification (or change in IDS due to change 
in VGS) will be highest for a specific VDS. This is related to the concept of the subthreshold 
swing operation regime in which the maximum slope may be found from the same IDS vs VGS 
transfer curve. However, in this case IDS is plotted on a log scale due its exponential dependence 
on the applied gate potential at subthreshold conditions:  

, ∝ .         6.5 

The inverse of this slope is termed the subthreshold swing, S, and may be derived to be 

10      6.6 

with the term n accounting for deviation from ideal conditions under which n = 1 and the 
theoretical thermodynamic limit of ~60 mV/IDS,decade would be attained [304]. This value 
represents the best-case when looking into IDS on/off ratio, however typical, non-ideal values 
lie above this and are often dependent on the bulk capacitance and therefore also the charges 
within this layer. Although this regime has also been reported to demonstrate high sensitivity, 
these results are frequently shown in terms of ΔIDS/IDS which inherently make this ratio much 
greater due to lower current values [305]. Perhaps in some cases this may be the more beneficial 
operation mode; however, it has been demonstrated often in literature for bio-FET sensing 
applications that optimal signal-to-noise ratios (SNR) are generally attained when operating 
under peak transconductance conditions [306]. Accordingly, this operation mode is utilized 
within this research for the majority of sensing experiments; indeed for all of those presented 
in this thesis.  

 

 

Figure 6.6: AlGaN/GaN ISFET transfer and transconductance characteristics of a typical 
device utilized in this work for gate area geometries of a) 50 µm x 500 µm and b) 500 
µm x 500 µm  
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In order to practically determine gm, transfer characteristics of each device are recorded (IDS vs 
VGS) and the first derivative of this measurement is calculated. Representative resulting curves 
for AlGaN/GaN ISFETs are given in figure 6.6. The demonstrated amplification 
characteristics with gm values of up to 5 mS (normalized gm = 9800mS/mm) are excellent 
in comparison to ISFETs reported in literature. Reported devices on this scale typically exhibit 
lower amplification properties, with transconductance values of 0.05 – 0.5 mS (normalized gm 
= ~5500 mS/mm) for III-Nitride based ISFETs, while higher values such as 0.4 – 3.5 mS 
(normalize gm = 350000 mS/mm) are achieved when employing unique fabrication techniques, 
i.e. nanowires, or when attaining excellent Ci values [197, 307]. The results in this work 
demonstrate advantageous gm values at a low Vref of 0 V for VDS values within the range of 
interest. This Vref bias was therefore utilized for the constant current (i.e. VDS = const) 
measurements in the following NO sensitivity experiments. 

Further testing regarding the transconductance was carried out with the employed 
functionalization materials. These results are presented in figure 6.7 for the GaN surface in 
comparison to graphene and WO3 (RTP oxidized) at a VDS bias of 0.25 V and 1 V. Here it may 
be observed that the general depletion linear and saturation ranges, and therefore that of 
increased gm, are comparable. The ISFET with graphene functionalization exhibits an increase 
in gm, presumably due to the increased surface area and improved impact of gate voltage on the 
channel. The WO3 surface supports this assumption of increased surface area as the maximum 
in this case is comparable to that of the GaN surface. For WO3, however, it may be noted that 
there are two distinct peaks in gm. This is supposed to occur due to the development of an 
additional charge carrier region or channel. Similar dual peaks have been seen in previous 
studies regarding multiple 2DEG (or 2DEG and 2DHG) channels created by stacking 
techniques of materials such as AlN, AlGaN and GaN [308, 309, 310]. 

 

Figure 6.7: Transconductance comparison of ISFET gate surfaces consisting of GaN, 
graphene and WO3 at VDS = 0.25 V and 1 V 

