Irina Nicoleta Cimalla

AlGaN/GaN sensors for direct monitoring
of fluids and bioreactions






A1GaN/GaN sensors for
direct monitoring of fluids
and bioreactions

Irina Nicoleta Cimalla

@

Universititsverlag Ilmenau

2011



Impressum

Bibliografische Information der Deutschen Nationalbibliothek
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte bibliografische Angaben sind
im Internet tber http://dnb.d-nb.de abrufbar.

Diese Arbeit hat der Fakultit fur Elektrotechnik und Informationstechnik der
Technischen Universitit Ilmenau als Dissertation vorgelegen.
Tag der Einreichung: ~ 23. November 2009

1. Gutachter: PD Dr. ret. nat. habil. Andreas Schober

(Technische Universitit Ilmenau)
2. Gutachter: Univ.-Prof. Dr. rer. nat. habil. Oliver Ambacher

(Fraunhofer Institut fiir Angewandte Festkérperphysik Freiburg)
3. Gutachter: PD Dr.-Ing. habil. Frank Schwierz

(Technische Universitit Ilmenau)
Tag der Verteidigung: ~ 15. Juli 2010

Technische Universitit Ilmenau/Universititsbibliothek
Universititsverlag Ilmenau

Postfach 10 05 65

98684 Ilmenau

www.tu-ilmenau.de/universitaetsvetlag

Herstellung und Auslieferung

Verlagshaus Monsenstein und Vannerdat OHG
Am Hawerkamp 31

48155 Munster

www.mv-verlag.de

ISBN 978-3-86360-003-7 (Druckausgabe)
URN urn:nbn:de:gbv:ilm1-2010000519

Titelfoto: photocase.com | AlexFlint



,, Unde dragoste nu e, nimic nu e”
,, Wo Liebe nicht ist, ist gar nichts

Marin Preda:
,, Cel mai iubit dintre pamanteni “






Abstract

In this thesis, AlIGaN/GaN heterostructures, which have shown to be
reliable pH sensors, have been characterized and further developed for the
in situ monitoring of cell reactions. For this reason, NG108-15 nerve cells
were cultivated on sensor surfaces and their response on different
neuroinhibitors was clearly monitored.

First, a measurement setup for extracellular recording was designed in
connection with an improved chip design and sensor technology. To select
optimal sensors for the cell-transistor coupling, heterostructures grown by
PIMBE and MOCVD were characterized with respect to electronic
transport properties and their performance as pH sensor in well defined pH
buffer solutions.

Generally, a good proliferation of different cell lines was observed on
AlGaN and GaN surfaces without using any kind of thin films of organic
material for improving of the cellular adhesion and biocompatibility. The
impact of several technology- and sensing-relevant treatments on the
surface properties of AlGaN/GaN sensors was studied. For a deeper
understanding of the mechanisms in cell-transistor coupling, the stability of
the media for cell-transistor measurements was studied. In an open setup
with contact to normal atmosphere, the monitoring of the spontaneous cell
activity (“breathing”) was recorded, that is not the case for covered
measurement setup due to reduced gas exchange with the environment. The
sensor sensitivity to potential changes by Na' and K’ ions and their
reactions with neurotoxin were also confirmed. By titration in complex
electrolytes and by cultivating NG108-15 nerve cells on the sensor surface,
it was demonstrated that these sensors are able to monitor complex cell
reactions. The calculations using simulation of the heterostructure as well as
simplified expressions for the ion flux give strong evidence that the signal
in the cell-transistor coupling experiments is primarily generated by the Na"
flux. A fairy good agreement between the experimental observations and
the model could be found.

In conclusion, the AlIGaN/GaN-ISFETs show stable operation under
physiological conditions, exhibit a very good signal resolution and are
suitable for long-time monitoring of cell reactions on different stimuli.



Zusammenfassung

In dieser Arbeit wurden AlGaN/GaN-Heterostrukturen, die ein hohes
Potenzial fiir pH-Sensoren aufweisen, charakterisiert und weiterentwickelt
fiir die elektronische Erfassung von Zellreaktionen. Dazu wurden NG108-
15 Nervenzellen auf den Sensoroberflichen kultiviert und deren Antwort
auf Stimulierung mit verschiedenen Neuroinhibitoren aufgezeichnet.

Zunédchst wurde ein Messaufbau fiir das Erfassen extrazellularer
Potenzialdnderugen entworfen und das bestehende Chipdesign sowie die
Herstellungstechnologie weiterentwickelt. Fiir die Auswahl optimaler
Sensoren fiir die Transistor-Zell-Kopplung wurden sowohl mittels PIMBE
und MOCVD gewachsene Heterostrukturen charakterisiert beziiglich ihrer
elektronischen Transporteigenschaften und ihres Verhaltens als pH-Sensor.

Auf AlGaN- und GaN-Oberfldchen konnte eine sehr gute Kultivierung
verschiedener Zelllinien erzielt werden ohne die sie sonst iibliche
Verwendung organischer Zwischenschichten zur Erhéhung von Adhésion
(z.B. Fibroplasten). Der Einfluss verschiedener Technologie- und
sensorrelevanter Behandlungsschritte auf die Oberflacheneigenschaften der
AlGaN/GaN-Sensoren wurde untersucht und die Medienstabilitit bzw.
Wechselwirkungen wurden analysiert. In einem offenen Setup mit
Gasaustausch zur Umgebung wurde eine spontane Zellaktivitit erfasst
(;,Zellatmung®), die in einem abgeschlossenen Setup aufgrund des
reduzierten Gasaustausches nicht auftrat. Weiterhin  wurde die
Empfindlichkeit des Sensors auf Potenzialinderungen durch Na® and K*
Ionen und deren Reaktionen mit Neurotoxinen bestétigt. Durch Titration in
komplexe Elektrolyte und durch Kultivierung von NG108-15 Nervenzellen
auf der Sensoroberfliche wurde demonstriert, dass die Sensoren in der Lage
sind, komplexe Zellreaktionen zu erfassen. Berechnungen mit Hilfe von
Simulationen und vereinfachten analytischen Beschreibungen fiir die
Ionenfliisse  belegten, dass bei der Zell-Transistor-Kopplung das
Sensorsignal im Wesentlichen durch die Na'-Fliisse erzeugt wird. Die
experimentellen Beobachtungen und die theoretischen Modellierung zeigte
dafiir eine gute Ubereinstimmung. Zusammenfassend wurde in dieser
Arbeit gezeigt, dass AlGaN/GaN-ISFETs stabil unter physiologischen
Bedingungen arbeiten, sehr gute Signalauflosung ermoglichen und fiir
Langzeitmessungen mit lebenden Zellen geeignet sind.
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1. Introduction

Mammalian neuronal cells represent one of most sophisticated and
complex signaling and processing systems in any living organisms. Many
diseases (such as Alzheimer’s and Parkinson’s disease or amyotrophic
lateral sclerosis to name only a few) have there background in disturbed
processes on nerve cells. The study of the mechanisms of the physiological
changes in nerve cells, which are induced by stressors such as
neuroinhibitors or analgesics, represent one way to obtain helpful
information for understanding such neural disorders and open the way for
the development of treatments. However, new drugs for efficient treatments
of such diseases are the products of a long development process, the first
step of which is often the discovery of a new enzyme inhibitor. In the past,
the only way to identify such novel inhibitors was by trial and error:
screening huge libraries of compounds against a target enzyme and studying
the response with the hope that useful results would emerge. This “brute
force” approach is to some extend successful and has even been extended
by combinatorial chemistry approaches that quickly produce large numbers
of novel compounds as well as by the high-throughput screening
technologies to rapidly screen these huge chemical libraries for useful
inhibitors. Despite the increasing demand for high-throughput functional
screening methods in the areas of environmental protection, toxicology and
drug development [1-5] these methods are not yet efficient in case of
cellular measurements [3, 5, 6].

In pharmacology it is important to study the side effect spectrum of a
given compound, thus, the application of complex functional tests at the
whole-organism-level are necessary [7, 8]. To assess the global toxicity of
the wide variety of chemicals that are possible drugs, the research on
functional cells using biosensors could be more effective than pure physico-
chemical methods [9]. In the last years, the application of whole-cell
biosensors for toxin detection, drug screening and recording of cell action
potential has developed from an academic principle to an accepted method
[9-19]. Already in the early fifties, Hodgkin and Huxley studied the
electrical properties of single cells by impaling the cellular membrane with
carefully designed glass microelectrodes. With this procedure, the action
potential of the neuronal cells was recorded and the presence of voltage
gated ion channels has been demonstrated [20]. Two decades later, further
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improvement of this method lead to the development of the patch-clamp
technique by Neher and Sakmann (1976) [21]. In this case, the glass
electrode is placed close to the cell membrane and a low impedance
electrical contact to the cells interior is established [22]. Using this whole-
cell configuration, the investigation of voltage gated ion-channel ensembles
or even the function of single ion-channels on the cell membrane are
studied. However, this novel and nowadays widely accepted method for
medical, pharmaceutical and physiological research exhibited some
disadvantages. The patch-clamp procedure is mostly complicated to handle,
is invasive and it invariably destroys the cell after measurement. It is also
limited to observe only a few cells at the same time and long time
measurements are not feasible as the cells are subjected to a high degree of
stress during a patch clamp measurement, which makes an observation over
several hours impossible.

Almost in the same time with the development of the patch-clamp
system, a planar microelectrode array for the recording of extracellular
electrical activity of cells cultured in vitro was designed by Thomas et al.
(1972) [23]. The system was created using gold plated nickel electrodes of
known spacing and size on a glass substrate passivated with patterned photo
resist. A glass ring was fixed to the substrate with wax to form a culture
chamber. Using Thomas’s techniques, eventually with slightly
improvements, numerous researchers have utilized microelectrodes arrays
to examine a wide variety of cell types under different conditions. In this
mode the first recording of extracellular electrical responses from explanted
neural tissue was reported by Gross ef al. (1977) [24]. Only a few years
later (1980), Pine et al. proposed to combine the two developed methods: a
glass micropipette inserted through the cell membrane and a microelectrode
array, in order to record in the same time the intracellular and extracellular
signal, respectively, from dissociated neurons [25]. This was an important
simultaneous experiment for the validation of the extracellular technique
and a calibration of the recorded extracellular signal for comparison with
the large number of available data on intracellular recording in the
literature. Pine was also the first who replaced the organic photo resist
passivation layer with silicon dioxide in order to use standard silicon chip
processing technologies. Based on the structure and techniques mentioned
above the study on cultured cells was continued by numerous research
groups examining many different cell types over the years [26-30].
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In 1991, Fromherz et al. [12] launched a new era of biosensing by
utilization of an integrated field effect transistor (FET) as the sensing
element instead of the previously used bare metal electrodes. The
extracellular signal from single dissociated cells, which were manually
placed on transistor, was recorded. A glass micropipette was inserted
through the cell membrane and used to stimulate the cell and monitor the
intracellular voltage. Later, Fromherz used similar systems to explore the
physical characteristics of the neuron-silicon junction using an array of
transistors positioned below the neurons [31] as well as capacitive
stimulation of the neuron through a thin oxide layer [32].

Basic sensing element is the pH sensitive FET proposed by Bergveld
in 1970 [33], which initiated a large number of publications devoted to ion
sensitive FETs (ISFETs) based on the established silicon technology. A
historical overview, which also highlights future challenges and
possibilities, is given by Bergveld [34]. Silicon based biosensing ISFETs
(BioFETs) were further classified as enzyme-modified FETs (EnFET),
immunologically modified FETs (ImmunoFET), DNA-modified FETs
(DNA-FET) and cell-based (or cell-potential) FETs (CPFET) [35, 36].
Despite high prospects and promising demonstrations of these devices, the
fact that they are based on silicon technology, while being beneficial for
mass production, impairs their long-term chemical stability and thus, limits
the areas of application [37]. This triggered the search for new functional
and passivating surface layers which has not yet lead to entirely satisfying
results or to commercial available devices employing BioFETs.

At the beginning of this decade, a novel ISFET based on the group III-
nitrides (GaN, AIN and alloys) was reported. Group Ill-nitrides exhibit a
number of superior properties compared to Si or conventional III-V
semiconductors, which make them promising candidates for biosensors [38-
40]. In 2003 Steinhoff et al. reported the first application of these ISFETs
for pH sensing [41]. Two years later, the same authors reported the
recording of action potential from hearts muscle cells using sensor arrays
and demonstrated the superior electrical characteristics of ISFETs based on
group III-nitrides compared to similar devices based on Si technology [19].

For future applications, the basic understanding of the recorded signals
is still a crucial precondition. In the present study, ISFETs based on an
AlGaN/GaN heterostructure are further characterized with respect to the
coupling to nerve cells in order to enable the application in CPFETs. The
present approach involves the following major tasks:
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» The previously developed extracellular sensors and the
extracellular recording systems [41, 42] as well as the stability of
the setup are improved.

» The biocompatibility and the impact of the typical device
processing steps on the reaction of living cells is evaluated

» The neuroblastoma-glioma hybrid NG 108-15 nerve cell line as a
cellular system for the extracellular sensors is employed.

» The applicability and reliability of the nerve cell-to-FET hybrid
system are investigated.

The thesis is organized as follows:

Chapter 2 will firstly describe the functions of electrically active nerve
cells. An introduction is given how these systems communicate using weak
electrical signals and what kind of influence neurotransmitters have in the
neuronal function. Based in the function, the goal for biosensing and the
requirements for the device will be derived.

Chapter 3 gives an introduction on the properties of group Ill-nitrides,
which have been the materials of choice for the fabrication of biosensors in
this work. Based on these properties, the function of the AlGaN/GaN
heterostructure ISFETS is explained.

Chapter 4 summarizes the fabrication and the basic electrical
characterization of the ISFETs.

Chapter 5 demonstrates the operation of the fabricated ISFET devices
in aqueous solutions with special focus on pH sensing and corresponding
significant parameters. A stable and well characterized pH sensor represents
a major requirement for the subsequent biosensing experiments.

Chapter 6 focus on the biocompatibility of the ISFET surfaces, which
is an indispensable precondition for the operation as CPFET. A review of
possible functionalization of AlGaN/GaN ISFET with applicability on
biosensing is also presented. Based on this studies,

Chapter 7 describes the Cell —Transistor Coupling and characterizes the
sensor sensitivity to different ions. The investigation of the applicability of
the NG 108 — 15 nerve cell — FET sensor hybrid system in terms of drug
screening was performed by application of different neurotoxins to the cells.
Finally,

Chapter 8 provides the conclusions from this work and proposes
possible further developments of the cell — based biosensors.

The Appendix contains the detailed technological processes of
AlGaN/GaN FET and the NG 108 - 15 nerve cells growth protocol.
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2. Cellular function and response

The understanding of the electrical properties of cellular systems is
essential for future coupling of living biological cells with the transistor
chip. Cell biology cannot be fully understood without knowledge and
understanding of biochemistry, metabolism, molecular biology and genetics
of cells. Because this field is very diverse and represents not the scope of
the present work, this chapter will focus on the basics of cellular function as
it relates to electrical activity in cells. The cell is the basic unit of modern
biology. Every organism is a system of many cells or is itself a single cell.
To understand how the cells are constructed and how they carry out the
intricate functions necessary for life is the key on the way to develop
appropriate treatments for many diseases. Significant for this work is the
dynamic nature of the cell, as evidenced by its capacity to grow, reproduce
and become specialized, and by its ability to respond to stimuli and to adapt
to changes in its environment.

2.1. Cellular construction

By observing through a microscope the empty cell walls of a dead plant
tissue, Robert Hooke defines for first time the term cell — “cellulae” in Latin
means “little rooms[43]. Thanks to the improved microscopes, the English
botanist Robert Brown found in the 1830s that every plant cell contained a
rounded structure, which he called a “nucleus”. In 1838 the German
Matthias Schleiden came to the conclusion that all plant tissue were
composed of cells and that an embryonic plant always arose from a single
cell. For animal world, Theodor Schwann came to the same conclusion just
one year later. Moreover, Schwann formulated also the cell theory, which
stood the test of time and continues to provide the basis for our own
understanding of the importance of cells and cell biology. The cell theory
had two basic postulates:

» 1. All organisms consist of one or more cells.
» 2. The cell is the basic unit of structure for all organisms.

By 1855, Rudolf Virchow added a third postulate:
» 3. All cells arise only from pre-existing cells.

In this case the cell is not only the basic unit of structure for all organisms
but also the basic unit of reproduction.
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Nowadays, the modern cell biology covers three main domains of
research:

» Cytology which is concerned primarily with cellular structure,

» Biochemistry for understanding of cellular function and

» Genetics which evolved with the realization that DNA
(deoxyribonucleic acid) contains all genetic information in most
life forms.

The cells are very complex systems (Fig. 2.1). For the present work, the
discoveries in cytology are used to understand the biochemical processes,
which take place in intracellular and extracellular medium. As will be
shown later (chapters 3.7), field effect transistors such as the studied
AlGaN/GaN device are able to study the extracellular processes, which take
place close of the cell plasma membrane. For this reason the function of the
cell membrane will be explain in more detail in the next chapter.

2.1.1. Biomembranes

In 1890s Overton observed that cells are enveloped by some selectively
permeable layer, which allowed selectively the passage of some specific
substance while blocking others [43]. He found a good correlation between
the lipophilic (lipid-loving) nature of the substances and the ease, with
which it could penetrate into the cell and he even suggested that such
membranes are probably a mixture of cholesterol and lecithins.
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Fig. 2.2: Plasma membrane and its fluid mosaic model [45].
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Some years later, Langmuir studied the behavior of lipids by spreading
them out as a thin lipid monolayer on a water surface (Langmuir-Blodgett
trough). This lipid layer represents the foundation of a cell membrane. It is
composed of molecules called phospholipids, which have a backbone
derived from a three-hydroxy alcohol called glycerol. Attached to this
backbone are fatty acids, long chains of carbon atoms ending in a carboxyl
(—COOH) group. Phospholipids have two fatty acid chains attached to its
backbone. The third oxygen on the backbone is attached instead to a highly
polar aminoalcohol that readily forms hydrogen bonds with water. Because
this aminoalcohol (choline) is attached by a phosphate group, the molecule
is called a phospholipid. One end of a phospholipid molecule is strongly
nonpolar (water-insoluble), and the other end is strongly polar (water-
soluble). The two nonpolar fatty acids extend in one direction, roughly
parallel to each other, and the polar alcohol group points in the other
direction. Because of this structure, phospholipids are often diagrammed as
a polar head with two dangling nonpolar tails (as in Fig 2.2.).

When a collection of phospholipid molecules is placed in water, polar
water molecules repel long nonpolar tails of phospholipids as water
molecules seek partners for hydrogen bonding. Due to the polar nature of
water molecules, nonpolar tails of phospholipids end up packed closely
together, sequestered as far as possible from water. Every phosphorlipid
molecule orients to face its polar head toward water and its nonpolar tails
away. When two layers form with tails facing each other, no tails ever come
in contact with water. The resulting structure is called a lipid bilayer [45].

The lipid layer function was discovered first time in 1925 by Gorter
and Grendel [43]. Lipid bilayers form spontaneously, driven by the
tendency of water molecules to form the maximum number of hydrogen
bonds. To explain the differential permeability of membranes to solute
molecules, Davson and Danielli invoked the presence of proteins as
continuous sheets on the membrane surface. In 1972, S. Singer and G.
Nicolson improve the Davson-Danielli model in a simple but profound way:
they proposed that the globular proteins are inserted into the lipid bilayer,
with their nonpolar segments in contact with the nonpolar interior of the
bilayer and their polar portions protruding out from the membrane surface.
In this model, this is called fluid mosaic model, a mosaic of proteins floats
in the quasi-fluid lipid bilayer (Fig. 2.2). Most membranes contain steroid
lipids like cholesterol, which can either increase or decrease membrane
fluidity, depending on temperature.
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In 1975 Henderson and Unwin found out that some proteins have
several helical segments that thread their way back and forward through the
membrane, forming a channel through the plasma lipid bilayer. For
example, bacteriorhodopsin is one of the key transmembrane proteins that
carry out photosynthesis in bacteria. The construction and their working
function of the transmembrane proteins are very important for the present
work and will be discussed in detail in the next.

2.1.2. Transmembrane proteins

Cell membranes represent a barrier to the free movement of solutes into
and out of cells and have four components [43-45]:

» alipid bilayers (working as a permeable barrier),

» supporting fibers (determine the shape of the cell),

» cell surface markers as glycoproteins and glycolipids (cell identity
markers), and

» transmembrane proteins (major components of every membrane).

The transmembrane proteins that float on or in the lipid bilayer provide
transport ways, independent of direct membrane diffusion, for substances
and information to cross the membrane. This exchange process, which takes
place through the cell membrane, is called membrane transport and can be
either passive (does not required energy) or active (require always the input
of energy). Passive transport is achieved with channels which create a
tunnel as a passage through the membrane (sodium and potassium channels
in nerve cells). This diffusion driven transport is a movement of dissolved
molecules from higher to lower concentrations. To help larger solutes to
cross the membrane barrier, a carrier protein is required in passive transport
process. For small nonpolar (hydrophobic) molecules such as O, and N, as
well as small uncharged polar molecules such as urea and ethanol and for
water the membrane is permeable. Active transport is catalyzed directly or
indirectly by specialized membrane-associated enzymes referred as
“pumps”. This active process can result in the production of a concentration
gradient between inside and outside of the cell. These pump proteins can
push ions (electrical charges) such as Na', K', Ca’, and H" across the
membrane and for this reason the resulting concentration gradient can
produce an electrical voltage, or membrane potential (Fig. 2.3). The
concentration gradient and associated membrane potential is referred to as
electrochemical gradient.
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Another component of transmembrane proteins is the receptor, which
transmits information into cells. Signal molecules bind to the cell receptor
protein and this alters the portion of the receptor protein within the cell,
inducing activity. Peptide hormones and neurotransmitters are examples of
receptors. The last one will be discussed in more detail later (chapter 2.4).