Based on the results of the gm measurements, the remaining NO sensitivity experiments were 
carried out at Vref = 0 V. The LOD was determined through pipetting experiments utilizing 
various concentrations of NO. The results of these concentration experiments are plotted in the 
main graphs of figure 6.8 with the actual measurement curves from which the data points were 
(partially) acquired presented in the insets. The measurements seen in these insets were carried 
out in order to test lower concentrations and extract the LOD. This LOD may be found using 
the intersection of the line approximating the linear range and the baseline current level with no 
NO in solution or a very low concentration which is not detectable with these sensors. As also 
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indicated within the figure, the determined LODs for the graphene and WO3 
functionalization techniques are 235 nM and 9 nM, respectively. Although an initial 
interpretation of the LOD values makes the WO3 technique appear more advantageous, the 
increased noise in the signal is clear upon inspection of the inset graphs. This is a potential 
disadvantage of the WO3 material system, possibly thermal-related due to the (relatively) high 
VDS used within these tests. Experiments with tissue or cell cultures based on similar 
AlGaN/GaN heterostructures avoid a VDS bias above 0.5 V to prevent tissue damage [311]. 
Additionally, the initial comparison (fig 6.1) as well as the following discussed experiment 
shows a much lower noise level when operating at 0.25 V. Further advantages and 
disadvantages of each functionalization technique will be discussed in the conclusion of this 
chapter. 

 

 Figure 6.8: Sensitivity results for a) graphene and b) WO3 functionalization layers 

A final experiment regarding the sensitivity of the functionalized ISFETs was implemented in 
order to examine the effects of variation of VDS. In these measurements (fig 6.9) a single 
concentration of NO was pipetted into the bath yielding an overall concentration of 1 µM. This 
was carried out at VDS = 0.25 V and 1 V, following stabilization of the measurement signal. At 
VDS = 0.25 V a similar response of graphene and WO3 is observed, not surprising based on the 
previous sensitivity investigation of all materials. In the case of VDS = 1 V however, the 
response of WO3 is 4-5 times that of the graphene sensor. The mechanism responsible for this 
large increase is not certain, but may be due to redox activity within the film when larger electric 
fields are present.  

 

Figure 6.9: Effect of VDS variation (0.25 V or 1 V) as well as increased response without 
LED 
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As previously briefly discussed, higher VDS values may also lead to heating of the substrate, 
potentially catalyzing reaction between NO and WO3, which is well known to increase at 
elevated temperatures [252, 242]. As WO3 has been often employed in fields such as the 
automotive industry for NO sensing to ensure safe environmental conditions, many studies 
involving reactions at various temperatures have been carried out. Typically, the sensing 
mechanism involves WO3 acting as an oxidizing agent through the reaction  

2NO + 2e-  N2 + 2O-(ad)             6.7 

creating an increase in the resistivity of the film due to a decrease of free carrier concentration. 
In the case of this reaction for the WO3 ISFET based sensor, this decrease of charge carriers 
and adsorbed O- theoretically induces a more negative potential at the interface with the 
electrolyte. This shift causes the observed reduction of IDS when NO is introduced into the 
measurement cell.  

In the case of the graphene-based sensing mechanism, the type of modeled interaction discussed 
in Chapter 4 is presumed. Here the atomic interactions and the gas adsorption-induced 
modifications of the electronic properties of pristine and defective graphene were examined 
[265, 266, 312]. The sensitivity demonstrated here is most likely due to pi-pi electron interaction 
between graphene and NO upon such atomic proximity. This interaction is not expected to vary 
significantly due to substrate heating as VDS increases. Thus, good agreement to the variation 
in sensor response shown in figure 6.9 is achieved through this explanation as the expected 
channel current increase due to greater signal amplification is seen, yet no additional signal 
increase due to thermal catalytic behavior is observed.  

6.3 Possibility for Simultaneous pH and NO Measurement 

As the realization of a miniaturized sensor array for the simultaneous measurement of NO and 
pH was one of the main goals of this work, the effect of pH variation on the developed NO 
sensors was investigated. When working under biological conditions the pH value (in blood) 
should not deviate from the typical range of 7.35-7.45, otherwise a problem with acid-base 
homeostasis is likely present, which may indicate respiratory or metabolic issues. The 
AlGaN/GaN ISFETs (with GaN upper surface) have been optimized to be very sensitive to such 
small variations in pH levels. The effect of these pH fluctuations on the functionalized sensors 
must however be assessed. This investigation provides understanding of possible interference 
issues and information to assist in finding methods to obtain the desired information. 

 

Figure 6.10: Reduced pH sensitivity of a) graphene and b) WO3 functionalization layers  

The majority of the measurements in this work were carried out with W/L = 1 (often W = 500 
µm, however also 10 µm or 50 µm in Chapter 7) and at VDS = 1V. Analogous device geometry 
and operating conditions were utilized in these measurements to ensure straightforward 
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comparison. The initial pH value of the measurement bath was 7, while subsequent additions 
of PBS4 brought the overall level to pH 5 and pH 6. A final addition of PBS8.5 was carried out 
to result in an overall pH of 6. 

For the case of graphene the pH sensitivity is reduced in comparison to the bare GaN surface. 
As may be seen in figure 6.10a, the graphene surface demonstrates approximately -(10-12) 
µA/pH (12-17 mV/pH) in comparison to -(35-40) µA/pH (or 49-54 mV/pH) for a device 
with comparable amplification properties operated under analogous measurement conditions 
(Section 7.2). This pH sensitivity of the GaN surface will be presented and further discussed in 
the following chapter as the results are obtained from the developed sensor array. Figure 6.10b 
shows the greatly reduced pH sensitivity of the WO3 functionalization technique. In this case, 
variation in IDS amounts to only about -0.55 µA/pH (or ~1.1 mV/pH), presenting a suitable 
solution of simultaneous pH and NO measurement.  

The low pH sensitivity of WO3 poses an interesting question based on the origin of this effect. 
Multiple publications exist on the good sensitivity of WO3 to variations in pH, however a 
multitude of literature sources also exist on the highly differing properties depending on what 
phase of tungsten oxide is present. Studies have been carried out to investigate the surface 
termination properties of both bulk and thin film WO3. This was done using first principles 
calculations based on density functional theory (DFT), demonstrating WO2 planar surface, bare 
oxygen surface, and hydrogenated oxygen surface [313, 314]. Separate investigations look into 
the Lewis acidity and dehydroxylation/dehydration of the WOx surface as a function of 
evacuation temperature as well as under aqueous conditions [272, 315]. Possibly the low 
sensitivity to pH found in this study results from a material structure which does not result in a 
significant number of surface hydroxyl groups accessable for the described site-binding 
behavior of SiOH or GaOH (Chapter 3). An involved materials study on the deposition and 
thermal or chemical WO3 formation could be carried out in order to find optimal sensitivity 
conditions. In the case of graphene, the possibility to further reduce the pH sensitivity of the 
graphene functionalization layer may exist through an improved dispersion and deposition of 
the flakes. The gate surface coverage on the sensors utilized here varied significantly, often with 
results such as that shown in figure 6.11. This is certainly an example in which there is large 
room for improvement through further reduction of the pH sensitivity and improvement of that 
of NO. This notion is supported by examples in literature of low pH sensitivity of pristine 
graphene [317]. A variety of sensitivities are obtained depending on the type of graphene and 
possible post-treatment techniques to further passivate the surface or, conversely, to induce 
defects. Ozone induced defects have been shown to raise the pH-sensitivity, reinforcing the 
concept of defect-related sensitivity.  

 

Figure 6.11: Example of mediocre graphene gate surface coverage. Graphene flakes are 
visibly darker, while the (most likely) free GaN surface is lighter 
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For pristine (or low defect density) graphene, low sensitivities of  ~9 mV/pH were reported, 
which may be further reduced through fluorobenzene passivation, resulting in effective 
sensitivities of ~0 mV/pH [317, 318]. Thus, with improved coverage of graphene flakes on the 
GaN surface, further reduction of the pH sensitivity while additionally improving the impact of 
NO presence on the channel current is a clear possibility. 

6.4 Cell Growth – Control, Graphene and WO3 

A final experiment for the graphene and WO3 functionalization methods involves an assessment 
of the biocompatibility of these materials. In this investigation initial biocompatibility 
assessment was performed simply though the analysis of cell growth on the substrates of 
interest. Control glass substrates as well as sensor chips with graphene and WO3 
functionalization layers were sterilized in 70% ethanol for 15 minutes, rinsed three times with 
DIW, dried in the sterile fume hood placed into a Greiner CELLSTAR® 24-well culture plate. 
35000 L929 (mouse fibroblasts) were seeded per well and cultured over 7 days in 10% 
RPMI+Pen/Strep+1%Glutamin at 37°C/5%CO2. 1 mL cell medium was used per well and 
media changes were carried out 3 and 5 days post-seeding. On day 7 the metabolic activity was 
confirmed utilizing an AlamarBlue® test.  

 

Figure 6.12: Initial biocompatibility demonstration via homogeneous cell growth 
observed in optical microscope and SEM images for a,d) a control glass substrate, b,e) 
graphene functionalization and c,f) WO3 functionalization methods. 