2.2. Nerve cells and neuron membrane potential

The best study of cellular functions is done in cells that are highly
specialized. In the present work an understanding of the function of nerve
cell and its transmembrane protein is important for interpreting the result of
the recorded extracellular potential on pharmacological manipulation. The
nervous system is a characteristic of living vertebrate. The nervous system
has three functions [43, 44, 47]:

» it collects information from the environment,

» it processes that information and

» it responds to that information by triggering specific effectors,
usually muscle tissue or glands.

To accomplish these functions, a nervous system has special
components for sensing and processing information, most important are
nerve cells or neurons. Only nerve cells are directly involved in the
conduction and transmission of information through the nervous system.
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Fig. 2.4: NG 108-15 single nerve cells that were used in this work for
transistor - cell coupling and experiments with neuroinhibitors (chapter 7).

The nerves cells are differentiated in sensory neurons (receive and send
signals from sensory organs) and motor neurons (stimulate muscle cells to
contract or to cause relaxation). The structure of a motor neuron that has
been used also in this work (see chapter 7) is shown in Fig. 2.5. The nerve
cell contains a cell body that is similar to other cells, with a nucleus and
other expected organelles and two types of extensions called processes. One
of the processes are called dendrites (receives signals and transmit them
inward to the cell body) and other one are called axons (conduct signal
away from the cell body). A nerve cell has multiple dendrites and only one
axon, which away from the cell body forms multiple branches and
terminates in structures called synaptic knobs (nerve terminals). The
junction between a neuron to the next or to a muscle and gland cell is called
synapse. The transmission of a signal across a synapse can be made directly
by electrical connection, but more often it involves certain chemical
compounds called neurotransmitters (see chapter 2.4).

For the present work it is essential to understand how nerve signals are
generated and how the ion sensitive FET sensors can be used to display the
changes of membrane potential. As already discussed, a very important
property of almost all cells is the presence of an electrical potential
(membrane potential) (Fig. 2.3) across the plasma membrane. In the case of
nerve cells, the equilibrium membrane potential (when the cell not transmits
a signal) is called resting potential V.
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The nerve cell has also the capacity, called excitability, to change
electrical properties of their plasma membranes as response to stimuli.
During the reaction time of a membrane to a stimulus, the resting potential
undergoes a transient change called the action potential. The action
potential transmits an electrical signal along the axon and this represent the
unit of information by which cells communicate in the nervous system.

The flow of ions across the lipid membrane is driven by an
electrochemical gradient. The gradient is actually a sum of two components,
the electronic part which refers to the potential difference across the
membrane and a chemical part that refers to the concentration gradient of
the ion across the membrane. Because of the concentration gradient
between inside and outside of the cell, mainly positively charged ions
diffuse down their concentration from higher to lower concentrations,
leaving negatively charged ions behind. The separation of positive and
negative charge polarizes the membrane and the degree of polarization is
measured in millivolts. In this case, two opposite forces act on the positive
charged ions: one to be attracted by the negative membrane potential and
another one to equilibrate its own concentration gradient. The particular
membrane potential that will balance the two competing tendencies for
given ionic specie is called the equilibrium potential with respect to that
species. This equilibrium potential E;,, can be calculated using the Nernst
equation as in case of pH determination (see chapter 5.1.2). In case of nerve
cells, E;,, of a single ion specie is related to the ion concentration Clion
(inside of the cell), C’,, (outside of the cell) in mol, the valence n of the ion
species and the temperature.

Eiy = Eiite = Eouiae = Eln%’ @
nF o Cy,
where T is the absolute temperature in Kelvin, R is the gas constant (8.315
J*K*mol™) and F is Faraday’s constant (9.648x10* C*mol™).

In biological systems, Na", K*, Ca®" and CI ions are responsible for
almost all actions. To establish and control their concentration gradient and
equilibrium potential is an important step in understanding cell function [43,
44, 47-49]. Typical physiologic values for these ions are given in table 2.1.
From the table 2.1 it is possible to see that between intracellular and
extracellular compartments, a strong asymmetrical distribution of the ions
appears which enables a dynamic state necessary for cell to cell signaling.
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Table 2.1: Physiological values of the main ions presents in and out of the
cell membrane.
Mammalian skeletal muscle* |Mammalian neuron**

Ion |C., |C°%. |ratio |Ein Cln |C%. Iratio  |Ein
[mM]|[mM]|*** [mV] |[mM] [[mM][*** [mV]
Na" |12 145 |12 +67 7 140 |20 +80

K" |155 |4 0.026 |-98 140 3 0.021 |-103
Ca*' (10" 1,5 (15000 [+129 [10™ |1.5 |15000 [+129
CI" |42 [123 ]0.034 |-90 7 140 10.05 -80
* after Hille, E,,, calculated from equation (2.1) at 37°C [48].

** after Hammond, E;,, calculated from equation (2.1) at 37°C [49].
*** ratio of concentration outside/inside for cations and inside/outside for
anions [43, 48, 49].

At the resting potential of a membrane, the net flow of charged species
across the membrane is zero, because any net flow would result in a change
in membrane potential. Even if the net flow of charge is zero the ions still
move across the membrane at resting potential. The resting potential of a
neuron lies in a range of -30 to -80 mV. This potential is close to the K"
equilibrium potential, which is about -20 to -70 mV more negative.
Therefore, K™ ions tend to move outward in time. In contrast, Na" has a
positive equilibrium potential and these ions have the tendency to move
inward. Here, the driving force is much greater, since the difference
between to the resting potential is about 100-150 mV. According to the
Bernstein theory [43], under resting conditions the cell membrane
permeability is minimal to Na', Ca>" and CI" while it is high to K*. Thus,
whenever the membrane potential differs much from the equilibrium
potential for K', these ions will flow in or out to equilibrate the potential
difference. Taking in the account the influence of the three monovalent ions
(K*, Na" and CI) that establish the resting potential and by integrating them
in Nernst equation, the value of resting potential can be determined by:

_RT, P k] +Py|Na* | + R, lcr J (2.2)

V="t "k J+PN N+, la ]

m

where Py, Py, and P, are the relative permeabilities of the membrane for
the respective ions. Because chloride ions have a negative valence, the [Cl];
appears in the numerator.
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Relative values of Py, Py,, and P are 1, 0.04, and 0.45, respectively.
Using these values and table 2.1 the membrane potential of a mammalian
neuron at room temperature is calculated by:

% * *
1¥340.04*140+045%7 \_ o (2.22)
1140 +0.04*7 +0.45 %140

I/m = 58 loglO(

At 37°C the value for RT/F is 61.5 mV and then the membrane
potential is V,, = -76 mV. Relation (2.2) is called the Goldman-Hodgkin-
Katz equation and was developed and named after these pioneering
researchers in neurobiology. When E;,, = V,,, there is not diffusion of ions
through the membrane and when this equality is disturbed, there is a passive
diffusion of certain ions through an open channel. The difference V,, - E,, is
called the electrochemical gradient and represents the force on the ions to
move through the open channel. The electrochemical gradient is responsible
for the passive movement of the ions across the membrane. But this passive
transport would normally cause concentration changes in the extracellular
and intracellular cell compartments if they were not constantly regulated by
transport of ions against passive diffusion. This type of transport is
described as active because it requires energy in order to oppose the
electrochemical gradient of the transported ions. It is realized by pumps,
which are special proteins that couple the hydrolysis of ATP (adenosine
triphosphate) to active translocations of ions across the membrane. The
Na/K — ATPase and Ca — ATPase pumps are responsible to maintain the
unequal distribution of Na', K" and Ca" ions across the membrane. In case
of Na"and K' ions, the pump operate continuously at a rhythm of 100 ions
per second compared to 10° — 10® ions per second for a passive transport
through a channel. If the resting potential is highly disturbed, than ionic
channels and pumps will react fast to establish again the resting membrane
potential and this is known as an action potential.

The permeability changes described above were empirically modeled in
1952 by Hodgkin and Huxley [20]. They predicted the flux of ions across a
cellular membrane and resulting changes in the membrane potential. They
combine the model with a core conductor theory to predict propagation of
an action potential along a cylindrical nerve fiber. Conform to this theory,
total membrane current is given by (¢ specific membrane capacitance):

av
Izoml =Cy TIm + Iionic : (23)
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In every living organism, in every second, a multitude of such
processes proceed and their role is to transmit the information from cell to
cell in order to keep the system alive and functional. The interaction of the
cells and the transmission of the signal in the nervous system is the base of
present study and will be the subject of the next chapter.

2.3. Neurotransmitters - acetylcholine

Nerve cells come in contact with each other and also with muscles and
glands at junctions called synapses. The synapses can be electrical and
chemical transmitters of the signal. The electrical synapses are responsible
for transmission with no delay and appear in the nervous system where
speed of transmission is of essential importance, for example in the central
nerve system.

But most of the synapses are chemical. Chemical synapses depend on
specific chemicals called neurotransmitters to conduct the signal across the
junction. The neurotransmitter binds to a receptor on the membrane on the
second cell and this produces a change in ionic conductance of the receptor
or the signal is transmitted to the cytoplasm of the second cell, which is
called the second messenger system. Between the membranes of the two
cells is a gap of about 20-50 nm, which is called the synaptic cleft.
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Fig. 2.6: The structure of acetylcholine (ACh), its synthesis from choline
and acetyl coenzyme A and its hydrolysis into choline and acetate [43].
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Because of this distance, no electrical signal transport is possible (in
contrast to the electric synapse). In this case, the nerve signal is transmitted
to the postsynaptic membrane by means of a neurotransmitter. One of the
most common neurotransmitter for synapses between neurons outside the
central nervous system as well as for neuromuscular junction is
acetylcholine (ACh) (Fig. 2.6).

The ACh molecules are confined in numerous synaptic vesicles situated
near the terminus of the presynaptic axon (Fig. 2.7). The release of the ACh
critically depends on Ca®* ions which are present at higher concentrations in
the synaptic cleft. The presence of the nerve pulse causes large transient
increases in the permeability of the presynaptic membrane to Ca®* ions,
thus, Ca*" ions flow down their electrochemical gradient into the axoplasm.
In the cell Ca®" ions cause synaptic vesicle to move to the presynaptic
membrane and fuse with it. In this mode the ACh is released in less than a
millisecond into the synaptic cleft. The ACh molecules diffuse across to the
postsynaptic membrane of another cell, where they bind to specific receptor
proteins.

Neuroreceptors are always integral membrane proteins with a high
degree of specificity for the neurotransmitters. The binding of transmitter
causes a conformational change in the receptor that permits increased ionic
conductance. When ACh binds to its receptor in the neuromuscular
junction, a channel in the receptor opens for about a milliseconds and
approximately 30.000 Na" ions pass through into the cell and simultaneous
the K' ions are moving outwards.

presynaptic
synaptic cleft membrane
acetylcholine sibsysptie
S membrane
presynaptic

channel protein

with ACh receptor
channel open

action potential
myelin

channel closed

presynaptic axon

Fig. 2.7: Signal transmission across a cholinergic chemical synapse [50].
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This process takes place simultaneously in thousands of receptors at the
junction, causing depolarization of the postsynaptic membrane (from
Vn=-60mV to +40mV) and respective muscle contraction.

An enzyme called acetylcholinesterase (AChE) immediately begins to
degrade the ACh into acetate and choline so that the resting potential of the
postsynaptic membrane is rapidly restored [43, 44, 47, 51]. The prompt
degradation of ACh is absolutely essential. Without the effect of AChE, the
ACh would continue its stimulatory effect until the ACh diffuses away, and
the control of nervous activity would quickly be lost. For example, the
control of the ACh / AChE is an important task in diseases such as
Alzheimer and Parkinson [51-53]. There are several organic compounds
that act as inhibitor of AChE and therefore, which are potential neurotoxins.
Such compounds are synthesized for use in pharmacological screening [53],
as insecticides [54] in agriculture and as nerve gases for chemical warfare.
The effect of such kind of neurotoxins on nerve cells will be studied in this
work using AlGaN/GaN FET (see chapter 7).

Table 2.2: Small molecules transmitter substances and their key
biosynthetic enzymes [44]

Transmitter Enzymes Activity
acetylcholine choline acetyltransferase |specific
biogenic amines
dopamine tyrosine hydroxylase specific
norepinephrine tyrosine hydroxylase and |[specific
dopamine B-hydroxylase
epinephrine tyrosine hydroxylase and |specific
dopamine B-hydroxylase
serotonin tryptophan hydroxylase  |specific
histamine histidine decarboxylase  |specificity
unknown
amino acids
I'-aminobutyric acid |glutamic acid probably specific
decarboxylase
glycine enzymes operating in specific pathway
general metabolism undetermined
glutamate enzymes operating in specific pathway
general metabolism undetermined
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There are further compounds known to act as neurotransmitters.
Several criteria must be satisfied to qualify a compound as neuro-
transmitters:

» it must elicit the appropriate response when microinjected into the
synaptic cleft,

» it must occur naturally in the presynaptic axon, and

» it must be released at the right time when the presynaptic
membrane is stimulated [43, 44, 51].

Compounds that satisfy these criteria are listed in the table 2.2. There are
also neurotransmitters which act not to excite the postsynaptic cell, but to
inhibit it. In the nervous system function, the inhibition plays the same
important role as excitation. The neuroinhibitors, which are used in this
work, are discussed in the next chapter.

2.4. Neuroinhibitors

The good functioning of the human body critically depends on its
nervous system and anything that disturbs it is considered to be very toxic.
As explained before, ACh is one of the most important neurotransmitters
and any substance that disrupts its function can be lethal for the human
organism. Researchers have found a lot of substance that disrupt nerve and
muscle function by specific effects on cholinergic synapses. In the present
chapter we will consider some of these neurotoxins and try to explain their
action in order to understand the importance of such compounds as effective
research tools in studying the disruption phenomena.

Once ACh has been released into the synaptic cleft and depolarization
of the postsynaptic membrane has occurred, the excess ACh must be rapidly
hydrolyzed. Without this process the membrane cannot be restored to its
polarized state and further transmission will not be possible. The
responsible enzyme for hydrolysis is AChE and every substance that
inhibits the AChE activity is potentially toxic.

Carbamoyl esters represent such family of AChE inhibitors. The
inhibition of AChE is realized - in the case of carbamates - by reversible
blocking the active site of the enzyme, thus, effectively preventing the
breakdown of ACh. To this family is included the physostigmine (eserine),
a naturally occurring alkaloid produced by the Calabar bean.
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There are also many synthetic organic phosphates, which are more
potent inhibitors because they form very stable covalent complexes with the
active site of AChE. Such compounds are for example the insecticides
Parathion and Malathion [54], as well as nerve gases such as Tabun and
Sarin. The effect of these compounds is muscle paralysis, caused by an
inability of the postsynaptic membrane to recover its polarized state.

An irreversible, potent AChE inhibitor is also diisopropyl-
fluorophosphate (DFP). It has a lethal dose LD50 for rats of 4 mg/kg. Itis a
structural analogy to Sarin, is an oily, colorless or faint yellow liquid with
the chemical formula C¢H 4FO;P. It is used in medicine and as an
organophosphate insecticide. It is stable, but undergoes hydrolysis when
subjected to moisture, producing hydrofluoric acid [55].

The high toxicity of esters of monofluorophosphoric acid was
discovered in 1932, when Willy Lange and his PhD student Gerda von
Krueger prepared the methyl, ethyl, n-propyl, and n-butyl esters and
incidentally experienced their toxic effects. The homologue of this series of
esters, DFP, was developed by British scientist Bernard Charles Saunders. It
combines with the amino acid serine at the active site of the enzyme AChE
(Fig. 2.8).
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Fig. 2.8: Reaction of the irreversible inhibitor diisopropylfluorophosphate
(DFP) with a serine protease.

Phenylmethanesulphonylfluoride (PMSF) with the molecular formula
C,H,FO,S (Fig. 2.9) is a serine protease inhibitor, which acts weaker than
DFP. PMSF is rapidly degraded in water and stock solutions are usually
made up in anhydrous ethanol, isopropanol, corn oil or dimethyl sulfoxide
(DMSO). Proteolytic inhibition occurs when a concentration between 0.1
and 1 mM PMSF is used. The half-life time is small in aqueous solutions.
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The LDS50 is about 500 mg/kg. Both DFP and PMSF are used
successfully to inhibit the AChE in this work (see chapter 7).

Nerve transmission at cholinergic synapses can be blocked not only by
inhibitors of AChE, but also by substances that compete with ACh for
binding to its receptor on the postsynaptic membrane. An example of such a
neurotoxin is curare, a plant extract used by Indians to poison arrows. The
active factor in curare is d-tubocurarine. o-bungarotoxin and cobratoxin
snake venoms are small, basic proteins that bind noncovalently to the ACh
receptor and in this mode block the depolarization of the postsynaptic
membrane. These kind of neurotoxins described above are called
antagonists of cholinergic systems and other compounds are referred as
agonists and have just the opposite effect. Agonists also bind to the ACh
receptor, but doing so they mimic ACh, causing depolarization of the
postsynaptic membrane. The exception is that they cannot be rapidly
inactivated, so the membrane can not recover its polarized state.

Other kinds of neurotoxins are the one which are designed to block the
ion channels. The tetrodotoxin is a lethal toxin from the Pufferfish and
saxitoxin from the Gonyaulax that partially enter and block the voltage
sensitive Na" channel. Similarly, dendrotoxin from the Black Mamba snake
inhibits the voltage sensitive K channel. Such inhibitors of ion channels
have important research potential by allowing scientists to “turn off”
specific channels and in this mode to understand the other channels
contributions to the operation of cells or in assaying their concentration.
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Fig. 2.9: Chemical formulas of the Phenylmethanesulphonylfluoride
(PMSF) and Amiloride used in the present work as neuroinhibitors.

A synthetic and reversible channel blocker, which is also used in this
work, is amiloride (Fig. 2.9), CcHsCIN,O.
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It works by direct blocking the epithelial sodium channel (ENaC)
thereby inhibiting Na" reabsorption in the distal convoluted tubules and
collecting ducts in the kidneys (this mechanism is the same for triamterene).
This promotes the loss of Na™ and water from the body, without depleting
K'. The compound is soluble in hot water (50 mg/ml), yielding a clear,
yellow-green solution.

Amiloride is freely soluble in DMSO, slightly soluble in isopropanol
and ethanol, practically insoluble in acetone, chloroform, diethyl ether, and
ethyl acetate. The amiloride was used in this work together with PMSF and
DFP inhibitors to study the combined reaction of nerve cells and to identify
the ions which contribute to the sensor signal.

Consequently, all processes and cell reactions result in a change of
specific ion fluxes across the cell membrane. The goal of this work is to
establish a measurement technique for the changes in ion concentrations
outside the cell as a reaction to neuroinhibitors, i.e. of the cell action
potential, by a planar sensor, where the nerve cells are cultivated on. These
sensors will be the AlGaN/GaN field effect transistors. In the next chapters
the basic background of these sensors regarding the specific materials
properties, the transistor function and its reaction in electrolyte will be
discussed in more detail before coming to the description of the cell-
transistor coupling experiments and the monitoring of the cell response to
neurotoxins in chapters 6 and 7.
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3. Group lll Nitrides: from material to device

3.1. Basic properties of group Il nitrides

The first report about Gallium Nitride (GaN) appeared in 1938 by Juza
and Hahn [56]. They synthesized it by passing ammonia over hot gallium.
Using crystals grown by the same technique, photoluminescence spectra
were presented in 1959 [57]. Ten years later, the first growth of GaN by
chemical vapor deposition (CVD) was demonstrated by Maruska and
Tietjen [58]. Further techniques developed in the 60s were Ga,O; / NH;j
reaction [59] and evaporation of Ga in nitrogen plasma [60]. All these GaN
materials were n-type and the donors were believed to be caused by
nitrogen vacancies. Due to the high density of structural defects and the
impossibility for p-doping, the material was not used to fabricate electronic
devices until the late 80s. After 1983, the establishment of metal-organic
chemical vapor deposition (MOCVD) [61] and molecular beam epitaxy
(MBE) [62, 63] gave the possibility to grow GaN with improved structural
and electrical properties. The very first GaN based violet light emitting
diode was demonstrated as early as 1972 [64]; an effective p—doping,
however, was not demonstrated until the proposal of a post growth low
energy electron beam irradiation of GaN:Mg by Amano and Akasaki [65].
A more technical process was the annealing of GaN:Mg films at 750°C in
N, reported by Nakamura in 1992 [66]. This discovery led to an explosion
in GaN research and soon commercialization of optoelectronic devices
started. Furthermore, outstanding electronic properties of GaN promote its
use for high temperature, high power and high frequency electronics, which
caused a second field of commercial GaN applications. After 2000, unique
properties of group III nitrides attracted increasing interest for mechanical
and sensing applications. First developments and basic principles were
summarized in the early reviews of Ambacher and Pearton [67, 68].

The group III nitrides are direct semiconductors and the band gap
energy spans a wide range from 0.7 eV for InN (Indium Nitride) [69], to 3.4
eV for GaN and 6.2 eV for AIN (aluminum nitride) [70] for wurtzite
semiconductors. In addition to the binary compounds, group III nitride
material can form also ternary (AlGaN, InAIN, InGaN) and quaternary
(InAlGaN) alloys, which opens wide possibilities for band gap-engineering
in the spectral range from near infrared to deep ultraviolet (UV).
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As a result, green, blue and UV light emitters, laser diodes [67, 68] and
UV detectors [71-74] were developed. Furthermore, high electron mobility
transistors (HEMT) for high power and high frequency applications based
on AlGaN/GaN heterostructures have been intensely investigated since the
early 90s and are on the verge of commercialization [75]. Profiting from the
research on HEMT devices and utilizing the basic HEMT structure,
chemical sensors for gases and liquids were developed which received
increased attention in the last five years, see the reviews of Eickhoff [39]
and Pearton [40]. Due to their wide band gaps and strong bond strengths,
this material system has a very good chemical stability as seen in their
resistance to wet etching procedures [68, 76], and their biocompatibility
[77, 78]. In combination with low noise due to the wide band gap [19] and
high sensitivity to changes of the surface charge [38], group Ill-nitrides are
considered to be one of the most promising materials for biosensor devices
[79]. Moreover, the transparency in the visible range of light opens up the
possibility to combine standard optical and electrical measurements. With
respect to the construction of integrated devices, the monolithic integration
of chemical sensors with group III nitride optoelectronics for combined
spectroscopic analysis, transistors for on-chip signal processing, and surface
acoustic wave devices [80] for analogue signal filtering are possible.
Wireless sensor networks using radio frequency identification (RFID) have
also been suggested [40].

The following chapter gives a short introduction to the main properties
of group III nitride semiconductors and the formation of a two dimensional
electron gas (2DEG) in an AlGaN/GaN heterostructure.

3.1.1. Crystal structure

Group III nitrides can crystallize in wurtzite, zincblende or rocksalt
structures [81]. In practical devices, mainly the wurtzite polytype is used,
because it is thermodynamically the most stable one at room temperature.
The wurtzite structure consists of alternating biatomic close-packed (0001)
planes of Ga and N pairs stacked in an ABABA sequence (Fig. 3.1). Atoms
in the first and the third layers are aligned with each other. This crystal
structure is characterized by the edge length a of the basal hexagon, the
height ¢ of the hexagonal prism and an internal parameter u defined as the
anion (Ga) — cation (N) bond length along the (0001) axis. The cell

parameter ,, — 7 is a non-linear function of alloy composition [82, 83].
a

42



[0001] . Ga-face

Fig. 3.1: Schematic representation of GaN wurtzite structure with Ga-face
polarization.

InN, GaN and AIN have different lattice constants, band gaps and
binding energies because of the different cations and ionic radii as shown in
Table 3.1 on the example of AIN, GaN and AlGaN alloys, which currently
are the most important materials for sensing applications.

The polarity of the crystal is an important property of group III nitrides,
especially GaN since for the developed sensors it is always the basis
material to start growing heterostructures. The common growth direction of
hexagonal GaN is normal to the basal plane, where the atoms are arranged
in the bilayers consisting of two closely spaced hexagonal layers, one with
cations and the other with anions, so the bilayers have polar faces. This
means that the crystal structure is non-centrosymmetric, the sequences of
atomic layering parallel to the crystallographic planes is different as is
illustrated in Fig. 3.1. The [0001] direction which usually is given by a
vector pointing from Ga atom to a nearest neighbor N atom is known as the

Ga face (Ga on top position of the (0001) bilayer) and the inverse [000 1 ] is
known as the nitrogen faces. The polarity is a bulk property and not a
surface property while a Ga face material can be Ga terminated or N
terminated as well. The chemical properties of the material are very
different depending on the polarity and the termination of the material [86].
The polarity of the crystal also determines the direction of the polarization
vector, which determines the sign of the charge found at a hetero-interface.
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The polarity of the crystal can be determined experimentally using
convergent beam electron diffraction [87], photoelectron spectroscopy [88]
or Auger electron spectroscopy (AES) [89] as well as by studying the
etching behavior of the crystals using KOH or NaOH [90]. Usually, Ga face
material is smoother than N face material, is harder to etch and AlIGaN/GaN
transistors with high mobility two dimensional electron gases (2DEG) are
commonly formed on Ga face material. The Ga-face polarity is achieved by
MBE or MOCVD growth on c-plane sapphire substrates using a thin AIN
nucleation layer [91]. Both methods were used for the development of
biosensors with an AlGaN/GaN heterostructure (Fig. 3.2).

3.1.2. Spontaneous and piezoelectric polarization

The spontaneous and piezoelectric polarization in group III nitrides was
first predicted and calculated by Bernardini and Florentini [82] and the
values are given in table 3.1.

Table 3.1: Material parameters for AIN, GaN and AlGaN as function of Al
concentration x. (a) and (b) correspond to theoretical and experimental
values, respectively. All the data are from references [82-85].

AIN GaN  |ALGa; N

Lattice constant ¢ [A] 3.112  |3.189 |3.189-0.077x
Lattice constant c [A] 4982 |5.185 |5.185-0.232x
Cell parameter u 0.382 10377 ]0.382x +0.377(1-x) —

0.0032x(1-x)
Energy gap E, (300K) [eV] 6.28 342 6.28x +3.42(1-x) —

1.00x(1-x)
Dielectric constant &, 9 9.5 -0.5x+9.5
Elastic constant C;; [GPa] 108(a) |103(a) |[5x+103
120(b) |70(b)
Elastic constant Cs; [GPa] 373(a) |405(a) |-32x+405

395(b) |379(b)

Piezoelectric constant e3; [C/m?] |-0.60  [-0.49  |-0.11x-0.49

Piezoelectric constant e3; [C/m?] |1.46 0.73 0.73x+0.73

Spontaneous polarization -0.090 |-0.034 |-0.090x —0.034(1-x) +
Pgp[C/m?] 0.021x(1-x)

x — Al concentration

44



The spontaneous polarization is the polarization at zero strain and is a
bulk effect due to the non-centrosymmetric crystal structure and the ionic
character of the metal-nitrogen bond. It is very large in the group III
nitrides. The spontaneous polarization is described by a vector Pgp (table
3.1.) with a fixed orientation in the crystal. It can appear only in the crystals
(known as pyroelectric crystals) that satisfy the Neumann’s principle: “The
symmetry elements of any physical property of a crystal must include the
symmetry elements of the point group of the crystal”. The non-
centrosymmetric wurtzite structure, with its six symmetry axis and mirror
planes containing it (Fig. 3.1), satisfies this principle and can therefore have
a spontaneous polarization which is parallel to the polar c-axis [0001]. The
sign of the spontaneous polarization is determined by the polarity and is
opposite to the direction [0001]. Similar to the band gap [92], also the
spontaneous polarization vector of AlGaN depends nonlinearly on the Al
mole fraction [93] (table 3.1). AIN has significantly stronger polarization
than GaN and an alloy of the two, i.e., AlGaN should have stronger
polarization than GaN as well. Therefore the polarization vectors in Ga-face
material points from the surface into the bulk.

The spontaneous polarization can be altered by additionally induced
polarization such as the piezoelectric polarization caused by mechanical
strain. The piezoelectric polarization is calculated by [84]:

P, =en€. +e, (gx te, ) 3.

where & = (¢ - ¢p)/cy is the strain along the c axis, & = &, = (a - ag)/ay is the
in-plane strain that is assumed to be isotropic, e;; and e3; are piezoelectric
coefficients (table 3.1) and ay, ¢y are the equilibrium values of the lattice
parameters. In the case of biaxial stress, which is the typical case for
epitaxial layers, the relation between the lattice constants in wurtzite
materials is given by

c—¢ _ ,Csa-a,, (3.2)
Co Cy;  a

where Ci3 and Cs; are elastic constants (table 3.1). Using the equations (3.1)
and (3.2), the piezoelectric polarization in the direction of the c-axis is

a-a C
Ppp =2 : (631 —é5 31]' (3.3)

ay Cy
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3.1.3. AlGaN/GaN heterostructure

For the biosensors in this work, a heterostructure is grown in c-axis
direction. A heterostructure is a combination of at least two different
semiconductors, in this case with an AIN nucleation layer, a thick GaN
buffer layer and a tensile strained Al,Ga,; N barrier layer on top. AIN,
AlGaN and GaN exhibit different lattice constants (table 3.1). This
mismatch results in defect generation at the heterointerfaces. In the case of
GaN on the AIN nucleation layer, the density of these defects can be
reduced by growing thicker GaN buffer layers, where partial annihilation of
the defects occurs [67, 94]. Similar defects to accommodate the lattice
mismatch are generated if thick layers of AlGaN are grown on top of GaN.
However, if the AlGaN on top of GaN is very thin (up to ~30 nm) AlGaN
can grow pseudomorph with the in plane lattice constant a of GaN.
Therefore the AlGaN barrier has biaxial tensile strain.

This tensile strain induces a piezoelectric polarization in the AlGaN
barrier, which adds to the spontaneous polarization of the heterostructure

[84]. Since [631 e, QIJ is below zero, for AlGaN the piezoelectric
) C33

polarization is negative for tensile and positive for compressive strained

AlGaN barriers. Thus, for the present tensile strain, the orientation of the

piezoelectric polarization is parallel to the spontaneous polarization (Fig.

3.2) and would be antiparallel for compressively strained AlGaN layers.

Ga face _
6 boundary
GaN
[0001] a o~ polarization
l PSP PPE 4+
AlGaN ¢ polarization
2 DEG
tensile strain Py,
GaN c+boundary
AIN
Sapphire substrate

Fig. 3.2: Spontaneous and piezoelectric polarization bound interfaces
charges and 2DEG in an AlGaN/GaN heterostructure with Ga-face polarity.
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It has been shown that in the investigated heterostructures the total
polarization of the strained AlGaN barrier is larger than that of GaN buffer
and therefore a polarization gradient at the AlGaN/GaN interface is present.
This results effectively in a positive polarization charge (Fig. 3.2). Electrons
from bulk GaN material tend to compensate this positive polarization
charge leading to the formation of a two dimensional electron gas (2DEG).
The spontaneous and piezoelectric polarization in the investigated
AlGaN/GaN heterostructure is sufficiently large to accumulate 2DEGs with
high sheet carrier concentration (n,>10"cm®) and mobility
(1« =2000 cm?/Vs) even without intentional doping of the barrier [36]. The
sheet carrier concentration n; can be calculated using equation 3.4 and
depend on Al content x of the barrier and its thickness d [84].

+0o(x) (sog(x)

ns(x) =——= zj[e@, () + E, ()~ AE(x)]- (3.4

e de
where & and gx) are the dielectric constants (see table 3.1), ed,(x) is the
Schottky-barrier on the active surface, E+(x) is the Fermi level and AE( is
the conduction band offset at the Al,Ga;,N/GaN interface. Using this
equation it was possible to simulate the formation of 2DEG with different
sheet carrier concentration (see chapter 3.2).

Obviously AlGaN/GaN HEMTs contain high sheet carrier
concentrations in the 2DEG even in absence of doping. The sources of these
electrons are supposed to be the surface states at the AlGaN surface [95,
96]. Other possible sources for the mobile carrier are unintentional dopants,
interfaces states and deep level defects. All of these possible sources of
carrier may contribute in different proportion to the 2DEG in an actual
device. In the Fig. 3.3, a schematic conduction band diagram for an
AlGaN/GaN heterostructure is shown.

As described in the model of Ibbetson et al. [95], the structure contains
different space charge components. The concentration of surface states on
AlGaN/GaN is difficult to estimate. For an undoped barrier, the number of
2DEG electrons are due to ionized donors in the AlGaN plus (minus) the
number of ionized donor (acceptor) — like states on the surface. If for an
undoped barrier, the surface states are considered to be donor-like (neutral
when occupied, positive when empty) with a corresponding energy Ep, to be
below the conduction band, it is possible to approximate the occupancy of
this states and thus its energy relative to the Fermi level Er.
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Fig. 3.3: Electronic band scheme of an AlGaN/GaN HEMT device
perpendicular to the surface. The conductive channel is formed by a 2DEG.
Ec is the conduction band minimum, Ej the valence band maximum, Er the
Fermi level [95].

States, which are sufficiently deep in the band gap, have an energy Ep
below Er. These states are filled with electrons and are neutral. As the
barrier becomes thicker, the polarization field increases the surface
potential. At a critical thickness the donor energy Ep reaches the Fermi level
and electrons can be transferred from occupied surface states to empty
conduction band states of GaN close to the interface. In this mode electron
are confined in the triangular potential well at the AlGaN/GaN interface and
the 2DEG as well as the positive surface charge is created. As the AlGaN
layer becomes thicker, more and more electrons move to the channel until
the channel charge density saturates at a certain AIGaN thickness.

The 2DEG density was calculated and simulated as function of barrier
thickness, AlGaN mole fraction, and GaN cap layer thickness [70, 95, 96].
Such simulations will be shown later in chapter 4 in context with the
experimental results. All simulations performed until now shows that the
surface traps are the main source of the channel electrons, and the
polarization induced electric field is the driving force to move the trapped
electrons to the AlIGaN/GaN interface to form a 2DEG.
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3.2. AlGaN field effect sensors

In a conventional high electron mobility transistor, the 2DEG forms the
channel between the two Ohmic contacts drain (D) and source (S) and is
modulated by a top gate. On an uncovered gate, the surface potential and
thus, the 2DEG density is affected by presence of charge species from the
environment. Although the strong response on charges was first termed as a
parasitic effect, which had to be controlled for the optimization of HEMTs,
the potential for sensor applications was demonstrated shortly afterwards
and represents the basic idea to realize ion sensitive field effect transistors
(ISFETs). Its function and the particularities for AlIGaN/GaN FETs and for
the operation in electrolytes, which are essential for biosensors, will be
described in the following chapter.

3.2.1. AlGaN/GaN ion sensitive FETs

Since the proposal of a pH sensitive device, based on the technology of
field effect transistors by Bergveld in 1970 [33], a large number of
publications has appeared devoted to ISFETs. A historical overview, which
also highlights future challenges and possibilities, is given by Bergveld
[34]. Despite high prospects and promising demonstrations of these devices,
the fact that they are based on silicon technology, while being beneficial for
mass production, impairs their long-term chemical stability and thus limits
the areas of application [97].

In contrast to conventional ISFETs, the AlIGaN/GaN heterostructure
utilizes the piezoelectric and spontaneous polarization properties of the
material system. As a consequence, the AlGaN/GaN heterostructure
exhibits a captivating simplicity in its structure without the need for
additional passivation films or elaborate designs while retaining or
exceeding the sensitivity, noise characteristics, and chemical and thermal
stability of Si-based ISFETs.

The modulation of the 2DEG charge density by electric fields was
exploited for the construction of chemical sensor devices. Leaving a bare
GaN surface by omitting the gate metallization, a modulation of the channel
current I, by external ions was first observed by Neuberger et al. [38]. lons
were generated by a plasma spray device and directed to the surface. The
change in the surface charge by the incident ions affected directly the 2DEG
density (Fig. 3.4).
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Fig. 3.4: (a) Schematic setup for the detection of positive and negative ions
from a plasma spray technique using an AlGaN/GaN heterostructure. (b)
Depletion and enhancement of the 2DEG due to incident ions reflected in
the change of the drain current [98].

A negative ion flux of about 10" cm™s™ depleted the 2DEG with a
sheet carrier concentration of 1.2¥10" c¢cm™ and a response time of
approximately 1 s, indicating that every incident negative ion displaces one
electron from the 2DEG. As cyclic changes were found to be completely
reversible [98], irreversible processes like trap formation or surface
oxidation could be ruled out.

Applying water as well as different organic solvents to the surface of
the same structure illustrated that on the one hand /7, is influenced by the
dipole moment of the liquid (Fig. 3.5b) with acetone leading to the greatest
current reduction. On the other hand, it was noted that the molecule size
yielded different results for similar dipole moments [99]. This and the
unordered dipole orientation in liquids impair quantitative determination of
dipole moment but allows for qualitative evaluation of polar contaminations
in nonpolar liquids (e.g. hydraulic oil, Fig. 3.5c). Similar results were later
reported for the exposure of similar heterostructures to organic solvents
[100, 101] and polymer solutions [102]. Acetone and ethanol significantly
reduce I relative to the value in air and water. Polar polymers also cause
the channel current to decrease. The smaller dipole moment of polystyrene
(PS: 0.123 D) [103], however, induced a larger reduction than polyethylene
oxide (PEO: 1.89 D) which was not consistently explained by Kang et al.
[102], but is likely to be due to a 10 times higher concentration of PS
compared to PEO. Also for the block copolymer PS-PEO a decreasing I,
was demonstrated for increasing concentrations.
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3.2.2. AIGaN/GaN electrolyte gate FET

In AlGaN/GaN electrolyte gate FETs (EGFETs) as special case of
ISFETs, the open gate area is directly exposed to an electrolyte, whose
concentration of certain ions has to be determined. This EGFET is the basic
element of all AlIGaN/GaN based biosensors. Instead of fixed gate voltage,
a reference potential U, is applied to the electrolyte—oxide—semiconductor
system via a reference electrode (see chapter 3.2.3), which is dipped into the
electrolyte [104] (Fig. 3.6). A positive drain voltage Upg drives a drain
current /p parallel to the AIGaN/GaN interface. Transistor action is possible
since an additionally applied reference voltage U, shifts the Fermi level
with respect to the conduction band of the undoped GaN layer. Due to
charges on the open gate surface (donors in the AlGaN layer are not
occupied), most of the voltage drop is across this AlGaN layer, thus
establishing a quasi-insulating barrier between the open gate and the 2DEG.
The barrier has a similar function as SiO, layers in a Si-MOSFET.

51



ref

T =

Fig. 3.6: Schematic view of an AlGaN/GaN EGFET. The metal gate is
replaced by an electrolyte contacted with an Ag/AgCl reference electrode.

Depending on the reference voltage, the triangular potential well at the
interface is raised or lowered in energy and the channel is emptied or filled.
This corresponds to alteration of the drain-source current. For large enough
reference bias, 2DEG region completely depletes, and the current channel is
pinched off. The corresponding relative reference voltage is called threshold
voltage Ur. For AlGaN/GaN devices the common equation for FETs
describes the drain current in the non-saturated region (below pinch-off):

1
1, =ﬂ'[Uref_UT_EUDs]’UDs’ (-5

where [ is a parameter depending on the geometry (the channel width to
length ratio W/L), the mobility 4 of the electrons in the 2DEG and the gate
insulator capacitance per unit area C,,:

UT _ Eyef _Syo + Xsol _ ¢AlGaN _ st + an + QB + 2‘15F' (3_6)
e C

ox

In case of an ISFET, the gate voltage is the voltage at the reference
electrode U,.,;= Ugs. The threshold voltage contains also terms which reflect
the interfaces between the liquid and the gate oxide on the one side and the
liquid and the reference electrode at the other side.
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The work function of the gate metal in a conventional MOSFET is here
replaced by the reference electrode potential relative to vacuum £, for the
ISFET The vacuum level can be calculated with the electrode potential
relative to the normal hydrogen electrode (NHE) plus the value of the Fermi
level relative to the vacuum states (Uyyr = 4.7 V [105]). For the widely
used Ag/AgCl electrode, a value of U,,,= 4.9 V is calculated. The interface
potential at the gate oxide-electrolyte interface is determined by the surface
dipole potential of the solution y,,, which is a constant, and the surface
potential g, which results from a chemical reaction, usually governed by
the dissociation of oxide surface groups. In this case the threshold voltage is
given by:

) +0 +
UT — Eref _IPU + Xm _ ¢AloaN _ st Qox QB + 2¢F s (3,7)
e

ox

where Qp is the depletion charge in the AlGaN, @y the Fermi-potential,
@16y the material work function, Oss the charges in surface states at the
GaN surface and Q,, the fixed oxide charge.

All terms are constant except ,, which causes the sensitivity of an
ISFET to the electrolyte pH, as the controlling parameter for the
dissociation reactions of the oxide surface groups. The influence of the ion
concentration on y, can be explained by applying the Site-Binding model
(in the case of pH — sensitivity), which was introduced by Yates ef al. in
1983 [106]. It proposes that atoms in the surface layer of metal- as well as
semiconductor oxides are acting as amphoteres, when they are in contact
with an electrolyte. Thus, depending on the H" (OH") concentration in the
electrolyte, they can release protons into the electrolyte (acting as donor)
and thus, are negatively charged, form neutral OH sites or bind protons
from the electrolyte (acceptor), resulting in a positive surface charge.

donor: M-OH < M-O +H' (3.8a)
acceptor: M—OH + H' <> M-OH," (3.8b)

These surface reactions depend on the acidity and the alkalinity
constant of the oxide groups, as well as the concentration of H" in the
electrolyte. In the case of a high concentration of H" (low pH), the M-OH
groups are rather tending to accept a proton, instead of releasing one, and
thus most of them are acting as acceptors, and the oxide surface becomes
positively charged.
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In contrast, if the concentration of H' is low (high pH), most of the M-
OH groups release a proton, and the surface charge becomes negative. To
determine the total change in surface charge, the sum over all surface sites
N; has to be considered, which depends on the material (e.g. N(SiO;) ~
510" em™, N(ALO;) ~ 810" cm?, N(Ga,0y) ~ 9:10" cm™ [107]. These
changes in surface charge due to the change of pH in the electrolyte,
directly affect the surface potential y,.

For AlGaN/GaN based sensors, first reproducible and quantitative
results for pH sensing were reported in 2003 by Steinhoff et al. [41]. They
compared different transistor structures with respect to their pH response
and found that the thin surface oxide layer forming upon exposure to
atmosphere is sufficient for a linear response in the range from pH 2 to 12.
X-ray photoelectron spectroscopy (XPS) analysis of as-deposited GaN
revealed the almost immediate formation of a thin oxide film at the surface
[108]. In contrast to the established Si-based ISFETSs, neither thermal
oxidization nor specific ion sensitive oxide layer, e.g. Ta,0Os or AL,O; are
needed. Thus, although the site-binding model [106] was developed for Si-
ISFETs [105, 109, 110], it was also proposed to explain the pH response of
AlGaN/GaN-ISFETs.
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Fig. 3.7: Hydroxyl groups on the surface of AlIGaN/GaN heterostructures in

(a) water, (b) acidic and (c) alkaline solutions and resulting impact on the
2DEGQG carrier density [111]
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Fig. 3.8: Drain current I vs. pH value during a titration of KOH into HCI1
solution [112].