Figure 6.12 demonstrates the cell growth through optical (top row) and corresponding SEM 
(bottom row) images. It may be observed that the cells are homogeneously distributed, as well 
as exhibiting a healthy appearance, on the control glass substrate (left) as well as on those with 
graphene (middle) and WO3 (right) functionalization layers. The positive results pertaining to 
biocompatibility are significant as many of the existing questions related to the study of NO 
involve its roles in vivo. Applications utilizing sensors such as these therefore inherently often 
necessitates direct contact with tissue or the possibility to culture cells on the device for in vitro 
characterization.  

In summary, functionalization methods to produce sensors capable of detecting low levels of 
NO have been developed. These levels are pertinent for the levels of NO produced under 
healthy, as well as critical, biological conditions. Initial results demonstrate advantages and 
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disadvantages of both functionalization techniques. WO3 exhibits a lower LOD and a low 
characteristic pH sensitivity, along with ease of deposition due to standard fabrication processes 
which are very compatible with those utilized for the standard AlGaN/GaN ISFET. However, 
high noise levels and the not well defined sensing mechanism bring uncertainty into this 
method. Graphene possess the potential for a more stable film; however the process remains to 
be optimized.  

The key results demonstrated in this chapter consist of: 

 development of new technological processes involving AlGaN/GaN ISFET gate area 
functionalization to enable nitric oxide measurement 
 

 analysis of sensor performance based on the utilized functionalization methods 
 

 verification of nitric oxide sensitivity opposed to that of interfering substances 
 

 suitable reduction of pH sensitivity to make simultaneous (pH and NO) measurement 
possible 
 

 initial demonstration of biocompatibility using L929 (mouse fibroblast) cells on control, 
graphene, and WO3 substrates.  

Various possibilities to further investigate the developed sensors exist, including: an improved 
measurement system to reduce the effects of incident light, full coverage of the graphene 
functionalization layer, improved mechanical stability/electrical noise level of the WO3 RTP 
annealed and nanostructured layer, and an in depth study on the effects of various biasing 
conditions on the redox behavior of the system and sensitivity, as well as the effects of lighting 
conditions.  
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7. Miniaturization of ISFET pH/NO Sensor Arrays  
Most advancements in miniaturization and sensor array technology for studies on neuronal or 
other types of cells are still based on silicon technologies due to the wider availability and 
proliferation of silicon fabrication processes. However, as discussed in previous sections, III-
Nitride devices have great advantages over Si-based technology in many cases, particularly for 
applications requiring chemical stability and good biocompatibility [21, 197]. In the following, 
progress related to miniaturization of the presented pH and NO ISFET sensors based on the 
AlGaN/GaN heterostructure and the related results are presented. This includes comparison to 
the current literature status in which: 

 claims have been made about the overall reduction of sensor size; however sizes 
remain relatively large (between 4 and 50 µm) 
 

 an increase in the number of sensor sites is often discussed, yet typically irrelevant 
because  

o the increased number of sites are unnecessary to be of applicable use  
o the pitch between sites of existing sensors remains large, requiring a 

considerable overall surface to compensate the site increase  

Recent advances in ISFET arrays, similar to those developed in this research, include pH 
sensing and DNA detection based on CMOS source-drain follower circuits employing Si-
technology, Al2O3/Si nanowires, distributed Si-based ISFETs and gold electrodes for 
stimulation and monitoring of metabolism, and AlGaN/GaN ISFETs for pH sensing and 
recording of cell activity [319, 320]. The first mentioned study, reported by Nakazota, showed 
a clear advantage, with the primary benefit being in the direct integration of interface circuitry 
through the use of CMOS technology. Contact to the electrolyte is made by an ‘extended gate’ 
with the integrated circuitry embedded below within the substrate. An additional advantage 
entails the large number of possible sensors, with a goal of one million per chip quoted in this 
publication. Such a large number of sensors is excessive in almost all possible applications, 
fitting into the classification described by Dahlin as “nanohype in sensor research,” or reducing 
size unnecessarily and often introducing additional issues [322]. Additionally, the sensitive 
areas of the employed CMOS Si-based ISFETs are only relatively small, at about 4.2 µm x 4.2 
µm, with a measurement cell pitch of more than 100 µm. Furthermore, the pH ISFETs in their 
work only demonstrate sensitivity up to 41 mV/pH [319]. The Al2O3 coated Si-nanowires (Si-
NWs) reported by Chen, et al. on the other hand demonstrate very near Nernstian sensitivities 
of up to 57.8 mV/pH (at 22 °C). Although the term “nanoISFET” is utilized to describe these 
sensors, 15 µm x15 µm windows in the insulating film are still used to bring the Si-NWs in 
contact with the electrolyte [320].  