According to this model, amphoteric hydroxyl groups are bonded to Ga
surface atoms (Ga-OH) when in contact with aqueous solutions, and can be
protonated (Ga-OH,"), neutral (Ga-OH) or deprotonated (Ga-O") depending
on the pH of the solution (Fig. 3.7) as described above. This modifies the
surface charge 6, which in turn influences the sheet charge density #; in the
2DEG, i.e. enhancing and depleting the 2DEG at low and high pH,
respectively. The resulting response of the drain current for a sensor
investigated in this work is shown exemplarily in Fig. 3.8.

A theoretical study [107] employing this model and the Poisson-
Boltzmann equation are in good agreement with the reported experimental
results. The study also predicts that a higher sensitivity can be achieved for
N-face ISFETs and through increased thickness of the oxide layer and
decreased Al-content in the AlGaN-barrier.

For higher concentrated acidic or alkaline solutions, deviations from
the simple site-binding model with stable amphoteric are observed.
Mehandru et al. [100] noticed that 5 and 10 % HCI solution lead to a
depletion of the 2DEG in contrast to the enhancement observed by
Steinhoff et al. [41]. This contradiction was not further discussed, however,
since very high concentrations of HCI were used (pH < 0), wet etching of
the surface metal oxide is likely, which in turn reduces the number of
amphoteric groups at the surface. Therefore the number of positively
charged groups is also reduced leading to a decrease of the sheet carrier
density in the 2DEG.
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This etching of the surface oxide layer by 15% HCI has been
demonstrated by XPS analysis [78] and will be discussed in more detail in
chapter 6. Similarly hysteresis effects were also observed at high pH values
and attributed to modifications in the surface composition [113].

It should be noted that an alternative model for the pH response of GaN
proposes the direct interaction of the electron deficient gallium in Ga-face
polarity with anions [114, 115]. The response to different anions was
reported to be in the range of 100 pA per concentration decade [116], which
was similar to the response of the same sensors to pH. Following this
approach, the pH response would arise from the interaction with OH" ions
rather that H;O". They also propose that the results obtained by Mehandru
et al. [100] are attributed to the interaction with the high concentration of
CI ions. Evidently, the pH response is not fully understood but the site-
binding model seems to be the most suitable explanation up to now. The
influence of the anionic selectivity of GaN on the sensor effect however has
to be taken into consideration for further investigations.

In addition, already pH monitoring in well known solution has often
shown hysteresis and drift effects [112, 117, 118], which can be attributed
to instabilities of the group III nitride surface and the used passivation of the
contacts. Thus, despite the well known basic AlGaN/GaN heterostructure,
technological issues and passivation strategies are very important to develop
sensors for “real” applications. Thus, before discussing the sensing
properties of AIGaN/GaN based biosensors, the technological steps for the
fabrication as well as the basic electrical characterization is described in
detail in the following chapter. Comprehensive reviews on further details
for growth, properties and applications of group III nitrides can be found
elsewhere [67, 68, 119].
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4. Fabrication and characterization of AlGaN/GaN
sensors

4.1. AlGaN/GaN sensor technology

First AlIGaN/GaN heterostructures for sensor applications were grown
by plasma induced molecular beam epitaxy (PIMBE) [38, 41, 99, 113, 116].
More recent studies [19, 78, 100, 102, 120-122] however illustrate that most
groups have switched to MOCVD. Suitable substrates for epitaxial growth
include SiC or sapphire. The latter is preferred due to similar thermal
coefficients compared to alumina or AIN ceramics, which is beneficial for
packaging sensors for use at high temperature or in aggressive media.
Moreover, transparency to visible light permits optical spectroscopy
techniques in conjunction with the transparency of AlGaN. A thin AIN
nucleation layer (10-150 nm) is usually grown to lower the dislocation
density and thus, to improve the crystal quality. This layer also defines the
polarity of the following layers to be metal-face. A GaN buffer (1-3 pm) is
covered with an Al,Ga; N barrier with an Al-content of 15-30% and a
thickness between 10-30 nm. To enhance chemical stability, the device is
topped with a 2-5 nm GaN layer. This also facilitates Ohmic contacts to the
2DEG which are based on a conventional Ti/Al or Ti/Au metallization.
Mesa etching in Cl-plasma process is usually performed to isolate the
device and confine the 2DEG to the gate area [68]. Alternative methods
include ion implantation [123] or UV laser cuts [112]. For the passivation of
the metal contacts a multitude of additional isolating layers have been
employed: SiNy [100, 102, 120, 121], polymethylmethacrylate [121], silicon
rubber [38, 99, 41], epoxy [19], and polyimide [78, 113, 116]. A summary
of the structures used to fabricate biosensors is given in annex 1.

4.1.1. PIMBE and MOCVD growth of the structures

The AlGaN/GaN heterostructure was grown on sapphire substrates
using PIMBE and MOCVD. Both methods are available in the Centre of
Micro and Nanotechnologies (ZMN) and in this chapter the main growth
parameter are summarized. The sapphire substrates were preferred because
of the high crystal quality and its availability at relatively low cost
compared with SiC or GaN substrates. For biosensors the transparency and
chemical stability are further important criteria of substrate selection.
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Last but not least sapphire is the most extensively used substrate for
group III nitrides and the technology of growth is quite mature [67, 81].

The crystal orientation of sapphire and GaN is parallel but the unit cell
of GaN is rotated by 30° around the c-axis with respect to the sapphire unit
cell [124]. For GaN and AIN, the lattice mismatch with sapphire is about
15% and 13%, respectively, which is accommodated by an interface
superstructure. The GaN growth on AIN starts pseudomorph, and relaxes
after a critical thickness of about 3 nm through generation of misfit
dislocations [119]. For a thickness above 100 nm, the relaxation is nearly
complete and the lattice constant approaches bulk value for GaN. On top of
this GaN buffer layer, an Al;Ga, (N barrier is grown. The heterostructure is
completed with a GaN cap layer which enhances the chemical stability of
the device. The presence of other atoms (O, Si, C, N vacancies) in the
crystal lattice of group III nitride are known to produce different kind of
structural defects. These defects and mismatches can also influence the
stability of the sensor [42].

In PIMBE, the thin films are formed in vacuum on a heated substrate
through various reactions between thermal molecular beams of the
constituent elements and the surface species on the substrate. In nitride
growth, the metal species are provided by Ga and Al metal sources. Highly
reactive atomic nitrogen is supplied by a plasma source. The growth process
is controlled in situ using reflection high-energy electron diffraction
(RHEED), which allows a real time evaluation and manipulation of the
crystal quality and morphology. In a typical growth process, the sapphire
substrate is first annealed in vacuum at 1050°C and after that is treated with
active nitrogen for 2-3 min in order to build a thin AIN film by nitridation
of sapphire. The growth of the AIN layer continues in the next 40 min at a
temperature of about 880°C with a growth rate of 4 - 4.5 nm/min. After that
the substrate temperature is decrease to 700°C and the growth of GaN
buffer layer is started and continued for the next 60 min with a growth rate
similar to AIN. Finally, at the same temperature the AlGaN barrier and GaN
cap layer are grown. The resulting thickness of the GaN buffer is about 250
nm and was varied for the AlGaN barrier between 8§ and 30 nm. The Al
concentration for the biosensor was fixed at 22%. During the growth the
substrate is mounted face down on a substrate holder and is rotated around
its c—axis to improve uniformity. Furthermore, in order to ensure a uniform
temperature all over the wafer, the backside of the substrate is covered with
a layer of Ti/W metallization.
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The growth of AlGaN/GaN heterostructures by MOCVD entails the
transport of gas phase metal organic precursors, and transport gases to a
heated substrate on which the precursors are pyrolyzed and the nitride film
is deposited. The growth process depends of many parameters that have a
big influence on the final material structure and properties [125].

The MOCVD epitaxial growth of AlGaN/GaN heterostructures for
biosensors is accomplished at 1120°C and 50 mbar using a commercial
Aixtron AIX200RF reactor. Triethylgallium, trimethylaluminum and
ammonia in hydrogen served as precursors with a V-III ratio of 2000. The
sapphire substrate is cleaned in situ by etching in a hydrogen atmosphere at
1180°C. The growth it is initiated by a low-temperature (460°C) AIN
nucleation layer of about 20 nm thickness. Afterwards, a 1.2 um thick GaN
buffer layer is deposited to reach the structural quality required for the
2DEG in the AlGaN/GaN heterostructure. Finally, the growth is completed
with Al 3,GagesN barrier and a cap layer of 2 nm GaN. The growth of GaN
buffer layer, barrier and cap layer is accomplished at a temperature between
1030°C and 1120°C. The thickness of the barrier is between 9 and 27 nm
and is grown within 1 to 3 min. A doping of the layers with Si it is possible
using 50 ppm silane (SiH,). More details about the MOCVD growth process
and material properties can be found in reference [125].

Clearly, PIMBE and MOCVD growth are quite different methods and
therefore also film parameters are different despite the nominal identical
heterostructure design. Due to the lower growth temperature, PIMBE layers
exhibit a higher number of material defects [94]. MOCVD grown material
has higher structural quality; however, more impurities can be expected due
to high temperature and high pressure (50-200 mbar compared to 10™ mbar
in MBE). Moreover, MOCVD grown layers are more homogeneous and due
to the higher growth rate thicker buffer layers can be achieved. In order to
characterize the influence of the different properties series of AlGaN/GaN
heterostructures were grown by both methods with varying thickness and Al
content in the barrier (see for example Tab. 4.1 and Fig. 4.4 for a series of
samples for the investigation of pH sensing properties).

4.1.2. Device fabrication

To transform AlGaN/GaN heterostructure confining the 2DEG into a
biosensor device, the technologies, which are available at ZMN, TU
[lmenau are employed
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After growth, capacity-voltage (C-V) measurements are performed
(chapter 3) in order to determine sheet carrier concentration 7, of the 2DEG
and AlGaN barrier thickness. X-ray diffraction was performed in order to
evaluate the Al concentration in the barrier and its thickness. In the
following chapters the technological processes to realize an ISFET device
are discussed shortly in chronological order. Prior to any technological
steps, the wafers were cleaned in acetone, isopropanol and dried in N, flux.
Optical microscopy was used for characterization during all technologic
steps. A technological plan is attach at the end of this work (annex 2).

4.1.2.1. Photolithography

Photolithography is one of the most critical steps in the fabrication
technologies of ISFET sensors. By photolithography, Ohmic contacts, the
active area, stable bond pads and defect free passivation layer are defined.
For this process it is necessary to have a mask, a standard positive photo
resist and a good developer. For the fabrication of the ISFET biosensors
five photolithographic steps are performed. A foil mask was used to create
structures with sizes larger than 35 um on a half wafer as illustrated in
annex 2. The advantages of these masks are the very low cost and short time
preparation, which enables the fast development of test structures. Standard
positive resist has been AR-P 3510. KOH free developer AR300-25
(TMAH: tetrametylammoniumhydroxide) was used since KOH is known to
attack group III nitrides [19, 78, 112]. After spinning the photo resist, a soft
back process of 90 s at 115°C was performed. After that the wafer is
introduced into a mask aligner. The system is illuminated for 4 s with a light
of 365 nm wavelength. The next step is developing the structures and
controling them using optical microscopy. In case of mesa etching, the
photo resist is used as etching mask, which requires a further hardening at
130°C for 30 min. For all the other steps, a thin metal film is deposited on
top of the developed photo resist followed by a patterning through lift-off
processing. The first lithography is performed to realize the adjustment
marks on the wafer. They are made by sputtering 20 nm Ti and 100 nm AL
After the definition of the adjustment marks, a mesa etching is performed.

4.1.2.2. Mesa etching

Inductively coupled plasma (ICP) mesa etching in Cl/Ar gas mixture
[38] is used to laterally confine the active area of the ISFET sensor.
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Bse pressure of the etching system is 2x10° mbar. Gases are injected
through a showerhead located ~100 mm above the sample. Hgh-density ICP
discharge is generated by applying 13.56 MHz rf power. The wafer is
powered separately (600 W, 13.56 MHz) for reactive ion etching (RIE).
Since ion energy and plasma density are effectively decoupled for the ICP-
RIE system, uniform density and energy distribution are transferred to the
sample with low ion and electron energies. The substrate was cooled by He
flowing through the electrostatic chuck. Using this method, mesa etching of
about 130 nm is performed within 100 s (Fig. 4.1).

4.1.2.3. Ohmic contacts

After etching, Ohmic contacts to the 2DEG channel were realized.
Conventional optical lithography followed by a lift-off process is also used
to define the metallization. For electrical characterization of the
AlGaN/GaN ISFET, Ti/Al/Ti/Au-Ohmic contacts were deposited by
sputtering and annealed in nitrogen atmosphere by rapid thermal processing
(RTP). The characteristics of the Ohmic contacts to GaN were subject of
intense research and development activities during the last years [126-128].
At the ZMN, the formation of Ohmic contacts to GaN was also studied
[129] and the Ti 20 nm / Al 80 nm / Ti 30 nm / Au 100 nm was found to be
the best metallization schema for our heterostructure. The Ti interlayer is of
crucial importance in forming stable Ohmic contacts because it forms an
alloyed contact layer to the group III nitride surface and it serves as a barrier
film. The contacts become Ohmic upon annealing due to the formation of a
thin TiN or AITip)N layer at the metal/semiconductor interface, with
depletion of N from the GaN, but without decomposing the crystal
structure. N vacancies act as donors in GaN and in this case the interface
region becomes highly n -doped, providing the configuration needed for
tunneling contacts [130]. For the PIMBE grown heterostructures, an
annealing at 750°C for 60 s was found to be optimal, while MOCVD grown
heterostructures required a higher annealing temperature of 850°C for 50 s.
To evaluate the electrical properties of the contacts a transmission line
method (TLM) is used [131]. A second metallization layer with 20 nm Ti
and 200 nm Au was deposited on the bond pads in order to achieve the
necessary mechanical stability of the bond contacts with Au wires to the
printed board or ceramic frames. An annealing of this second metallization
layer was not necessary. The final sensor structures are shown in Fig. 4.1.
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Fig. 4.1: a) Single chip
demonstrating the
transparency in  visible
range, b) magnification of
the active area with
drain/source contacts and
the polyimide passivation.
¢) Sensor chip after mesa
etching and metallization.

4.1.2.4. Passivation

The passivation of the sensor structure is a very important factor to
achieve stability and reproducibility of the device in liquids such as
electrolytes. The passivation layer eliminates the possible electrochemical
reaction between metal contacts and electrolyte. Therefore the passivation
must be mechanically and chemically stable in both acidic and alkaline
solutions. In addition, for biosensors the layer biocompatibility it is an
important requirement. At ZMN, an extensive study of possible passivation
layers on GaN sensor was performed [99]; however, most of the candidates
could not fulfill the requirements mentioned before.

For ISFET biosensors, the polymer polyimide PI-2610 from DuPont
revealed to be the most promising passivation material. Polyimide has been
used already for different sensor applications [132, 133] and has shown
good chemical stability in contact with biological cells and organic
solutions [78]. It is also biocompatible and facilitates cellular attachment as
will be shown in chapter 6. The PI-2610 exhibits a desirable combination of
beneficial film properties such as low stress, low coefficient of thermal
expansion, low moisture uptake, high modulus elastic and good ductility.
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Fig. 4.2: a) Optical transmission through polyimide layer before and after
curing. b) AES on the GaN surface and on metal contacts after polyimide
removal demonstrating low level of residual contamination (carbon).

The transparency in visible light region is also a big advantage of this
polyimide passivation material (Fig. 4.2), which allows the examination of
cells using inverse optical microscopy. The dielectric constant was
measured to be 2.9 and the moisture uptake of 0.5% for the PI-2610 series is
relatively low for high temperature polymers [134]. The low moisture
uptake is an important property for sensors working in electrolytes to avoid
memory effects by modification of the passivation in dependence on the
environment. The precursors for polyimide PI-2600 are dissolved in N-
methyl-2-pyrrolidone (NMP), which is suitable for spin coating. After
application the polyamic acid precursor is thermally cured into a fully
aromatic polyimide film. For better adhesion, VM-651 adhesion promoters
are used. This polyimide can also easily be patterned using conventional
photolithography. In this work, a patterning scheme was developed (see
annex 3) in order to passivate the contacts, but remove all polyimide from
active area and bond pads. After developing and curing procedure, AES was
used to verify that the active sensor area is free of organic contamination
(Fig. 4.2 b).

To enhance the passivation layer stability, it is necessary to cure it in
nitrogen atmosphere at a temperature of about 350°C (see annex 3). A cured
polyimide layer shows very good chemical stability [134] and the signals of
the final sensor device are stable and reproducible (see chapter 5). After
curing procedure the polyimide thickness is found to be about 1.2 um and
the compact layer covers all the sensor contacts and the areas between the
sensors leaving only the active transistor area and the bonding pads free.
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After passivation the wafer is sawed into single sensor devices, which
individually need an optimal encapsulation and sensor characterization.

4.1.2.5. Encapsulation

For measurements in liquids, the sensors are encapsulated using two
kinds of holders (Fig. 4.3). The first variant uses a printed board circuits
(PBC) holder with Cu metallization, where the chip is glued on using
silicon rubber. The contacts are made with Ag paste or by bonding
technique using Au wires. This encapsulation can be realized very quickly,
it is flexible (the sensor chip can be taken out and mounted again without to
be damaged) but has the disadvantage of instable contacts (using clamps),
which can generate undesired noise effects and which have to be replaced
from time to time. The second encapsulation variant was chosen in order to
avoid these noise effects and to allow the use of the sensor for longer time
without renewed encapsulations. For this, a special low temperature cofired
ceramics (LTCC) frame was designed. LTCC technology is typically used
in the fields of rf-circuits, automotive, avionic and medical electronics. This
multilayer technique is based on glass- or glass-ceramic composites with a
sintering temperature of less then 920°C. Unfired tapes of this material have
a typical thickness of 50 to 300 um and are easily to structure by punching
or laser cutting. Passive electrical elements like conductors, resistors or
capacitors can be applied on the unfired tapes by screen printing. The final
result of the stacking, lamination and sintering processes is a rigid substrate
with high reliability and chemical resistivity [135].

The substrates, which are used for the biosensors in this work, were
produced with the DuPont 951 Green Tape® system. Four tapes with an
unfired thickness of 254 pm were structured by laser cutting to form the
LTCC chip carrier. Conductor lines are made from gold layers and are
passivated by an additional LTCC layer of 50 pm thickness. The LTCC
material offers a thermal coefficient for expansion (TCE) of 5.8 ppm/K,
Young’s modulus of 152 GPa and a thermal conductivity of 3.0 W/(m*K)
[136]. The sensor chip is glued on this ceramic using “Vitralit 5603 (2-
hydroxyethylmethacrylat) paste from Panacol-Elosol GmbH and contacts
are bonded with Au wires using ultrasonic bonding at a sample temperature
of 150°C. Finally they are passivated with silicon rubber using a “Dispense
Masters” from firma DIMA, SMTSystems. This second encapsulation is not
flexible and requires longer time to be realized. After encapsulation, the
sensor device was characterized as described in the following chapter.
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Fig. 4.3: Encapsulation of the sensor chip: a) on a LTCC frame, b) on
conventional PBC frame.

4.2. Characterization of AIGaN/GaN structures

After growth, the AlGaN/GaN heterostructures were characterized to
evaluate electronic characteristics, crystal quality, and surface properties.
Main techniques for the surface analysis have been atomic force microscopy
(AFM), scanning electron microscopy (SEM), Auger electron spectroscopy
(AES), and the investigation of the surface wetting behavior. XRD,
ellipsometry, transmission electron microscopy (TEM), C-V- and Hall
measurements are used to characterize crystal structure, chemical
composition and electrical properties. TLM is applied to investigate the
metal contacts to the group III nitride heterostructures. All these
measurements have been performed at ZMN. In this chapter, the electrical
investigation of the AlGaN/GaN heterostructures by C-V and Hall
measurements will be presented in more detail and the results will be
discussed. The surface properties will be discussed in chapter 5.

4.2.1. Measurements methods

4.2.1.1. C-V measurements

C-V measurements are commonly used to obtain information about the
sheet carrier concentration in the confined 2DEG and the thickness of the
AlGaN barrier. The measurements are performed using a mercury probe
with a Solartron Impedance/Gain—Phase Analyzer 1260 and the Dielectric
Interface 1296 for impedance measurements [42]. For these measurements,
no special sample preparation is needed. Only two circular concentric front
contacts realized by liquid mercury are used.
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The inner circular contact dot with a diameter of nominally 786 pm
forms the Schottky contact, while the outer ring with 50 times larger area
realizes the Ohmic contact. A vacuum pump pushes mercury against the
wafer. For a given vacuum range, the size of the dot contact is very well
defined. The capacitance C of the devices is approximated by a parallel
plate capacitor, which is given by:

c=btA, 1)

Xa

where & is the dielectric constant of the material (& = 8.85x10* C/v cm), A
is the area of the Schottky contact (mercury inner dot), and x, is the distance
between the capacitor plates. In the case of AlIGaN/GaN heterostructures x,
is approximately the distance from the surface to the 2DEG. The carrier
concentration can be determined as a function of the voltage applied to the
Schottky contact to the measured differential capacitance per unit area [84]:

_C ar, (4.2)

& eg e dC

For homogeneously doped semiconductors, the determined carrier
concentration is equal to the free carrier concentration in the layer. In the
case of the investigated AIGaN/GaN heterostructures, carriers are electrons,
and by integrating equation (4.2) it is possible to obtain information about
the sheet carrier distribution in the heterostructure and the 2DEG:

ng = TNCV (x,)dx, = Tn(x)dx- (4.3)

If the applied potential on the Schottky contact is negative, the 2DEG
will be depleted. The dependence of the sheet carrier density in the confined
2DEG on the properties of the AlGaN barrier (Al content and thickness) is
well investigated [42, 84]. In accordance to these studies, a decreasing of
the 2DEG density was observed for smaller Al contents or thinner AlGaN
barriers, which also causes a lower negative voltage to achieve depletion of
the 2DEG.