The investigation carried out by Martinoia, et al. occurred about a decade before the previous 
two publications; however it also demonstrated very good pH sensitivity, 56 mV/pH, along with 
the attractive addition of stimulation electrodes on some of the developed chips. This possibility 
to stimulate cultured neurons and also monitor metabolic activity is indeed interesting. 
However, this chip is again limited by size and pitch [321]. Finally, and most relevant, is the 
study carried out by Steinhoff, et al., already mentioned within this thesis due to the comparable 
AlGaN/GaN heterostructure basis. In this work the ISFETs discussed in the biosensor section 
of Chapter 4 were employed in an array with 35 µm x 35 µm sensitive gate areas for pH and 
cardiomyocyte recording. This array is indeed very similar, with 16 ISFETs and a high pH 
sensitivity of up to 56.6 mV/pH [197]. The sensitive gate area of the ISFET array in this work 
was reduced slightly further to 10 µm x 10 µm. Even for a large number of analytes, the 
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micrometer scale of many of the discussed arrays will typically suffice. Regarding 
improvements, the size of the sensor area could be reduced and the pitch between sites could 
still be reduced. Essentially, the ISFET array demonstrated here is competitive or demonstrates 
an improvement over existing options with: 

 standard sensor size of 10 µm x 10 µm 
 

 16 sensors with a standard pitch between sensors of 100 µm 

producing a suitable option for biologically relevant studies as well as the possibility to further 
reduce sensor size or increase sensor number for applications in which this may be useful. 

7.1 Array Fabrication 

Aside from difficulties associated with reduction of size, the corresponding variations for the 
layout and the resulting complications there is not a great deal of dissimilarity in the fabrication 
process for the sensor array.  For initial experiments, two ISFET layout designs were developed, 
both containing 16 sensors with a W/L = 1 and open gate lengths reduced to either 50 µm or 10 
µm. Examples of these array layouts are depicted in figure 7.1. The sensor chip size is held at 
5 mm x 5 mm, as with all other discussed layouts in this work, and the number of bond pads 
around the outer edge is increased to 22  

      

               

Figure 7.1: 16 ISFET array layout (top) and completed sensor chip (bottom) with open 
gate sizes of a) 50 µm x 50 µm and b) 10µm x 10µm  
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The first new consideration for this layout involves the metal lines to provide contact to the 
ISFET source and drains.  To make the 4 x 4 sensor array possible a common source 
arrangement was chosen with two source contacts per chip, each supplying contact to 8 
transistors. The 16 drain contacts are individually addressable. The much wider source contact 
is visible both in the layout and the fabricated arrays between, running vertically between 
first/second and third/fourth columns of individual ISFETs. The remaining contact lines address 
each drain contact along with four additional lines connected to two gold meander structures, 
which may be employed to monitor temperature fluctuations. Attention to line width and 
avoiding sharp corners were the only other major points of concern for the contact lines.   

As the creation of the ohmic contacts and the mesa etching steps were not expected to cause 
major issues due to size reduction, the dimensions were simply scaled down keeping metal lines 
wide enough to avoid introduced issues if higher current levels are reached. These steps were 
indeed carried out without complication, resulting in good 2DEG contact and characteristic 
channel resistance values. Slightly higher R was observed for the reduced ISFET size which is 
reasonable when taking into account the space between the edge of the etched window and that 
of the ohmic contact. This gap is typically 5 - 10 µm, depending on the layout. In the case of 
the 500 µm x 500 µm gate area, this extra length is negligible. ON the other hand, in the case 
of the 10 µm x 10 µm ISFET this gap increases the channel by a factor of 2. When taking this 
into consideration the observed channel resistance falls into the expected range. Regarding 
miniaturization, the only other potential issue had to do with the passivation of the metal lines. 
However, as a result of the passivation study (discussed in detail in Chapter 5) and the 
developed isotropic polyimide plasma etch process, this step also could be scaled down without 
considerable difficulties. The 10 µm x 10 µm were opened effectively with clean gate surfaces 
free of contamination or residue.   