This measurement method is very easy to perform but is not very
precise. Because the setup uses mercury to define the Schottky contact to
semiconductor, the quality of the measurements critically depends on the
accurate contact area, which is affected by several factors such as:
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mercury quality,

vacuum level,

sample surface roughness and
cleaning of the semiconductor surface.
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For this reason, this method is mainly used to obtain first information
about the 2DEG and its presence in the AlGaN/GaN heterostructure. To
obtain more precise information about the quality of the 2DEG and
heterostructures parameters, Hall measurements are more adequate.

4.2.1.2. Hall measurements

The Hall measurement is a standard technique for -electrical
characterization of semiconductors. By this method, the carrier type, the
concentration and the mobility in semiconductors can be determined.
Usually these measurements are performed with Ohmic contacts in van der
Pauw geometry. A quadratic mesa of 5 x 5 mm? was defined and etched on
every wafer and standard Ti/Al/Ti/Au Ohmic contact (see chapter 4.1.2.3)
are deposited in every corner. The contacts are circular with a diameter of
500 pm. For the measurements an Accent HL5500PC system was used.

The Hall effect is related to the force that acts on charged particles that
moves in a magnetic field. In general case of arbitrary velocity and
magnetic field directions, the force is defined as Lorentz force:

where ¢ is elementary charge (¢ = -e for electrons and ¢ = +e for holes); v is
the particle velocity and B is the magnetic flux density.
The Hall voltage which generates the force opposite to Lorentz force is:

v,-+Lg, 4.5)
gnd

with d: sample thickness, n: bulk electron concentration, /: current which
flows in the semiconductor and B.: magnetic flux perpendicular to the
current. When the effect was discovered in 1879 by Edwin Hall, he
observed that the electric field is directly proportional to the magnetic flux
density and the current is inversely proportional to the sample thickness,

U, =R, éB;, (4.6)
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where the proportionality factor Ry is now known as the Hall coefficient.
Comparing the equations (4.5) and (4.6) the Hall coefficient is obtained by:

o o @.7)

where u, and o are the Hall mobility and the conductivity, respectively.
According to van der Pauw [137], it is possible to measure the specific

resistivity 0 = and the Hall effect on an arbitrary shaped sample.

|
o
Then the measured sample has to fulfill the following requirements:
> the thickness of the sample must be constant,
» the contacts are small compared to the sample size and must be
positioned on the sample edge, and
» the surface must form an uninterrupted coherent area.

Using the experimental parameters /, ¢, and B, and by introducing them
in the upper equations, the parameters Vy and Ry are determined and the
sheet carrier concentration and the mobility are calculated.

4.2.2. Characterization of the MBE and MOCVD grown
heterostructures

To find the proper heterostructure for cell based biosensors, different
samples were grown using the two at the ZMN available growth methods.
In the following discussion three samples by PIMBE and four samples by
MOCVD (Fig. 4.4) with varying barrier thickness are compared (table 4.1).

GaN cap layer GaN cap layer
Mm Mm
GaN cap layer 2 DEG W‘-_Z'BEG
.—é%
GaN > DEG GaN GaN
AIN
b b
Sapphire substrate Sapphire substrate Sapphire substrate
a) b) c)

Fig. 4.4: Undoped a) PIMBE and b) MOCVD heterostructures for ISFETs,
as well as ¢) modified MOCVD heterostructure with doped GaN interlayer.

68



Table 4.1: AlGaN/ GaN heterostructure parameters

Sample AIN GaN AlGaN GaN
nucleation buffer barrier” Cap layer

PIMBE:

I 180 nm 270 nm d;=10(10.3) 2 nm

11 dy=13 (12.1)

11 d;=15(13.7)

MOCVD:

Iv; v 20 nm 1200nm | d;=10(8.1;8.5)" | 2nm

VI dy=15(14.3)

Vil d; =20 (18.4)

* The barrier thickness is calculated from growth rate and in brackets
from C-V measurements (GaN cap layer is included).
** Modified MOCVD heterostructure with Si doped GaN interlayer.

The Al content in the AlGaN barrier is fixed at 22% and 32% for
PIMBE and MOCVD grown heterostructures, respectively. In order to
ensure good transparency of the sensor for additional optical analysis of
cellular activity, the sapphire substrate is polished on both sides. In
MOCVD grown heterostructures with thinnest barrier (sample IV, V), an
additional Si-doped GaN layer is included close to the AlGaN/GaN
interface (Fig. 4.4c). It enhances sheet carrier concentration in the confined
2DEG and minimizes persistent photocurrent effects, which are often
present in group III nitrides [42, 125]. After growth, the wafers were
routinely characterized by C-V. These results are summarized in Fig. 4.5.
As expected, a decreasing of the AlGaN barrier thickness results in
increased capacity at 0 V, while increasing sheet carrier density in the
confined 2DEG shifts the threshold voltage to more negative values.

The calculated N¢y profiles for the PIMBE and MOCVD
heterostructures are shown in Fig. 4.6. The dependence of the electrical
properties on the barrier thickness and the Al concentration is obvious as
already mentioned before. For the PIMBE grown samples, the lower Al
concentration in the barrier decreases the sheet carrier concentration in the
confined 2DEG. Therefore, depletion starts for PIMBE grown samples
already at small applied potentials. For both techniques an increasing barrier
thickness directly results in a higher electron concentration in the confined
2DEG. In the case of the samples with Si doped GaN interlayer, an
enhancement of carrier concentration is observed close to the interface.
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Fig. 4.5: C-V measurements for the AlIGaN/GaN heterostructures.
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Fig. 4.6: C-V concentration profile for PIMBE and MOCVD grown samples
with different barrier thicknesses: a) whole AlGaN/GaN depth profile, b)
detailed view of the topmost layers. The abnormal behavior of the sample
with thinnest barrier is caused by Si doping of the buffer.

Hall data are in good agreement with the experimental results from C-V
profiling. Except the results from doped samples, all data fit very well with
the calculated 2DEG density for a critical barrier thickness (Fig. 4.7) from
Ibbetson et al. [95]. With decreasing barrier thickness also the sheet carrier
concentration is decreasing and below a critical barrier thickness, no 2DEG
is confined anymore at the interface of the AIGaN/GaN heterostructure.
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Fig. 4.7: Comparison of measured transport properties in AlGaN/GaN
heterostructures with simulations: a) electron sheet carrier concentration vs.
barrier thickness for the two investigated Al concentrations. Marked points
represent the results on heterostructures with additional Si-doped interlayer.
b) 2DEG mobility at 7= 300 K as a function of electron sheet density for
different threading dislocation densities Ny The interface roughness
parameters are the root mean square A and the correlation length L [138].

A theoretical study of the transport properties in AlGaN/GaN
heterostructure has been performed by Polyakov [138].
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Table 4.2: Summary of the results of the C-V and Hall measurements.

Barrier | n, - CV n, - Hall u R,
[nm] [cm™?] [cm™] [em®/Vs] | [/ ]
PIMBE

10 4.78%10" 5.06%10" 563 2192
13 6.26%10" 6.41%10" 798 1221
15 6.88*10" 8.38%10' 700 1065
MOCVD

10 1.65%10" 1.19%10" 920 571.6
10 1.43*10" 1.17*10" 918 579.8
15 1.29%10" 1.12%10" 901 577.4
20 1.49%10" 1.21*10" 969 570.7

The electron density and the low-field mobility of the carriers in
AlGaN layer have been calculated by self-consistent solving the
Schrodinger and Poisson equations and by ensemble Monte Carlo (EMC)
simulations, respectively.

Material and band structure parameters of ternary AlGaN barrier layer
have been obtained through the linear interpolation between binary GaN
and AIN constituents. The sheet density is manipulated by a variation of the
voltage applied to the AlGaN/GaN heterostructure. The positive
polarization bound charge at the AIGaN/GaN interface formed due to the
polarization discontinuity was considered as that for the unrelaxed AlGaN
barrier layer [67]. However, due to a finite barrier height of the AlGaN/GaN
heterojunction, the electron wave functions were allowed to penetrate into
the AlGaN barrier layer, which can remarkably modify the interface
roughness scattering rate [139]. Thus, depending on the interface quality,
the mobility can change significantly, and at low sheet carrier densities, the
presence of impurities diminishes the mobility [84].

To characterize an interface roughness, the root-mean-square (rms) A
(average height of terraces present at the surface or/and interface) and the
correlation length L (average length of terraces) were used. As third
parameter characterizing the structural quality of the heterostructures, the
dislocation density N, was varied (Fig. 4.7b). Other details of the
theoretical model including scattering mechanisms due to phonons and
charged threading dislocations can be found elsewhere [138].
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For this study, the input parameters were adapted to the experimental
conditions for the investigated heterostructures, especially for the
dislocation density, the barrier thickness and the Al concentration in the
barrier. It was found that for high electron sheet densities (strong electron
accumulation in the near-interface region) the low-field mobility is mostly
limited by the interface roughness scattering.

The low-field mobility calculations for A= 1.6 A and L =16 A, which
roughly coincidences with the morphology studies on AlGaN/GaN
heterostructures [125], are plotted in Fig. 4.7b. The dislocation as the
remaining free parameter was varied by two orders of magnitude. For the
MOCVD grown samples, a good agreement between simulation and
experiment is achieved for dislocation densities below 10° cm™, which is
consistent to the value ~ 1.5%10° cm™ obtained by preferential wet etching
and AFM analysis [125]. In contrast, the lower mobility values for the
PIMBE grown heterostructures imply a significantly higher dislocation
density about 10" cm™ [94], which might be a consequence of the lower
growth temperatures and the lower GaN buffer layer thickness.

In summary, the electrical characterization of the selected
heterostructures revealed that MOCVD grown samples are more
homogeneous and exhibit superior electronic transport properties. The
lower electrical performance in PIMBE grown samples is mainly caused by
the higher dislocation density.

This effect has important consequences for the application as chemical
or biosensor, since such defects are preferentially etched and can be the
origin of early breakdown for such sensing devices. Moreover, it has been
shown that high dislocation densities in PIMBE grown samples also limit
the possibilities of cleaning in alkaline solutions, which is a required
procedure for applications in food industry [67].

On the other side, smaller negative potentials are necessary to be
applied to deplete the 2DEG in PIMBE grown heterostructures. For
biosensors, it is very important to work with small potentials close of the
cells in order not to influence the measured cell signals. It is also important
for encapsulations and contacts passivation. Moreover, PIMBE grown
heterostructures have shown to exhibit a better light stabilities [42, 140]. In
the case of MOCVD growth, the Si doped interlayer was necessary to
achieve a similar or even improved behavior.
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For this reason, a more detailed study on the sensing properties of the
different heterostructures is necessary in order to select appropriate devices
for biosensing. In the next chapters these heterostructures will be
characterized as pH sensors, which represent the basic element for almost
all electronic biosensors. Important parameters such as drift and reaction to
different buffer solutions will be evaluated and discussed.
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5. AIGaN/GaN heterostructures as pH sensors

One of the major tasks for biosensors is to monitor the ion fluxes and
concentrations [141]. In electrolytes, most of the processes can be translated
into changes of the H" concentration and, thus, to the pH value. In
consequence, the pH sensors are a reliable base for biosensors in order to
detect different reactions which take place in vitro or in vivo. In the
following chapter, an introduction into the definition and the measurement
of the pH value in electrolytes is given and the behavior of AlGaN/GaN
heterostructures as pH sensors is investigated in detail.

5.1. Introduction to the pH value

pH describes the concentration of H' cations in a solution. In solution,
solvated protons (H") appear as hydronium ions H;O". The concentration of
these ions can change in very wide range - most often it has values lying
between 1M and 10"*M. In some extreme cases, even higher and lower
concentrations can be observed. Using numbers differing by many orders of
magnitude is impractical; thus, in 1909 Danish biochemist Seren Serensen
developed the pH concept and introduced a pH definition as negative
decimal logarithm of [H']:

pH =~log([H,0"])- (5.1

The pH defined in this way can be used exactly only to calculate pH for
diluted solutions of acids and bases in water. A more precise definition uses
the ion activities a and not their concentration. In the case of much diluted
solutions (below 0.001M), the difference between concentration and activity
can be neglected. For highly concentrated solutions, it has to be taken into
account and then the pH can be defined as:

pH= —log(aHJ) (5.2)
The so defined pH is called “thermodynamic pH” as opposed to
“concentration pH” (equation 5.1) and all pH meters measure it as result of

the Nernst equation (see chapter 5.1.2).

75



5.1.1. Acids, bases and pH scale

The pH definition enables to establish the pH scale. In water solutions,
the pH is limited in the range 0 — 14, while in other solvents pH values can
be negative or higher than 14. Aqueous solutions always contain H;O" and
OH’ ions, either from water dissociation or from introduced bases or acids.
In pure water at 25°C, the concentration of these two ions is equal, the pH is
defined as neutral and its level is 7. Solutions containing more H;O" than
OH’ ions have a pH value lower than 7 and are known as acids. A solution
in which the concentration of OH™ exceeds those of H;O" has a pH value
greater than 7 and is known as base. The pH determination of a solution is
usually obtained by comparing unknown solutions to those of known pH.
For easy comparison of the different solutions or samples, the pH scale is
widely use. In organisms, the pH of different fluids varies with its function.
Mostly it is tightly regulated to keep the system in an acid — base
equilibrium. To get a better feeling about the pH scale, it is worth to
remember few pH values (Table 5.1)

Table 5.1: pH value of some fluids.

Gastric juice: 0.7

Lemon juice: 2.4

Milk: 6.5
Arterial blood plasma: 7.34-17.45
Secretions of pancreas: 8.1

Hand soap: 9-10

Most solutions containing different ions are in state of equilibrium - all
concentrations are constant and not changing in time. This equilibrium is
dynamic, which means that forward and reverse reactions in the solution
have the same rate. By using classical chemical calculation, the equilibrium
in the solution being a mixture of water, acid and base can be calculated.
Finding such equilibrium is always a part of pH calculation — and once pH
is known, the calculation of all other ion concentrations is realizable.

Let's assume the acid HA, a base B and their analytical concentrations
are C, and C,, respectively. For the acid ionization reaction

HA+H,0 & H,0" + 4, (5.3)

the equilibrium is described by the acid ionization constant defined as:
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g HONAT] (5.4)
‘ [HA]

For the base ionization reaction
B+H,0 & BH" +OH ", (5.5)
the base ionization constant is defined as

_[BH"]OH] (5.6)
(8]
As additional, frequently used parameter to describe dissociation, a

dissociation fraction is defined as ratio of the concentration of dissociated
molecules to the concentration of all molecules in the solution

K,

41 (5.7)
S, C

a

It is commonly believed that strong acids and strong bases are fully
dissociated. For most practical purposes this is valid, but due to their finite
dissociation constants, in some cases partial dissociation can be observed.
All chemical reactions are considered to occur in water and the water itself
dissociates into H;0" and OH ions

H,O0+H,05 H,0" +0OH . (5.8)

This reaction represents dynamic equilibrium between hydronium ions,
hydroxide ions and water molecules. The equilibrium constant for this
proton transfer reaction is called water equilibrium constant K defined as:

K, =[H,O"][OH]- (5.9)
Taking the logarithm of both sides of equation (5.9):

log(K ) =log([H,0" 1) +log([OH 1) (5.10)
or, using the definition of equation (5.1) in “p” notation:

PKy = pH + pOH - (5.11)

Bronsted and Lowry proposed independently in 1923 new definitions
of acids and bases:
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An acid is a substance that can donate a proton and a base can accept a
proton. The most important outcome of this definition is that every acid
loosing its proton becomes a Bronsted-Lowry base and that every base
when protonated becomes a Bronsted-Lowry acid. These pairs of acids and
bases are called conjugated. Thus, every acid loosing a proton becomes its
conjugated base, and every protonated base becomes its conjugated acid.

Let's take a reaction of conjugated base A” with water:

A" +H,0= HA+OH . (5.12)
Its equilibrium constant is

_[HAJ[OH ] | (5.13)
[47]
Multiplying this equation with equation (5.4), yields:

b

K K, =[H,0'[OH 1=K, (5.14)

[}

or, in “p” notation
pK, + pK, = pK,, - (5.15)

The most important outcome is that to describe acid/base properties of
a substance in the solution (which is not necessarily to be a water solution)
it is possible to use either the K, or K}, value.

5.1.2. Nernst law

As mentioned above, only the thermodynamic pH can be measured and
this is a direct consequence of the Nernst law. The Nernst equation
describes the potential in an electrochemical cell as a function of
concentrations of ions taking part in the reactions:

E=E, - 1n0) (5.16)
nk

where Q is the concentration or activity quotient, n the number of
exchanged electrons, and F' the Faraday constant. For a given temperature,
the expression R7/F has a constant value. To simplify the calculations, it is
often combined with a conversion factor between natural logarithm (In) and
decimal logarithm (log) resulting in a value of 0.0591 for 25°C.
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Most ion sensors are potentiometric sensors, i.e. the electrical
potential difference A¢ at a solid/liquid interface as function of the ion
concentration is measured. In this case, the Nernst equation can be written:

Ap=""Ina, > (5.17)

where ay, is the activity of one type of ions. In this case the maximal
potential difference for a pH electrode is 59 mV/pH [104, 142].

For measuring the pH value, the well-known glass electrode makes use
of a membrane of conducting glass, which buffers ions of interest in a thin
surface layer of the membrane. Glass compositions that are sensitive to
specific ions such as H' (pH), Na' (pNa), K™ (pK), Ca>" (pCa) and others
have been developed. These sensitive glasses are bulb-shaped and molten to
a glass shaft. The internal volume of the bulb with its shaft is filled with a
liquid of known, constant composition. Thus, an electrochemical cell is
built with a constant potential drop at the inner surface of the glass
membrane and a “sense potential” at its outer surface, both according to the
Nernst equation. The potential drops can only be measured by contacting
both, the internal solution as well as the external solution, in which an ion
concentration has to be measured, by reference electrodes. A reference
electrode is a contact between a metal wire with fixed electrochemical
potential and an aqueous solution to determine the electrical potential of this
solution. In practice, a reference electrode consists of a chlorinated silver
wire (silver coated with insoluble silver chloride) in a KCI solution with
constant concentration. This electrochemical couple has constant potential
according to the Nernst equation. The inner solution of a reference electrode
realizes the contact with the solution, from which the electrical potential has
to be measured, by means of a barrier, the so-called frit. Often glass
membrane electrodes are combined with reference electrodes in one system.

Applied to the full cell formed from the two junctions inside and
outside of the pH glass electrode, the Nernst equation takes the form:

[H,O07 inside] _ £, +0.0591(pH ).(5.18)

outside
[H3 O+out.iide ]

E=E,—0.0591log — PH 0

The pH inside of the electrode has known constant values, thus,
equation (5.18) can be modified:

E=E,+0.0591pH (5.19)

outside *
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These equations describe the behavior of the glass electrode used for
pH measurements. Although glass membranes are versatile, they have some
shortcomings. They are fragile, chemically instable in strong basic solutions
and, finally, they must be calibrated before each use because their
characteristics change with time and exposure to solutions. For all this
reasons, many efforts were made to develop new types of pH sensitive
sensors. One of these sensors is the ISFET based pH sensor. Up to date, all
this sensors need a calibration procedure, which can be done using buffer
solution of known pH. To improve the accuracy of the measurements, two
or more buffer solutions of different pH values are used for calibration.
These buffer solutions are described in the following chapter.

5.1.3. Buffer solutions

Solutions able to retain constant pH regardless of small amounts of
acids or bases added are called buffers. Their resistance to changes in pH
makes buffer solutions very useful for chemical manufacturing and essential
for many biochemical processes. The ideal buffer for a particular pH has a
pK. equal to the pH desired, since a solution of this buffer would contain
equal amounts of acid and base and be in the middle of the range of
buffering capacity. Buffer solutions are necessary to keep the correct pH for
enzymes in many organisms to work. Many enzymes work only under very
precise conditions; if the pH strays too far out of the margin, the enzymes
slow or stop working and can denature, thus permanently disabling its
catalytic activity. A buffer of carbonic acid (H,CO;) and bicarbonate
(HCO;) is present in blood plasma, to maintain a pH between 7.35 and
7.45. Industrially, buffer solutions are used in fermentation processes and in
setting the correct conditions for dyes used in coloring fabrics. They are
also used in chemical analysis and calibration of pH electrodes or sensors.

Classical buffers contain solutions of weak acids and its conjugated
bases as major species. Small additional amounts of acids or bases added
are absorbed by the buffer and the pH changes only slightly. In case of high
or low pH, only solutions of strong acids or bases are used. For example, in
case of pH = 1, the acid concentration is relatively high (0.1 M) and small
addition of acid or base cannot change the pH of such solution significantly.

To calculate the pH of buffer solutions containing both acids and
conjugated bases, the acid ionization constant defined in equation (5.4) is
used in logarithmic form:
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logK, =log[H, 0+]+10g{[[HA]]} (5.20)

Multiplying both sides of equation by -1 allows the use of pK, and pH
instead of log K, and log [H;0'] and equation (5.20) can be rewritten as:

pK, = pH—log{[[HA]} (5.21)

This so called Henderson-Hasselbalch equation (or buffer equation) can
be used to calculate the pH of solutions containing pairs of acids and
conjugate bases such as HA/A, HA/A> or B/BOH. The Henderson-
Hasselbalch equation is mostly used to calculate the pH of solution created
by mixing known amounts of acids and conjugate bases or by neutralizing
acids with strong bases.