The final alteration to the array layout involves an additional mask to provide the additional 
possibility to functionalize every other gate area, as demonstrated in figure 7.2. This fabrication 
process is extremely compatible for any lithography based technique, such as WO3. Other 
functionalization methods may also be carried out utilizing this mask, however compatible 
processes may need to be developed depending on the material.  

 

Figure 7.2: Example of sensor array for simultaneous pH and NO measurement. Gate 
areas of the ISFETs marked with blue circles are functionalized for NO sensing, those 
unmarked have the upper GaN pH sensitive surface.  
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7.2 Characterization of W/L = 1 

Initial characterization of pH sensitive ISFETs with W/L =1 was first carried out on larger 
devices prior to array fabrication. Sensitivity variation over a range of VDS and Vref potentials 
was investigated in order to find a range in which this geometry may be successfully employed. 
pH sensors with W = 500 µm were utilized in the preliminary analysis, measured directly 
following fabrication and encapsulation - i.e. no further cleaning processes were used. Twenty 
measurements were carried out consecutively, alternating between PBS4 and PBS7 solutions. 
The measured sensor current (IDS) and obtained sensitivity are plotted in figure 7.3a. The ability 
to carry out measurements directly following fabrication again reinforces the great benefit 
of the developed ECR passivation etch process described in Chapter 5. Only a slight drift in 
IDS is noticeable over the first 6-8 measurements, which then settles and the current signal 
remains stable. In this case the higher IDS (upper blue line 600 – 700 µA) corresponds to the 
sensor current in the presence of pH 4, while the lower IDS corresponds to pH 7. The sensitivity 
in µA/pH is displayed by the green curve, also showing good stability which settles further after 
the first measurements. In figure 7.3b the sensitivity results are shown in terms of mV/pH. 
Utilizing this format, comparison to the theoretical Nernstian limit (58.2 mV/pH at 20 °C) may 
be made. High sensitivities are attained with this consideration as well, stable over the 
entire measurement series with values up to 55.0 mV/pH.  

 

Figure 7.3: Characterization of W/L = 1 ISFETs to determine a) stabilization time, b) 
sensitivity in µA/pH and mV/pH during stabilization, and sensitivity dependence on 
drain-source current through measurement at VDS = 0.1 V and 1 V, displayed in c) 
µA/pH and d) mV/pH 
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In the lower portion of figure 7.3 the sensitivities are compared for VDS = 1 V and 0.1 V, shown 
in µA/pH (fig 7.3c) and mV/pH (fig 7.3d). The pinks curves represent the measurement series 
utilizing VDS = 0.1 V, while the green curves demonstrate the sensitivity results at VDS = 1 V. 
The large variations in the sensitivity between the two VDS values portrayed in µA/pH are clear, 
as well as expected based on the characteristic amplification properties.  

From standard FET theory, along with a brief description in the previous chapter, it is known 
that gm increases with VDS until the saturation regime is reached. As the variations of the surface 
potential are dependent on the ion activity, and thus limited by the Nernst relationship, this 
amplification is observed through the increased IDS response. The sensitivity variations 
presented in mV/pH, on the other hand, may be directly compared. Therefore, from figure 7.3d 
it is easily observed that the increase in the operating drain-source bias to VDS = 1 V brings 
about higher and more stable sensitivities, as well as demonstrating this behavior in the desired 
range for Vref. These results are beneficial from the viewpoint of possibly attaining high 
sensitivities with W/L = 1 in the desired sensor array, in addition to the goal of concurrent 
monitoring of various analytes under biological conditions – in this case pH and NO – for 
which low Vref values are advantageous. 

10 µm x 10 µm ISFET Array 

With the stable measurement possibility employing the W/L = 1 ISFET geometry and the 
controlled fabrication process, experiments with the reduced gate size could be carried out. The 
smaller 10 µm x 10 µm was investigated as miniaturization to this size range was the goal for 
the array. Similar sensitivity testing was performed resulting in the excellent sensitivities shown 
in figure 7.4. This is presented through the modulation of IDS when the sensor is brought into 
contact with PBS4 or PBS at various Vref values, as presented in figure 7.4a. The corresponding 
sensitivities for these measurements in mV/pH are displayed in figure 7.4b. These results 
demonstrate the prospect of exceptional sensing capability for the measurement array, 
with comparable values (up to 55.1 mV/pH) to the previous example with W = 500 µm. 
The lower overall drain current variation while attaining good sensitivities may be understood 
by referring to the discussion of signal amplification, specifically transconductance. The 
dependence on Ci makes the reduction of gm clear, although the W/L ratio remains at 1. 
However, in the case of reduced size ISFETs, the better sensitivity range is found at lower VDS 
values 

 

Figure 7.4: 10 µm x 10 µm array ISFET sensitivity study with results given in a) µA/pH 
and b) mV/pH demonstrating near Nernstian values 

To further investigate this sensitivity variation, a final comparison was made at differing drain-
source voltages. This variation is shown in figure 7.5 for the 10 µm x 10 µm ISFET array sensor. 
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A clear trend is observed from these results with improved sensitivities demonstrated with 
decreasing VDS. This trend is opposite to that of the 500 µm x 500 µm sensor size. As a result 
of the variation with sensor size, this effect is likely to be due to the resulting modulation of the 
electric field. In order to develop a complete understanding of the sensitivity and its dependence 
on sensor size and applied VDS a comprehensive study utilizing a range of ISFET geometries 
should be carried out. This variation in analyte sensitivity at differing values of VDS could 
perhaps additionally be exploited in order to reduce or enhance pH/NO sensitivity when 
endeavoring to detect concentration changes simultaneously.  

 

 Figure 7.5: Sensitivity variation with dependence on VDS for a 10 µm x 10 µm array 
ISFET 

The successful size reduction of AlGaN/GaN ISFETs opens possibilities for interesting 
biological and physiological investigations. The capability to attain accurate sensitivity 
measurements utilizing the miniaturized ISFET array makes the prospect of taking advantage 
of the chemical stability and biocompatibility of AlGaN/GaN based biosensors an attractive 
possibility. 

In summary, the significant achievements for the ISFET array related research include:  

 development of a miniaturized AlGaN/GaN ISFET array, competitive in size and 
performance to comparable reduced sensor size arrays reported in literature  
 

 sensor size reduction and pitch size to 10 µm x 10 µm and 100 µm x 100 µm, 
respectively to improve precision for in vitro cell culture or tissue related experiments  
 

 immediate suitable ISFET response as well as rapid stabilization, attributable to the 
developed ECR passivation plasma etch process 
 

 sensitivities of up to 55.7 mV/pH attained for W/L = 1 at VDS = 1V for larger scale 
devices, as well as the reduced 10 µm x 10 µm gates; values extremely near the 
theoretical Nernstian limit of 58.2 mV/pH (at 20 °C) 
 

 small scale array gate area functionalization possibility to enable nitric oxide 
measurement 
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8. Conclusions  
At the onset of this research the overall goal of nitric oxide (NO) detection to further expand 
biologically or physiologically significant sensing possibilities was established. Previous work 
dealt with accurate pH measurement with the application to extremely small amounts of fetal 
blood – or fetal blood sampling (FBS). This resulted in a system capable of successfully 
determining the blood pH level with volumes of less than 10 µL. In order to further take 
advantage of this system, additional analyte detection presents one beneficial option. As a 
consequence of its broad cellular functions, NO represents a key parameter in biosensing, whose 
concentration levels may provide information in diverse physiological and pathological 
processes. NO plays roles in the control of vascular tone and blood pressure, as well as being 
involved in the pathogenesis and control of infectious disease and tumors and performing 
intracellular messenger functions in neurotransmission. From this point of view, NO is an 
extremely interesting molecule working both as a toxin and cellular messenger. Analytical 
issues arise however when attempting to detect this gaseous messenger in solution. The 
instability in the presence of oxygen and its high reactivity with other molecules present 
difficulties regarding the development of sensing platforms. Here the demonstration of sensing 
possibilities based on the AlGaN/GaN ISFET have been presented, however prior to 
investigations regarding these advances, improving the stability of the foundation was 
necessary. 