» The organic HEPES buffer is commonly used to maintain pH
levels of basal media in cell culture. HEPES is suitable for
buffering in the physiological pH range of 7.2-7.6. HEPES
buffering system can be used with or without a CO, atmosphere.
Our study in case of NG 108 — 15 cell cultures show a good
behavior for a concentration of 25mM (see chapter 7).

» TRIS is an extensively used component for buffers in biochemistry
especially for solutions of nucleic acids. It is a primary amine and
thus undergoes the reactions associated with typical amines.

» A phosphate is a salt of phosphoric acid. Phosphate is also used in
animal cells as a buffering agent. The kinds of phosphate that are
useful as buffers include and H,PO,-NaH,PO, and Na,HPO,
(Serensen buffer).

» CS11 was used for titration experiments and prepared immediately
prior to use.

» Finally, a standard buffer system from Mettler Toledo (MT) with
fixed pH of 4, 7, and 10 was used for the characterization and
calibration of the PIMBE and MOCVD sensors. This
commercially available buffer has unknown composition.

These buffer solutions with known, fixed pH value are the base for the
characterization and the calibration of the sensors, which is described in the
following chapter.
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Table 5.2: The buffer solutions used in this work [142, 143].

name pK. buffer mol. full name and
at 25°C |range weight |molecular formula

HEPES 7.48 6.8-8.2 [238.3 |n-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid;
Cng gN204S

TRIS 8.06 7.5-9.0 |121.14 |2-amino-2-hydroxymethyl-
propane-1,3-diol;
C4H11NO 3

CS11 12 5-8 citrate 25 mM +
bis-tris-propane 75 mM
NaH2P04 + NazHPO4

Mettler-Toledo 4-10 unknown

5.2. Setup for the sensor characterization

For basic characterization of sensors in buffer solutions as well as for
the measurements with cells, which are described in chapter 7, two different
measurements setup were used (Fig. 5.1). In both cases, the electrolyte bath
chamber was realized from PEEK (polyetherketone) by conventional fine
mechanic techniques. The advantage of this material is the high chemical
stability, the very small conductivity and the easy process technology.

Due to the transparency, low cost and good mechanical properties,
Plexiglas was used as holder for the sensor chip, which is encapsulated on
PBC (Fig. 5.1a, for the sensor see Fig. 4.3b). Because of these properties the
same material was also used as lid for the constructed electrolyte chamber
in order to prevent evaporation processes and alkalization of cell medium as
the result of CO, consumption at room temperature (see chapter 7). The
disadvantage of Plexiglas material is the small conductivity, which cannot
permit ground contact or screening of the sensor chip to electromagnetic
noise. Moreover, the possibility of electric charging can influence the sensor
signal by touching the lid during measurements.

A second measurements setup for the LTCC encapsulated sensor chip
(Fig. 5.1b, for sensor see Fig. 4.3a) is more electrically stable. It employs an
Al holder for electrical screening and mechanically robust contacts.
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Fig. 5.1: Measurements setup for AlIGaN/ GaN sensor characterization and
cells research a) on PBC, b) on LTCC.

Three types of reference electrodes can be used with these two systems
(Fig. 5.2):

» adouble cell glass reference electrode InLab from Mettler-Toledo,
which have an ARGENTHAL™ lead off and silver ion trap that
ensures that the electrolyte remains completely free from silver
ions,

» a self-made reference electrode with a 2 mm Ag/AgCl pellet
incorporated in an agarose gel from Fermentas [144] with 120 mM
KCI solution, and

» a leak free Amani reference electrode from Warner Instruments
with a unique chemically resistant, highly conductive (10 KQ), and
not porous junction.
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(1) Conventional glass electrode (Mettler-Toledo)

ST

(2) Selfmade Ag/AgCl - agarose gel electrode

(3) Leak free Amani electrode

Fig. 5.2: Reference electrodes use together with the measurements setup

The characterization of the different reference electrodes is discussed in
context with the noise and drift behavior in chapter 5.3.4. Both
measurements setups were successfully used to characterize the
AlGaN/GaN FET based sensors described in the next chapter as well as for
cell measurements (chapter 7).

5.3. AlIGaN/GaN sensor characterization

Before any performance of quantitative measurements, the sensors have
to be calibrated, which is accomplished using a known and well defined pH
buffer solution (in this case the MT standard buffer solution was used).
Calibration means to record the transistor characteristics, to establish its
working point and to determine the sensor sensitivity at different pH values.
A good pH sensor must show sensitivity to H" ions in accordance to the
Nernst law. The transistor characteristics are discussed in the following
chapter. Based on this, properties of the sensor such as signal to noise ratio
and drift behavior of AIGaN/GaN pH sensors are evaluated.

5.3.1. Sensors characteristics

First, the transistor characteristics of the AlGaN/GaN sensor were
recorded in neutral MT standard buffer solution at pH7. Fig. 5.3 shows the
output characteristics for an open gate AlIGaN/GaN FET grown by PIMBE
with gate dimensions of 2400 x 500 pm? and an AlGaN barrier thickness of
13 nm. The measurement setup for PBC encapsulated sensors was used and
the self made reference electrode with 120 mM KCI in agarose gel was
chosen.
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Fig. 5.3: Output characteristics of an AlGaN/GaN sensor in pH 7 and
different reference voltages. For comparison, the characteristics in air and at
pH7 without reference electrode are shown.

All these measurements are performed at constant temperature in
sequence without electrolyte mixing or other changes of the setup. For the
output characteristics /p(Ups), Ups was varied from 0...1.5 V and U, from
-1...+1 V. If a negative gate — source voltage is applied, the 2DEG is
depleted and negligible small current is flowing in the channel. With
increasing gate potential, especially in the positive range, higher drain —
source voltages are needed to bring the transistor into saturation regime.
Remarkably, if no stabilized reference potential is applied, the signal is
drifting very strong (Fig. 5.3). These measurements underline the
importance of the reference electrode in fluidic applications. Moreover, the
measurements accomplished in air without gate — source potential show
ideal Ohmic characteristics of the transistor contacts. The resistance it is
found to be about 500 Q. This resistance it is the result of the serial
connection of contacts, the wire resistance, the passivation resistance, the
Ohmic contact resistance, and the channel resistance. The channel
resistance can be related to the technological and geometric sensor
parameters as:

Rep Lt 1 L, (5.22)
wd enuW
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where W and L are the channel width and length, respectively, d is the
channel thickness, n; and u are the electron concentration and mobility in
the 2DEG, respectively. Using the parameters from table 4.2 (1, = 6.41*%10"
em” and u =798 cm?/Vs) and the gate dimensions (L = 500 pm and ¥ =
2400 um), a channel resistance value of 255 Q is obtained.

Fig. 5.4a shows transfer characteristics Ip(U,) for U, = -2...2 V at
constant Upg from 0.1...1 V. The characteristics for Upg= 0.5 V have been
recorded using two different reference electrodes. The transfer characteristic
of the classical glass reference electrode is shifted about U, ~ 53 mV to
negative vakues compared to the characteristics using a self made reference
electrode. This difference is caused by differences in the electrochemical
potential between the reference electrodes (see chapter 5.3.4).

In addition to the transfer and output characteristics, the dynamic
properties of the transistor are important. For a standard source circuit,
small signal parameters can be determined by partial differentiation:

(5.23)

gm:&]

ey ps=cons tant

For an ideal transistor, the transconductance g, is only dependent on
the barrier thickness, the channel dimension length L and width #, and on
the channel carrier mobility u. In the linear region, which is shown in the
Fig. 5.3 within the range of Ups between 0 and ~0.5 V, the
transconductance is independent on the drain-source current I, with:

ew

='uETUDS (5.24)

Em

In the saturation region the transconductance is dependent on the
square route of /p:

g, = N2uEly (5.25)
wd

The transfer characteristics (Equation 5.23) of the sensor and the
calculated transconductance are shown in Fig. 5.4a and b, respectively. The
transistor has a threshold of U,, = -1.2 V. The maximum transconductance,
which is marked in Fig. 3.4b for different drain-source voltages, represents
the maximum slope in the transfer characteristics in Fig. 3.4a.
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This maximum change of the drain current upon variation of U,
coincidences with the maximum sensitivity of the ISFET device and is
usually selected as the working point. In the present case, Ups= 0.5 V is
chosen due to an optimal signal-to-noise ratio (see chapter 5.3.4) and the
working point is at U,,,= -0.35 V with g,,= 0.756 mS.

Un VI | U, IV]
3.0 { self made reference electrode 1 1'4 -0.05/14.3x10"
(in agarose gel with A -
2.51120 mM KCl) 1] eVl B
: -0.23 / 10:dx10™
_20 0.7 _ 1.0]
72
é 1.51 glass reference 0.5 i 0.8
:: electrode o 0.6 1
1.0 0.3 041
i 0.7
0.5 01 0.2 05
0.0. : ' . 0.0+ - 8 ?
-2 -1 0 1 2 b) -2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0°

2 U, IV] U, IV]
Fig. 5.4: a) Transfer characteristics of a PIMBE grown sensor in pH 7 and
b) calculated transconductance. In (b) the maximum transconductance and
the corresponding U, of the working point is given.

The transistor characteristics were analyzed in more detail in
dependence on the W/L ratio, which is an important value that determines
parameters such as the transconductance and, thus, also the sensor
sensitivity. In Fig. 5.5, both the drain-source distance and the length of the
active area were taken into account. The length of the active area is shorter
due to the overlap of the passivation of the contact with the metallization
free area between the contacts. The overlap was 5, 15 and 50 um for the
MOCVD samples with smallest active area length of 35 um, the other
MOCVD samples and the larger PIMBE samples, respectively (Table 5.3).
While the sensing properties are determined by the active area length L,
while the drain-source distance L, is important for the transistor
characterization. Since the measurements have been performed in solution,
which is in contact only with the active area, both calculations are shown to
demonstrate that the way of calculation has minor influence on the
MOCVD grown samples, while it strongly effects the extracted parameters
of the PIMBE samples.
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Fig. 5.5: a) Sheet resistance of different sensors vs. w/L ratio for MOCVD
or PIMBE grown transistors. The calculation was performed using the
drain-source distance L, (full area) or the width of the active area L,
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Table 5.3: Sensor geometries used in this work (see annex 4).

PIMBE
W lum] | Lo [pm] | Lyew [pm] | W/Lget | W/Lrea
400 100 200 4 2
2400 100 200 24 12
2400 500 600 4.8 4
MOCVD
W [um] | Ly [wm] | Ly [pm] | W/Lyet | W/kiea
40 35 45 1.14 | 0.89
250 35 45 7.14 | 5.6
400 100 130 4 3.08
500 400 430 125 | 1.16
2400 100 130 24 185
2400 400 430 6 5.58
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The MOCVD grown sensors exhibit generally a lower sheet resistance
as expected from the electrical characterization (see chapter 4.2) and show
also substantially smaller scattering of the properties from sensor to sensor
than the PIMBE grown samples. This is mainly due to the higher annealing
temperatures for the contacts and the better material properties in MOCVD
grown heterostructures. With increasing of W/L value also the resistance is
increasing because of higher serial resistors on the chip. Since for all
sensors the same chip size was used, transistors with smaller gate lengths
required longer contact lines to the bonding pads (see sensor layout in the
Appendix) and therefore have a higher serial resistance. The high resistance
is the result of the curing of polyimide at 350°C which degrades the
electrical properties of the gold lines; however, the underlying mechanisms
of this degradation were not investigated further.

As a consequence, also the transconductance is affected by these serial
resistors and exhibits strong dependence on the W/L ratio (Fig. 5.6). The
expected linear dependence is present only for W/L < 10, for higher values a
deviation is observed, especially for PIMBE grown sensors.

3 =
A PIMBE R .
2.51 = MOCVD O =
.(\@‘ A |
- 2 S A
[75) ™ 60\ %
% 1.57 eﬁg,,,,, :
en R
I
051 m “I'A
0 /' T T T
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w/L

Fig. 5.6: The transconductance calculated from the transfer characteristics
of different sensors (PIMBE and MOCVD) at traced in MT pH7 buffer
solution using leak free reference electrode and Upg= 0.5 V.

5.3.2. Sensors sensitivity

A very important parameter for the characterization of AlGaN/GaN
ISFETs is its sensitivity to the pH value. As shown in introduction, GaN
based pH sensors were already realized and the high sensitivity to
hydronium ions were proofed [41, 42, 112].

89



According to these results, the sensitivity of the sensors can be defined
as the variation of the surface potential %, in dependence on the
concentration of hydronium ions in the electrolyte:

g= A% . (5.26)

H,0"

To be able to determine the pH sensitivity, it is necessary to measure its
transfer characteristic I versus U, for at least two different calibration
buffer solutions with known pH. In Fig. 5.7, the transfer characteristics in
three buffer solutions (pH 4, 7, 10) of a sensor with an active area 2400 x
500 pm? are shown. Here, the transfer characteristics is recorded by a
modulation of the drain-source current /5 as a function of the open gate
potential, which in the case of ISFET sensors is defined by the reference
electrode, while the source contact is on ground potential. Thus, Ugs = U,
and the concentration of ions defines the surface potential ¥ (see Fig. 3.6).

If the reference voltage is kept constant and the ion concentration in the
buffer solution is changed, than the surface potential is changing and as
already explained (see chapter 3.2). This modulates the sheet carrier
concentration and thus, the current /5. The surface potential is equivalent to
a series voltage to the reference voltage and therefore, with every change of
the surface potential also the transfer characteristic is shifted parallel to U,
axes to more negative gate-source potential for a positive charge and to less
negative potential for a negative charge. In this case the pH sensitivity of
the sensor can be written as:

_AU, (5.27)

M ApH

where AU, is the difference in reference potential for two buffer solution
with different pH. The determination of this shift at a given drain current is
called constant current mode.

If the current change upon pH value is determined at a fixed reference
voltage (constant voltage mode) the sensitivity can be written as:

s, Ay, AUy (5.28)
Lot ApH " ApH

where g, is the transconductance calculated as explained in the previous
chapter.

90



1.5[AU_ = 116 mV (pH,,) 2.1
1.2 AU= 167 mV (pHm) 1.8
—_ ApH =3 —15
E 0.9 ( p ) /’ E 1 2
=06 / Us=05V| =009
L] ]
0.6
03 —pH4
—pH7 0.3
0.0/ —pH 10|  0.0l____
20 -1.0 00 10 20 20
a) U, [V] b)

Fig. 5.7: Transfer characteristics of an AlIGaN/GaN ISFET (PIMBE) sensor
a) for three solutions with different pH values, and b) for different fixed
reference voltages.

Using these equations, the sensitivity of the sensor, which transfer
characteristics are shown in Fig. 5.7, is calculated. For the pH range from 4
to 7 a sensitivity S,; = 38.8 mV/pH or §;,, = 28.1 pA/pH and for the range
pH 7 to 10, S, =585 mV/pH or §;,, =46.1 pA/pH is determined. The
values in alkaline solutions are in good agreement with the 59 mV/pH from
the theoretic approximation using Nernst equation (see chapter 3.2.3.). All
measurements were done at room temperature. For the same sensor the
sensitivity was also determined for different Upg (Fig. 5.7b). A summary of
the determined sensitivities is given in Fig. 5.8.

Obviously, for this sensor the sensitivity in acidic solutions is lower
than in the alkaline region. It is an extreme example, where acidic and
alkaline solutions cause strongly different sensitivities. For these
differences, no systematic dependence on the sample geometry was found,
however, the behavior in Fig. 5.8 is inverted for MOCVD grown samples,
i.e., they have higher sensitivities in acidic than in the alkaline solutions.
Possible originating surface effects, which could be responsible for these
effects are discussed in more detail in the next chapter. It should be
mentioned that MOCVD and PIMBE grown samples have different carrier
densities in the confined 2DEG, and the corresponding field in the barrier
layer may affect the surface potential and, thus, the charge equilibrium. This
effect requires further simulation and is taken into account in this work.
Averaging the sensor response over all heterostructures and used geometry,
a mean sensitivity of 52 mV/pH and 46 mV/pH was obtained for PIMBE
and MOCVD grown sensors, respectively.
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Fig. 5.8: Sensitivities S, in mV/pH and S;,; in pA/pH at different Upg for
a PIMBE grown sensor with active area of L = 500 um and W = 2400 pm.

The general trend of increased sensitivity in constant voltage operation
(Fig. 5.8a) with increasing Upg is caused by Ohmic behavior of the 2DEG
channel. Dividing the sensitivity in uA/pH by the respective drain-source
voltage, also a relative linearity is obtained (Fig. 5.8b).

A determination of sensitivity for PIMBE and MOCVD sensors with
different WJ/L characteristics and different barrier thickness is also
illustrated in Fig. 5.9. Because the sensitivity depends on the surface
properties as will be shown later, it is necessary to make for every sensor a
calibration in known pH solutions before to use this sensor for unknown pH
determination. After calibration the determination of unknown pH values of
different solutions can be performed. The transfer characteristics are
recorded and after that the pH, can be calculated using the equation:

U,y l3)-U,,(15) , (5.29)
S

pHx szl +

pH

where U, is the potential, at which the transconductance reaches its
maximum (maximal linearity) for a known pH; buffer solution, and U, is
the potential for the transfer characteristics in the solution with pH, that
shall be determined. /', has a constant value, which is derived from the
sensor working point as explained in the next chapter.

The sensitivity of several PIMBE and MOCVD sensors is calculated
and presented as function of the W/L ratio in Fig. 5.9. Obviously, the
sensitivity S [uA/pH] follows the trend of the transconductance (Fig 5.6).
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Fig. 5.9: Sensitivity Sj,u (a) and Sy (b) versus W/L of sensors from PIMBE
and MOCVD grown heterostructures with different barrier thicknesses.

It increases linearly with small W/L ratios and shows strong deviations
for larger W/L > 10. In the linear region, the current / shows the expected
proportional dependence on W/L [145]. As in case of the transconductance
and due to the same technological factors, the sensitivity is nonlinear in case
of long active areas. This behavior is mainly present in PIMBE sensors.

As mentioned before, the mean sensitivity of PIMBE grown sensors is
closer to the Nernst law. One of the main reasons might be the strong light
sensitivity of MOCVD grown sensors [42, 140], which also causes strong
scattering of the sensitivities from sensor to sensor seen in Fig. 5.9. One of
the most important outcomes of these investigations is that the sensor
characteristics are most stable in constant current mode for high W/L ratios,
where also MOCVD grown samples exhibit sensitivities S > 50 mV/pH.
However, since at the time of this investigations the MOCVD grown
samples exhibited a strong light sensitivity, for the cell transistor coupling
measurements the PIMBE sensors were use and a signal characterization as
function of multiple noise sources is presented in the next part.

5.3.3. Working point

The working point of the AlIGaN/GaN ISFET defines its sensitivity and
is very important for further characterization. To choose the working point
of a transistor, first of all its transfer characteristic in a known pH buffer
solution has to be recorded. In both modes (constant current or voltage) a
constant value of Upg must be determined. Large values of Upg lead also to
high g, (see Fig. 5.4) however; increasing Ups enlarges also the potential
difference to the reference electrode, which can cause unwanted parasitic
effects such as leakage currents and passivation damage.
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Fig. 5.10: a) Leakage current of the reference electrode /.. versus U, for
different Ups. b) Equivalent circuit for the explanation of the leakage
current.

For positive U, the AlGaN/GaN heterostructures shows forward
characteristics of a diode (Fig. 5.10a), which results in an increased leakage
current /.., from the reference electrode to the gate. This current additionally
depends on the voltage Ups. With increasing of Ups, the current is
decreasing. These can be explained by a voltage drop Us; on a serial
resistance Rg; (Fig. 5.10b). As a consequence, the effective reference
voltage to the gate U*,.gf, which finally defines the operational point, is
smaller than the externally applied reference voltage U, (U*,ef= Uyer- Ust)
and thus, depends on Upg:

* R
Ul =U,, —Upy ——2 - (5.30)
RSI + RSZ

This effect needs to be considered for the selection of the working point.
The origin of the serial resistance can be the metallization as well as the part
of the active area, which is covered by the passivation and therefore is
unaffected by the electrolyte.

For most of the measurements Ups = 0.5 V was chosen. In this case,
Uyeris ~ -1 to 0V for PIMBE grown sensors and the corresponding leakage
current /..cto the gate at the working point is in the pA region. As shown
above, by differentiation of the transfer characteristics U, is obtained,
where the transconductance reaches its maximum. At this working point the
transfer characteristics are approximately linear and the sensor has its
maximum sensitivity (Fig. 5.11).
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Fig. 5.11: Sensor output characteristics Ip vs. Upg for two different
reference potentials. At -0.35 V the transconductance has its maximum and
the sensor its maximum sensitivity at Ups= 0.5 V.

In constant current mode, the reference voltage is modulated to keep
the drain-source current constant. This alteration in U,y is equivalent to the
changes of the surface potential in dependence on the chemical environment
in the electrolyte. In constant voltage mode, Ups and U, are kept constant
and the variation in [, is measured.

In this work, the constant current method was chosen for the cell-
transistor coupling experiments in order to avoid the influence of variable
surface potential to the adherent cells.

5.3.4. Noise and drift

In the measurement setup as described before, several source of noise
appear. External noise sources (thermal, electronic, light) are discussed and
quantified elsewhere [112]. Noise originating from the heterostructure and
its interaction with the electrolyte has a level of about 100 nA. In the case of
cell measurements, additional noise caused by the biochemical processes
appears which can decrease or increase the overall noise level: decreasing
due to the stabilization of the surface chemistry, and increasing if the
additional source is stronger. The stabilization effect is caused, because the
cells need some couple of days to proliferate on the active area. At the end,
the noise level is decreased to 20 — 50 nA.
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Fig. 5.12: The measurement setup used to record the sensor signal (glove
box with sample loading from a laminar box (right) and the PC for
monitoring the signals (left)).