A great deal of work has been carried out of the past 10-15 years within the field of III-Nitride 
development and specifically for AlGaN/GaN based ISFETs as well. Specifically, within our 
institution a great deal of success regarding advancement in the quality of heterostructure 
growth and the following fabrication processes has been achieved. A point which has posed 
continuous problems throughout the development has been the final fabrication step providing 
passivation of the metal lines. This must offer good insulating properties to reduce leakage 
current, while additionally providing stability within fluidic environments and at the same time 
giving access to the sensitive gate surface without remaining residue and without damaging the 
underlying heterostructure. To realize a suitable passivation technique various materials were 
researched and tested with respect to dielectric properties and effects due to i.e. swelling upon 
introduction to liquid. Polymer based materials (polyimide, cyclotene) as well as “hard 
passivation” systems such as Si3N4, SiO2, various stress or stacking techniques involving these, 
and metal oxides were considered. The performance of polyimide superseded that of the 
remaining materials, even in experiments regarding water uptake where nitride or oxide films 
were expected to excel. All films displayed some level of increased leakage current due to 
swelling and thus introduction of ions into the material; however polyimide remained the most 
insulating under these conditions.  

Once suitable candidates for passivation material were acquired, the process to pattern these on 
the ISFET structures was also investigated. This was primarily carried out for polyimide as 
preliminary results showed the promising nature of this material. A variety of wet chemical and 
dry plasma etch processes were explored in order to structure the passivation films. Care must 
be taken however, as the underlying heterostructure and 2DEG providing the channel of the 
ISFET must remain undamaged during this process. Additionally, residue or contamination 
must not be left behind on the surface following this structuring process; another problem often 
encountered in past work with such devices. In this research a reliable, yet unusual O2 plasma 
etch process was established utilizing DC bias to avoid plasma damage to the 2DEG. This 
process proved to avoid bombardment of the GaN surface to the point that the total etch time 
could be slightly prolonged to ensure complete etching of polyimide across the entire substrate 
– despite non-uniform thickness due to spin-coating effects – and ultimately drastically reduce 
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surface residue. Typical transistor characteristic curves could be obtained directly following 
fabrication. Good sensitivities were observed in the first measurements as well, with some slight 
drift from the initial IDS value (approximately 7% of the original IDS). Through the selection of 
the most stable passivation material and the development of a corresponding ECR plasma 
process, a stable foundation was provided enabling further development on the AlGaN/GaN 
ISFET basis.  

As previously stated, one of the main goals of this work was to expand sensing options; in this 
case for NO detection. In order to investigate this idea, new technological processes involving 
AlGaN/GaN ISFET gate area functionalization were conceived. Based on current information 
in literature, various materials were sought out and possible processes developed. Graphene, 
porphyrin, Al2O3, and thermally annealed as well as nanostructured WO3 were considered. 
Fabrication processes were developed for each material and NO sensitivity testing was carried 
out upon successful sensor functionalization. Graphene and WO3 provided the best response as 
well as demonstrating initial positive results regarding biocompatibility. Additional testing was 
carried out to confirm the presence of NO in contrast to interfering substance or other unknown 
effects. Good detection limits were attained along with the potential to implement NO sensor 
functionalization within a reduced ISFET array layout. 

In order to realize an ISFET array containing dimensions desirable to provide the resolution 
necessary for in vitro investigations, characterization of ISFET gate area geometry was carried 
out. Single ISFET dimensions of 10 µm x 10 µm were chosen with a pitch of 100 µm x 100 µm 
between neighboring sensors. This W/L = 1 geometry was initially characterized using 500 µm 
x 500 µm sensors, followed by the miniaturized 10 µm x 10 µm device within in the actual 
array, once successful fabrication was accomplished. In both cases good results were attained, 
however only after examining sensitivity variations in relation to applied VDS.  When a lower 
VDS bias was employed less modulation of the surface potential was observed with variation of 
pH value, in addition to significant drop off of sensitivity at quite low Vref bias. However, at 
higher VDS excellent sensitivities were found, ranging up to near Nernstian values of 55.7 
mV/pH across a good range surround Vref = 0 V. This characterization, along with the 
development of NO sensors with functionalization techniques compatible for integration into 
the ISFET array, provides the basis for simultaneous sensing of these analytes. Through the use 
of various tissue types or cell cultures, interesting physiological or pathophysiological 
information may be obtained by correlating fluctuations in pH or NO levels. Additionally, this 
may be combined with the low sample volume measurement system to provide a solution for 
pharmaceutical and clinical applications, e.g. the high-throughput screening of medicaments or 
the development of point-of-care systems. 
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