In any case these values of noise are acceptable, if we take in
consideration that the sensor response to extracellular potential is between 1
and 15 pA. For minimization of the external source it is recommended to
perform the measurements in an electrically well isolated box. For the
transistor-cell coupling experiments in this work, a glove box is used (Fig.
5.12), which provides also special conditions for the measurements such as
constant temperature, humidity, pressure and atmosphere composition. In
this glove box, also the light sensitivity of the sensors can be controlled by
running the measurements in constant light flux [42].

For the recording of the electrical signals, a “Source-Measurement-
Unit” from Agilent is used. It ensures stable potential and good cable
isolation against electrical noise. To control this system, a computer and a
program in LabView is used [146].

In addition to the noise, a signal drift appears during the measurements,
which is a common problem for all chemical sensors. To control the
magnitude of drift, the sources of it have to be identified. First, the drift
influence from the reference electrode is studied by recording the difference
in potential for the three simultaneously used reference electrodes (Fig.
5.13).
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Fig. 5.13: a) Differences in U, for three pairs of reference electrodes in
three different electrolytes: pair I: MT glass electrode against Amani
reference electrode, pair II: Amani reference electrode against agarose gel
electrode with 120mM KCI, pair III: Amani reference electrode against
agarose gel electrode with 1.7M KCIl. b) Sensor signal using two different
type of agarose gel solutions.

Three different electrolyte solutions were used for characterization: 3M
KCl, buffered cell medium with a constant pH 7.5, and MT pH 7 buffer
solutions. The 3M KCl solution is identical to electrolyte inside of the glass
and Amani reference electrodes. The potential difference between the two
electrodes was found to be stable about -5 mV for more than 2000 s, which
corresponds to an offset of ~pH 0.1. Theoretically, the potential difference
has to be close to zero, however, the two electrodes are quite different in the
construction and this causing the observed potential difference.

In case of Amani electrode against agarose gel electrodes in 3M KCI
solution, the signal is not stable and a drift of about 10 mV is observed for
small concentrated agarose gel. The drift is the result of the smaller KCl
concentration in the agarose gel compared to the electrolyte and the
potential difference is decreasing in time due to diffusion of ions from high
concentrated solution into the agarose gel. As smaller the concentration in
the agarose gel as larger is this drift. This effect is obvious comparing the
differences of the reference potential AU,,,~ 10-20 mV for agarose gel with
1.7 M KCIl and AU,,~35-55mV for 120 mM KCI. In buffered cell
medium and MT pH 7 solutions, the difference in potential is increasing in
time due to the diffusion of CI ions into the KCl-free electrolyte. It has to
be noted that for the differently concentrated agarose gels, the slope of the
recorded curves is the same.
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A potential difference of about 60 mV is found for the Amani reference
electrode against 120 mM KCl agarose gel reference electrode in MT pH 7
buffer solution, which is in perfect agreement with the difference of 53 mV
found in transfer characteristics of a sensor comparing two difference
reference electrodes: the agarose gel reference electrode and glass electrode
(see chapter 5.3.1.).

The shift of about 30 mV between the potential differences between the
Amani and the two different concentrated agarose gel reference electrodes
as well as the changing behavior in dependence on the environment clearly
demonstrate that the miniaturized self made agarose gel electrode is not
suitable for quantitative determination of the pH value in an unknown
solution. However, these large differences influence not critically the sensor
signal (Fig. 5.13b). Thus, the electrode can be used for relative
measurements of changes in an electrolyte or for quantitative measurements
after calibration prior to the experiments. In this work, these 120 mM KCl
agarose gel reference electrode was used for the transistor-cell coupling
experiments because of its low concentration of Cl" and K" ions, which
prevents the out-diffusion into the cell medium and its impact on the cells
experiments.

Another major factor that can influence the sensor signal and create
drift is the sensor contact passivation. As already shown (chapter 4.1.2.4),
polyimide was used for this purpose due to its excellent chemical stability
[134]. To proof its stability in electrolytes, the sensor signal I, vs. time was
recorded for a PIMBE and MOCVD grown sensors with 1.5 pm thick
polyimide on the active area (Fig. 5.14).

2.199¢" MOCVD 250 x 35 pm? 1 612{ MBE 600 x 200 pm?
2.1971 pH 4 MT buffer|  g10
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....................................... . pH 7 MT bufter
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Fig. 5.14: Sensor signal for (a) MOCVD and (b) MBE grown sensors with
the active area completely covered by polyimide in different MT buffers.
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Standard MT buffer solutions with three different pH values (4, 7 and
10) served as electrolyte and a glass electrode as reference. The signal was
stable all over the recorded time. For comparison, another sensor from the
same chip with an open active area was measured at the same conditions.
The noise was about 160 nA and 550 nA in case of MBE and MOCVD
grown sample, respectively. The measurements are summarized in table 5.4.

Table 5.4: Summary of drift experiments for PIMBE and MOCVD sensors
with (index “p”) and without (index “0”) polyimide passivated active area.

Sensor PIMBE MOCVD
AlGaN barrier | [nm] 13 15
Active area [umz] 600 x 200 250 x 35
So [mV/pH] 58.2 71.7
[LA/pH] 27 63.7
Sy [LA/pH] 0.5 7.3
S,/Se [%] 1.85 11.4
Ip,at pH4 [LA] 310 804
Ip, at pH4 [LA] 607 2200
. [mS] 0.45 0.92
Uper V] 0.5 25
Ups V] 0.5 0.5
061 in MT pH 4.-10 buffer' solutions
’ with passivated active area
0.5+
g 0.4
= L after I{H 4 al‘mQ)H 10 pH 4
= 03]
) pH 7
0.1+ r T r r T T
0 50 100 150 200 250 300
t[s]

Fig. 5.15: The recorded sensors signal from subsequent measurements with
the PIMBE sensor in pH 7 /4 /7 /10 /7 and comparison to the signals in
the same electrolytes using a completely passivated sensor (upper curves).
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Both types of sensors are affected by the electrolyte even if the active
area is completely covered by the passivation. This phenomenon can be
caused by moisture uptake of the polyimide or by selective ion diffusion
through the passivation. Table 5.4 shows that the influence on the 2DEG
channel in a PIMBE sensor is lower (1.85%) than for an MOCVD sensor
(11.4%). The origin of this difference was not further investigated. It can be
due different roughness or chemical composition of the sensor surface in
dependence on the growth method. It also has to be noted that the used
MOCVD grown sensor exhibit a strong non-Nernstian behavior, which
could be amplify the observed parasitic effects.

It is known that the group III nitrides can be etched in alkaline media.
A pH of 10 represents a strong alkaline electrolyte and during the
measurement, the (Al)GaN surface or the thin surface oxide layer degrades
and the sensor signal is decreasing. After the surface cleaning in deionized
water and drying in nitrogen flux, the surface is not completely recovered
and for this reason, subsequent measurements at pH 7 yield a smaller
current (Fig. 5.15). Also this phenomenon was observed to be smaller in
case of the PIMBE grown sensor.

The mentioned 1.85% shift from the polyimide passivation has a
relative small influence on the sensor signal that can be observed in the
beginning of the measurements and described as a memory effect (see
figure 5.15). After the first 50 s, the passivation is stable but up to this time
other factors contribute to the signal drift. The same measurements were
repeated for a passivated sensor with a thick polyimide layer of about
2.5 um. In the case of the sensor with completely passivated active area, the
noise and the reference current was found to be in pA region, which is a
very high value. Also on the sensor with open active area similar drifts were
observed and the recording of current in time was practical impossible due
to high signal instability. Thus, the use of a thick passivation layer is not
recommended.

For cell-transistor coupling experiments, the drift in sensors with thin
layer polyimide passivation is negligible because of the long proliferation
time, which the cells need to cover all the active area (see chapters 6 and 7)
and because of the small changes in the cell and cell medium composition,
(i.e., ApH ~ 0.5) during the experiments. In any case, the PIMBE grown
sensors were used for the cell-sensor coupling experiments. For this reason
the influence of different electrolyte solutions to the PIMBE sensors signals
was further studied.

100



For these experiments, a couple of sensors with different active areas
provided from the same wafer were used. The PIMBE grown
heterostructure with an AlGaN barrier thickness of 13 nm is the base for the
analyzed sensors. The transfer characteristics were recorded three times
successively in neutral (MT pH 7) and acidic (MT pH 4) electrolyte
solutions, followed by the same sequence for neutral (MT pH 7) and
alkaline medium (MT pH 10). For extracellular recording of cell potential,
it is important to evaluate the sensor drift at small pH changes in alkaline
electrolytes, which was performed in phosphate buffer solutions with pH 7
and pH 8. In every measurement, the value of I, is decreasing, which leads
to the shift of transfer characteristics to a smaller surface potential. This
shift was taken into account by using the first measurement as a reference
for every sensor (i.e. the recorded transfer characteristic in neutral pH 7
buffer solutions).

The measurements results are presented in Fig. 5.16a, where the
measured voltage difference AU, for every measurement performed in the
described sequence to the starting value is plotted. The largest shift is
observed for sensors with narrow active area, i.e. small L (dark squares).
For the successive measurements switching only between acidic (alkaline)
to neutral electrolytes (i.e. pH 7/4/7/4... or 7/10/7/10..., squares in Fig.
5.16a), a stabilization of the sensor signal can be observed after 2-3 cycles.
In contrast, for the sequence of Fig. 5.15 (7/4/7/10/7/4/7/10..., triangles in
Fig. 5.16a), a remarkable stronger scattering of the data and no signal
stabilization can be observed.
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Figure 5.16: The shift of the transfer characteristics (a) and the change of
sensors sensitivity (b) after successive measurements in different pH
solutions.
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Finally, the measurements in phosphate buffer solutions, which covered
a pH change between 7 and 8 only (Fig. 5.16a, right side), also revealed a
shift in the transfer characteristics and stabilization after a few cycles.
Similar to the experiments in MT solutions, the drift is higher for sensors
with small active area (dark squares). Remarkably, also for sensors with
larger active area the drift is high, when the sensor was not in use before the
experiments, which underlines the importance to consider a stabilization
time for the sensor prior to quantitative measurements

The calculation of the sensors sensitivity after every couple of
measurements (Fig. 5.16b) demonstrates that after the first two
measurement cycles the sensitivity is becoming relative constant and the
standard deviation was found to be below 10%. For the sensors with small
active area, memory effects seem to play an important role in amplifying
the drift effect at least in phosphate buffer solution. The deviation of the
transfer characteristics in neutral MT buffer solution is summarized in Fig.
5.17. Again, the biggest shift is present in case of small active area sensors.

The above discussed measurements have been performed in the
constant current mode. The same shift is present also in the case of constant
voltage mode, i.e. the recording of the drain source current versus time (Fig.
5.18a). Here, the sensor with the large active area (2400 x 500 um?) was
used. The reference voltage was kept constant at a value of -0.35 V, which
represents the point of maximal transconductance for this device at a drain-
source voltage of 0.5 V.

8% W after pH 4
m after pH 10
m afterpH 8
6%
z
= 4%

2% I
09, —— ” L s
400*100  2400*100 2400*500 (1)2400*500 (2)

Sensor active area WxL [pm?]

Fig. 5.17: Relative shift of the transfer characteristics for the successive
measurements in different pH solutions from Fig. 5.16
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As expected, similar to the observed shift of the transfer characteristics
to smaller voltages, also the measured drain—source current decreases in
time (Fig. 5.18b). If the working point it is changed to another drain—source
voltages, the drift in time is decreasing with the applied voltage (Fig.
5.18b). In the same time, also the current value is decreasing (Fig. 5.18a)
leading to a decreased sensitivity (see chapter 5.3.3). The normalized drain-
source currents versus time are compared in Fig. 5.18b. It is obvious that the
sensor signal drifts stronger in acidic or alkaline buffer solutions. After
about 400 s the sensor signal stabilizes. The reaction of the sensor in neutral
MT pH 7 buffer solutions depends on the previous experiment. After
measurements in acid solutions, the drift is almost the same and the sensor
signal is shifted to smaller current values. In contrast, for measurements
after exposure to alkaline solutions, the current value is increasing in time
and tends to approach the same value as during the first measurement in
neutral buffer solution. Obviously, the subsequent exposure to acidic and
alkaline solution can partly neutralize the drift. Consequently, the drift and
memory effects in the sensors are strongly related to diffusion of ions, most
probably hydrogen and alkaline metals in the passivation.
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Fig. 5.18: (a) Sensor drift /p(¢) in different pH buffer solutions and for
different drain source voltages. (b) Normalized sensor drift /(7).

In summary, all the sensors exhibit a strong drift independent of the
measurement conditions, which complicates quantitative measurements.
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However, for the study of cell reaction to different inhibitors the signal
changes are expected to be small and the long preparation periods necessary
for the proliferation of cells ensures a stabilization of the sensor signal as far
as possible. Moreover, most of the drift can be neglected due to the fast
response of cells. Consequently, even if quantitative pH sensing cannot be
assured, the cell-transistor coupling can be studied. In addition, drift was
found to be more pronounced for MOCVD grown sensors and for small
active areas. It should be noted here that for previously published coupling
experiments of AlGaN/GaN transistors with cardiac myocyte syncytium,
MOCVD grown transistor arrays with small active area have been used
[19]. Such smaller transistors have a high potential for spatially resolved
analysis. The origin of the poor properties of the MOCVD grown and the
small area transistors in this work might have technological reasons;
however, these effects were not further investigated. For this reason, the
cell-transistor coupling experiments, which are described in chapter 7, were
performed using sensors with large active area. Before such experiments
can be performed it is necessary to know the biocompatibility of the sensor
surface and the influence of different treatments on the proliferation of cells.
This topic will be discussed in detail in the next chapter.
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6. AlGaN/GaN based biosensors

6.1. Functionalization of sensor surface.

With the mechanisms described in the precedent chapters and the
excellent stability, group III nitrides bear a high potential for biosensing
applications. Fig. 6.1 illustrates how the basic AIGaN/GaN heterostructure
can be employed for sensing applications and which kind of surface
functionalization can be used. The different approaches to facilitate the
connection of the biological recognition system to the transducer element,
i.e. the AlGaN/GaN ISFET, are described in the following section. The
oxidation of the GaN surface, the coating with ion selective membranes and
finally the attachment of biomolecules to the surface are presented by
means of the results published in recent years. An overview of the different
functionalization steps is given in table 6.1.

Cell- FET for Au-thiol based silanization based direct
direct monitoring of  functionalization  functionalization  covalent bonding
cell activity ST
> L A N L))
i _ PSSSSASSS oSO ) LG CGOHEOHE
~ x P _——
o sensifive gate Ohmic
paslswallon /GaN cai / contact
basic AlGaN/GaN AlGaN
IDEG GaN

sensor structure

AIN
AlO;, substrate

mem molm el
Pt (Pd) gated FET open gate FET  ionophore/membrane nanowire
for hydrogen for pH covered ISFET gated FET
sensing monitoring

Fig 6.1: Schematic overview illustrating the surface functionalization and
possible applications of the AlGaN/GaN heterostructure for biosensors (up)
and (bio-) chemical sensors (down) [147, 148].
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6.1.1. Oxidation

Oxidation of the GaN surface is one of the most basic functionalization
for AlGaN/GaN ISFETs. It gives insight into involvement of Ga,Oy in the
sensing mechanism, serves as basis for covalent binding of functionalizing
molecules through hydroxyl groups [158] and is advantageous for stable
attachment of lipid membranes and therefore whole cells as well [79]. A
thin oxide layer is already formed shortly after the exposure of the ISFETs
to air as confirmed by XPS [78, 108, 165-167]. Although the pH response is
mostly attributed to this oxide layer, no systematic investigation of the
effect of intentional oxidation on the sensor characteristic has been carried
out so far. The contribution of Ga,O, to the pH response was recently
questioned by Kokawa et al. [168]. They pointed out that Ga,O, is soluble
in alkaline solutions, which would impair the stable operation over a wide
pH range. Such solubility was observed under wet etching conditions, i.e. in
NH4OH for 15 min at 50°C, and the etching of stoichiometric Ga,0; is
documented only for hot acids [169]. Hysteresis effects and deviations from
a linear response of the sensors at pH > 10 indeed indicate the influence of a
degraded surface oxide on the sensing behavior.

For the thermodynamically and mechanically stable attachment of lipid
membranes Steinhoff et al. [79] state that the wetting behavior of the
membrane/semiconductor surface has to be optimized. Thermal oxidation of
the surface was found to lower the wetting angle. Increased Al content in
AlGaN results in a further reduction of the wetting angle. In addition,
N-face material revealed a lower wetting angle than metal-face and XPS
analysis showed the enhanced formation of native oxide on the surface with
N-face polarity [166]. Further studies revealed the smallest contact angle of
about 5° after wet chemical oxidation and thermal oxidation at temperatures
between 650°C and 750°C (Fig. 6.2) [79]. For the best oxide layer, which
was obtained at 650°C, the sheet carrier concentration density in an
AlGaN/GaN transistor structure decreased about 50% [79].

Similarly, oxidation of ISFET gates can be carried out by rapid thermal
processing at slightly increased temperatures between 700°C and 800°C in
oxygen [167]. With increasing temperature, the oxygen concentration at the
outermost surface decreases slightly, whereas a considerably higher amount
is detected in the bulk, which is finally responsible for the degrading of an
AlGaN/GaN transistor at higher oxidation temperatures.
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Fig. 6.2: Contact angle on oxidized GaN and AlGaN with Ga- and N-face
polarity after wet and dry oxidation as a function of oxidation temperature.
For comparison, the contact angles on wet chemically oxidized samples
(H,0, at 109°C) and non-oxidized, HF-cleaned samples are shown [79].

The contact angle increases from 5° directly after oxidation to stable
42° after a few days exposed to air (Fig. 6.2). This effect is attributed to
contamination with carbon and carbon containing species [78].

6.1.2. Technology impact on the surface properties

Further studies on the impact of typical device processing steps (KOH,
HCI, HF wet chemical etching, SF¢ and Cl plasma etching) on the surface
properties of GaN based chemical sensors were investigated with emphasis
on wetting behavior, chemical composition, biocompatibility and electrical
performance of the sensor [78]. KOH free developer has been used since
KOH is known to attack group III nitrides [76, 170, 171]. The influence of
KOH was investigated by etching the sample in pure solutions with a
concentration of 15% for 30 s at room temperature and 70°C. Exposure to
HF and HCI solution is a standard cleaning procedure that produces the
lowest coverage of oxygen and carbon on GaN. The influence of 10% HF or
15% HCI baths for 5 min at room temperature was studied. ICP mesa
etching in Cly/Ar gas mixture [172, 173] was used to create 3D structures
and to laterally confine the active area of the sensor (see chapter 4.1.2.2).
For the fabrication of free standing microelectromechanical systems
(MEMS) on silicon, usually an undercutting of the nitride heterostructure by
electron cyclotron resonant (ECR) plasma etching in Ar / SF¢-CF4-CHF;
mixtures [174] is performed.
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10 nm

80 nm

Fig. 6.3: Non-contact AFM images of AlGaN/GaN surfaces (5x5 um?) a)
after growth, b) chlorine and c) fluorine dry etching, and d) KOH etching.

Thus, in this study also the impact of the fluorine based plasma
processes on planar AlGaN/GaN heterostructures grown on sapphire was
investigated. For biocompatibility tests, first the surface of the nitride
heterostructure must be sterilized. Two different sterilization methods are
explored, one is the autoclaving procedure in water vapor for 20 min at
121°C and another one is a room temperature method of sterilization by
washing in ethanol for 20 min and drying in nitrogen. This second method
is used later on also for cell - transistor coupling experiments (chapter 7).
As biological model systems the widely distributed mammalian cell lines
HEK 293FT and CHO-K1 are used. Biocompatibility test are described in
more detail in chapter 6.2. In this chapter only the influence of the
treatments on the surface after such tests is discussed.

After MOCVD growth of AlIGaN/GaN heterostructures the roughness
measured by AFM is about rms ~0.9 nm (Fig. 6.3a). KOH based solutions
are preferentially etching defects of the GaN and AlGaN layers leading to
local etch pits at the surface (Fig. 6.3d). Such pits can short-cut the 2DEG to
the active surface resulting in a drastic decay of the sensor performance (see
electrical characterization below).
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In the case of Cl, dry etching, the roughness increases to rms ~2.8 nm
(Fig. 6.3b). A positive effect was observed in case of the SF¢ plasma etching
process in which the GaN surface roughness decreased to rms of ~0.4 nm
(Fig. 6.3c). All other technological processes or surface treatments
including the cell adhesion are not changing the roughness and no
additional treatment-induced features could be recognized.

The XPS analysis of the surface composition was strongly affected by
the low conductivity of the sapphire substrate, which results in surface
charging. Therefore all photoelectron spectra were shifted by setting the Ny
main peak to 398.3 eV binding energy [175]. Due to the capping of the
AlGaN/GaN heterostructure, the XPS measurements mainly consist of
signals from the 2 nm thick GaN cap layer and only a weak Al signal is
observed, because of the relatively low cross sections of the Al and Al,,
core levels. The inelastic mean free path of the generated photoelectrons in
GaN varies between 0.9 nm and 2.6 nm for the energy range of interest
(kinetic energy 300-1500 eV), limiting the information depth for the
performed XPS measurements to approximately 5 nm.

The impact of different etching treatments on surface composition can
be deduced from the spectra in Fig. 6.4; all detected elements are indicated.
After wet chemical etching with KOH, HCI and HF, trace amounts of
residual material from the solutions were detected on the surface (K, ClI and
F). No changes in the peak energy and shape of the Ga and N core level
spectra were observed after acid treatment in KOH, HCI or HF solution.
Only treatment with HF and HCI caused partial de-oxidation of the surface.

More drastic changes are observed after physical etching. Especially
for SF¢ plasma treatment, fluorine is accumulated onto the sensor surface
(Fig. 6.4f). Furthermore, a strong increase in the Oy, signal is observed after
the samples have been prepared by plasma etching and being transferred at
ambient conditions, accompanied by a strong reduction in the N signal.

A more detailed analysis of the Ga,30, Gasg, Nis and Oy core levels
related to the influence of the plasma processes is shown in Fig.. 6.5. The
full width at half maximum (FWHM) of the Ga,3, and Oy, levels increases
drastically after the plasma step. The Ga,ps, peak can be fitted using two
components: Ga-N bonds at 1118.6 eV and Ga-O bonds at 1119.4 eV. On
samples after plasma processing, the intensity of the latter one is strongly
enhanced. The same behavior was observed for the Gazq peak (not shown)
where the two different chemical states are located at 21.1 eV and 21.9 eV.
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Fig. 6.4: XPS survey scans of the sensor surface: a) untreated, after wet
chemical etching in b) KOH, ¢) HCI and d) HF and after processing in ¢)
Cl, or f) SF4 plasma.

Observed bond energies are in good agreement with reported values on
n-type GaN [175-178]. An increased intensity at the high binding energy
side of the Oy, peak is connected with the removal of emission at 401.3 eV
in the Ny, signal (which is related to N-O type bonds) is observed.

It is known that plasma processes result in nitrogen deficiency and
formation of metallic clusters on the surface [179]. The observed changes in
the relative intensity of the core levels as well as their peak shape changes
lead to the conclusion that during plasma etching a metallic phase is formed
on the surface. When exposed to ambient conditions, these surfaces are
directly oxidized due to the high reactivity of metallic Ga, resulting in the
formation of gallium oxide on the surface. This has strong influence on the
measured contact angle and the electrical properties as will be shown below.
In comparison to untreated samples again no significant changes in the peak
energy and shape of the Ga and N core level spectra were observed for
samples which were sterilized by water vapor or which were cleaned after
contact to the HEK 293FT or CHO-K1 cells in with their cell media.
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Fig. 6.5: XPS Gayysp, Gazg, Nig and Oy core level spectra a) of the untreated
sensor surface and b) after surface treatment by Cl, plasma and c) SFs
plasma. All peaks are normalized to the Gasq peak area.

These results are in agreement with the AFM measurements (Fig. 6.3).
Nevertheless, biological treatments increase the amount of contaminations
seen by the increase in the C;; and Oy intensities in Fig. 6.6. Especially
autoclaving increases the amount of carbon. Furthermore, samples which
had contact to cells and/or cell medium showed trace amounts of residual
metal elements like Zn, Ca and K, originating from the nutrients in the cell
medium itself (see Fig. 6.6). Therefore cleaning in polar and non-polar
solvents is not effective to remove the organic material stemming from the
cells as well as the various components of the cell media completely. It can
be expected that this contaminating, especially the remaining alkali metals,
will influence the sensor signal and its long term stability.
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Fig. 6.6: XPS survey scans of the sensors: a) untreated, b) autoclaved, c)
after storage in cell medium, after adhesion of d) of CHO-K1 e) HEK
293FT cells. Samples b)-e) were additionally cleaned in acetone and water.

The difference of the contact angle to water after different etching
treatments with respect to the angle on the untreated surface is shown in Fig
6.7. Most of the investigated treatments change the wetting behavior of the
surface; however, after a few hours at environmental conditions the starting
value of about 50° is recovered. The strongest influence had the HF and the
SF¢ plasma etching process. In the case of SF¢ plasma etching, the contact
angle decreased strongly due to the formation of a thin surface oxide as
described before. In contrast, HF etching appeared to be more stable on air.

Fig. 6.8 shows changes in the sheet carrier concentration Ang of the
2DEG after the exposure to different media. Except for the fluorine plasma
treatment, the carrier concentration decreases after first exposure. A similar
trend was observed for the electron mobility, i.e., the electrical performance
of the sensor device degrades after initial use. Cl plasma homogeneously
etches group Ill-nitrides (Fig. 6.3b) and consequently, destroys the AlGaN
barrier and prevents the formation of a 2DEG. Similarly, KOH etching
locally destroys the AlGaN barrier by the formation of etch pits (Fig. 6.3d).

116



Cldry (a)
Cl dry (b)
HF wet (a)
HF wet (b)
HCI wet (a)
HCI wet (b)

—~
«<
~
)
S
=
=

F dry (b)

autoclave

change of the contact angle [°]
=

Fig. 6.7: Difference of the contact angle to water before and after different
treatments: a) and b) represent measurements immediately after treatment
and after one day, respectively (F dry: SF¢ plasma, CI dry: Cl, plasma
treatment. Autoclave was performed after cell adhesion experiments.).
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Fig. 6.8: Difference in the sheet carrier concentration Ang before and after
the exposure to different media.

By wet chemical etching, the sheet carrier concentration of the 2DEG
decreases due to the removal of the thin oxide layer (Fig. 6.4c,d), which
passivated the sensor surface. After the contact to cells or cell media, the
high contamination level on the surface is responsible for the reduction of
the carrier concentration.
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Only in the case of fluorine plasma treatment an improvement of the
electrical performance was observed. XPS revealed a strong increase of the
surface oxygen concentration due to preferential nitrogen removal and the
subsequent oxidation of the remaining group III elements on the surface.
This homogenous oxide layer is responsible for a passivation of the sensor
surface resulting in the observed electrical improvement. A summary of the
observed positive or negative effects of the treatments on the surface
properties is given in table 6.2.

Finally it should be noted that the modification of the wetting behavior
(Fig. 6.9) of the gate area of AlIGaN/GaN ISFETs and the surrounding parts
enable the confinement of liquids to the active area (Fig. 6.9c), which
becomes important for the measurements in droplets [160, 180, 181-183].
As described before, the oxidized gate surface is hydrophilic, while
hydrophobic behavior with a contact angle about 100° can be achieved by
the deposition of fluorocarbon layers in an inductively coupled RF plasma
etching system (ICP) (Fig. 6.9D).

Tab. 6.2: Summary of the impact of different surface treatments on the
surface roughness (rms), the contamination with carbon, oxygen and other
elements (ions are Zn, Ca, K), the contact angle @, and the sheet carrier
concentration in the 2DEG. Arrows up and down mean increasing and
decreasing value, respectively, circle: no change, in the case of rms and
2DEG + and — displays improving or degrading effect, respectively [78].

rms C O cont. ¢ 2DEG
F, dry etch A(+) o M F N M(++)
Cldryetch 2 () o # () N
HF, wet etch o X (F) W
HCI, wet etch o X (C) X
KOH, wetetch # (=) © o K ¥ ¥ (-)
autoclave M A M
CHO-K1 A A jons A
HEK293 FT A A jons A
DMEM A A jons O
FCS A A jons O X (-)
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a) b)

Fig. 6.9: (a) Hydrophilic and (b) hydrophobic AlGaN surface obtained by
oxidation and CF, coating, respectively, (¢) nanodroplet confined on the
hydrophilic active area of an AlGaN/GaN sensor with hydrophobic
surrounding [180].

6.1.3. lon selective membranes

The sensitivity of GaN films and AlGaN/GaN ISFETs to ions was
demonstrated for a number of different anions in aqueous solutions (CI’,
HPO,?, ClO,, Br, NO;, SCN) [114-116].

However, for practical applications as ion sensors, selectivity towards
specific ions has to be achieved. For Si-based ISFETs selective detection of
K" [184] and Na" [185] was demonstrated using polymeric ion selective
membranes.

For AlGaN/GaN ISFETs the simplest functionalization to enhance
selectivity was accomplished depositing a thin (~20 nm) Au film on the
open gate [98], which resulted in a increased of sensor response on halide
ions (F" and CT) (Fig. 6.10).

75+
0f—5— & ¢ —w»—v |
65 '——/ IS A

A gateless, NaF
30k v gateless, NaCl
4+ M Au gate, NaF

® Au gate, NaCl
20
10 J_A/J—’r'—r’_.
0 = - - - -
0 600 650 700 750 800
concentration [M]

current I, [mA]

Fig. 6.10: Dependence of the drain current on different concentrations of
CI" and F" using a bare and an Au gated AlGaN/GaN ISFET [98].
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While no discernable increase in the sensitivity towards F is observed,
the sensitivity towards Cl is considerably higher using Au gated ISFETs.
This effect was attributed to the more rapid and stronger adsorption of CI’
on Au surfaces compared to the adsorption of F". The Au film was also the
basis for the functionalization with thiol-groups (SH-C;s), which formed a
self-assembled monolayer and can be used to immobilize biomolecules such
as DNA fragments (chapter 6.3).

Higher selectivity to ions can be achieved by covering the AlIGaN/GaN
ISFET gate with polyvinylchloride (PVC) membranes doped with ion-
selective ionophores. This technique was successfully employed by
Alifragis et al. [113] for the selective sensing of K, NH,", Na', and NOy°
(Tab. 6.3). In the case of K, the sensor showed a high selectivity and a
good stability and reproducibility. The selectivity coefficient log(Sk/S;) of
K" to another ion i is in the range of -3 to -4 against Na', Li", Mg*" and Ca**
and -1.2 against NH,".

Tab. 6.3: Sensitivity to specific ions using AIGaN/GaN ISFETs coated with
polymeric ion-selective membranes [113, 186, 187].

ion detection linear range | Sensitivity
limit
K" 3.110°M | 10°-10°M | -52.4 mV/pK"
NH, | 5.410°M | 10°-10°M | -55.5mV/pNH,"
Na" | ~10°M 10°-10°M | -45.6 mV/pNa"
NO; | 9.410°M | 10°-10°M | 61.1 mV/pNO;"

The modification of ISFETs using specific ion channels of lipid
membranes represents a special kind of ion selective membranes (Fig. 6.11,
[40, 79, 188]. In a first step, Steinhoff ef al. showed that it is possible to
deposit a homogeneous, void-free lipid membrane on an oxidized AlGaN
surface. The lateral diffusion constants of the membrane were measured
using constant photobleaching analysis. According to the authors these
constants did not depend on the chemical surface composition and the
electrochemical surface charge, contrary to previous results on different
metal/semiconductor electrodes. In a further step the membrane could be
doped with ionophores to achieve ion selectivity.
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lipid bilayer
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Fig. 6.11: Schematic design of a biosensor on an AlGaN/GaN
heterostructure as read-out device for selective ion transport across a lipid
membrane via trans-membrane ion channels [79].

6.1.4. Biomolecules

For the functionalization of group Ill-nitrides with biomolecules, the
following approaches of covalent immobilization were applied:

» direct chemisorption of biomolecules via amine chemistry [150,
151, 155, 156],

» deposition on organosilanes e.g. aminopropyltriethoxysilane
(APTES) followed by immobilization of biomolecules via amine
chemistry [120, 158, 122, 152], and

» using the high affinity of thiols to an Au-coated gate [98] directly
via thiol-modified DNA [121] or indirectly binding biomolecules
through ester groups [159].

(1) Direct chemisorption of biomolecules: The functionalization of
GaN surfaces with organic molecules was first performed by Bermudez
[150, 151], who analyzed the absorption and bonding of organic molecules,
such as aniline (C¢HsNH;) and 3-pyrroline (C4H¢NH) on GaN (0001)-(1x1).
The analysis was performed by different electron spectroscopic methods in
a conventional ultra high vacuum chamber with a base pressure of = 5x10™"'
torr. These fundamental investigations demonstrate that organic amines are
easily adsorbed on GaN and they can be used to attach functional groups.
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SEe
Fig. 6.12: a) Fluorescent image of randomly biotinylated probes on a
chemically treated GaN surface and b) of a non-biotinylated surface for
comparison [120]. c¢) Fluorescent image of Alexa Fluor 488 penicillinase
conjugates selectively immobilized on a patterned (pattern size 4*4 pm?)
functionalized GaN [158].

(2) Silanization of group Ill-nitride surfaces: The silanization of GaN
with APTES was reported by Kang et al. [120]. They treated as-deposited
GaN thin films as well as the AlGaN layer of an ISFET with 1% APTES in
water for 24 h to achieve a functionalization with amine groups. APTES
serves as a binding layer to the GaN surface for the attachment of
biomolecules (Fig. 6.1 up). Sulfo-NHS-biotin was then added to the primary
amine-containing self-assembled monolayer of APTES to immobilize
biotin. This enables the binding of streptavidin proteins with high affinity.
The successful functionalization was confirmed using fluorescent nano
particles labeled with streptavidin and bovine serum albumin (BSA). BSA
is a protein that has no affinity for biotin or biotinylated surfaces and was
used for a control test. The fluorescence image shows strong signals from
the streptavidin-nanoparticle-treated sample and only weak diffuse emission
from the BSA-nanoparticle-treated control sample (Fig. 6.12a, b). SEM
showed a significantly different concentration of nanoparticles with few
immobilized streptavidin-coated nanoparticles and large number of BSA-
coated nanoparticles. The latter was claimed to be only minimally attached
to the surface. The covalent nature of the immobilization was not proven.

A thorough investigation on the covalent functionalization of GaN and
AIN surfaces with octadecyltrimethoxylane (ODTMS) and APTES was
performed by Baur et al. [158]. In order to facilitate the silanization of the
GaN surface, a cleaning procedure using 3:1 H,SO, :H,O, (Piranha
solution) was employed to achieve hydroxylized GaN and AIN surfaces. In
the case of the GaN surface, the cleaning procedure activates not only the
surface hydroxyl groups; it leads also to the formation of thin oxide layer.
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This is not the case for AIN surfaces where a native oxide layer is
already present before treatment, and is not significantly enhanced as shown
by XPS and X-ray reflectivity (XRR) measurements. ODTMS and APTES
layers were deposited in 5% ODTMS/toluene solution with 0.5%
butylamine and in 20 mM APTES/toluene solution, respectively. After
deposition, GaN and AIN surfaces are hydrophobic. ODTMS monolayer
thickness on GaN and AIN was found to be ~1.7 nm determined by XPS,
while XRR measurements revealed a monolayer thickness of 2.5 nm.
Immobilization of DNA molecules on APTES-functionalized AIN and GaN
was used to demonstrate covalent binding of biomolecules. Surface micro
pattering of the functionalized surfaces was achieved by illumination with a
Hg lamp through a photo mask with 4 um squares. 20-mer oligonucleotides
were subsequently immobilized by Schiff-base formation. Fluorescence
microscopy analysis showed that immobilization of DNA had occurred on
non-illuminated areas (Fig. 6.12c) and no significant decrease of signal
intensity was observed over several days. This emphasizes that the covalent
immobilization of biomolecules benefits from a wet chemical hydroxylation
of the surface. With respect to the construction of enzyme-modified FETs,
the impact of the immobilization process on enzyme functionality was
investigated by a comparison of covalent immobilization and physisorption
of penicillinase on the gate area of a GaN-capped ISFET [122]. In the first
case, the covalent immobilization was carried out by Schiff-base formation
on the GaN gate areas modified with an APTES monolayer. The water-
sensitive Schiff-base bonds were transformed by sodium cyanoborohydride
(NaCNBH;) into stable tertiary amines. For physisorption of penicillinase,
multilayers were prepared by depositing the enzymes immediately after
cleaning the GaN surface in Piranha solution and incubating until the
enzyme solution was dried. The covalent immobilization of the enzyme lead
to a superior stability of the device compared to physisorption.

Recently, a comparison of the surface functionalization of wide band
gap semiconductors SiC, ZnO and GaN, using different organosilanes was
reported [152, 154]. The deposition of mercapto-propyl-trimethoxy-silane
(MPTMS) was carried out evaporating 200 ul of pure solution on the
surface in vacuum at 150°C. The involved measurements techniques XPS
and AFM confirmed the formation of self-assembled monolayers on the
surfaces. For the GaN surfaces a clear S,; peak is observable in XPS after
the deposition, demonstrating the successful attachment of MPTMS.
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The surface (AFM) was found to be very rough on functionalized ZnO,
with compressed flat domains of MPTMS molecules (diameter 50-100 nm)
for SiC and smaller domains (diameter 10-50 nm) on functionalized GaN.
In the case of SiC, XPS measurements revealed that the MPTMS molecules
form well ordered layers with thiol head groups uniformly distributed on the
uppermost surface while for GaN and ZnO it indicated that the thiol groups
predominate on the outermost part of surface. The authors also used GaN
MPTMS-functionalized surfaces to immobilize a model biomolecule, i.e.,
an amino acid derivative pTyr-PT. The linkage was proved by XPS, too.

The deposition of a functional aminopropyltrimethoxysilane (APTMS)
layer on GaN films and nanowires were achieved by Simpkins et. al. [153]
for the immobilization of single stranded DNA (ssDNA). A hydroxylation
step with Piranha solution preceded the overnight incubation in a 1%
APTMS/ethanol solution. XPS and fluorescence microscopy were used to
confirm the deposition of APTMS on planar GaN and on nanowires. The
measurements results demonstrate the presence of ssDNA on the GaN
surface and also establish that the deposition requires the coupling
chemistry, i.e. the DNA is covalently immobilized with minimal
nonspecific adsorption. This means that future patterning of GaN in order to
detect selective biomolecules immobilization can be successfully achieved.
The group studied also the robustness of the bio-functionalization needed
for the potential incorporation of DNA functionalized GaN nanowires into a
practical fabrication process. Clear fluorescence of individual nanowires
observed after sonication used to release them from the growth substrate
and dielectrophoretic alignment (DEP) forces to align them across the
electrodes revealed that the ssDNA is bound sufficiently strong to the GaN
surface. The analysis of the layer morphology and the thickness (AFM and
SEM techniques) revealed an rms roughness of 3 nm and an organic layer
thickness of about 20 nm. According to the expected maximum monolayer
thickness of <9 nm, the authors suppose a multilayer deposition.

(3) Au-thiol chemistry: The application of thiol chemistry in
conjunction with Au-coated AlGaN/GaN ISFET was reported by Kang et
al. for the label-free detection of DNA hybridization [121]. They covered
the open gate of the transistor with a 5 nm thin layer of Au and exposed the
structure a buffered solution of 3’—thiol-modified ssDNA for 12 h at room
temperature. XPS was used to confirm the surface modification via the Sy;;
and S, peaks which were present after the modification.
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After deposition of thioglycolic acid (HSCH,COOH) molecules by
exposing the Au- gated ISFET to a 1 mM aqueous solution for 24 h and the
formation of succinimidyl ester groups a buffered solution of monoclonal
prostate specific antigen (PSA) antibody were immobilized by incubation
for 18 h [159]. XPS was used to confirm the presence of thioglycolic acid
on the Au surface, respective the Au-S bond formation on the GaN surface.

It can be concluded that the efforts to functionalize group Ill-nitrides
resulted in various possible modifications (Tab. 6.1) with clear emphasis on
silanization due to the possible tailoring of organosilanes to fit a multitude
of biomolecules. Owing to the chemical stability of the material system, the
modifications have proven to be stable over several days without further
optimization. The adsorption of biomolecules directly on the surface via
amine chemistry has not yet be applied to actual sensor applications but
offers an interesting approach to exploit the advantages of the III-nitrides.

6.2. Cells and biocompatibility

A critical issue to realize cell-on-chip concepts is the survival of living
cells on the sensor surface. As shown before, group III nitride based ISFETs
are chemically stable under physiological conditions and exhibit promising
properties for sensor applications in liquids and electrolytes. Note that
silicon is known to be attacked by many biological important agents;
however, an appropriate cell growth can be achieved on an oxidized
surface. Other semiconductors require high efforts for passivation (e.g.
GaAs [189]). In contrast, AIGaN based alloys are chemically inert. First
studies with rat-fibroblasts (3T3 cells) demonstrated good adhesion
independent of the Al concentration in Al;Ga, N alloys (x =0, 0.22, 1), and
slightly improved behavior after a pre-treatment by oxidation [79]. Recent
investigations using lactate dehydrogenase (LDH) on cerebellar granule
neurons prepared from 7-day-old Wistar rats [155] clearly demonstrated
that adhesion and growth of living cells on GaN is superior to silicon.

The biological model systems for the present work are the widely
distributed mammalian cell lines HEK 293FT, which adhere only poorly
and can be removed simply by cell medium flow, and CHO-K1, which are
adherent fibroblastoid cells that can only be removed by gentle enzymatic
treatment with trypsin. As a third cell line, neuroblastoma-glioma hybrid
NG 108-15 nerve cells were used, which are the subject of the transistor-
cell coupling experiments in chapter 7.
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Fig. 6.13: Cell population for three cell lines (HEK 293 FT, NG 108-15 and
CHO-K1) after two days cultivation (a) on different substrates and (b)
differently treated AlGaN/GaN (c) HEK 293FT on the active area of an
AlGaN/GaN sensor, and (d) CHO-K1 on a 3D MEMS sensor [23, 77].

Cells were cultivated in Dulbecco’s modified Eagle’s medium-high
glucose (DMEM) supplemented with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin according to standards set by the American tissue-
type culture collection (ATCC). The sterilized sample (1 cm?) was placed in
wells of 6-well-tissue-culture plates. One control well without sensor was
used as a reference for growth normalization and cell morphology studies.
4 ml of prepared medium were added on every well and ~1x10° cells were
seeded uniformly. After two days incubation at 37°C in humidified 5% CO,
atmosphere, the cells were analyzed by optical microscopy, removed from
the well and the sample surface and counted with a Neubauer counter. In
addition to the AlGaN/GaN heterostructures, n- and p-type Si substrates
were used for comparison. The surface was not modified using fibronectin
or other organic materials, which are commonly used in order to improve
cell adhesion and biocompatibility. The biocompatibility tests revealed that
all cell lines are growing well on the AlGaN/GaN material (Fig. 6.13a).
Independent of processing steps the growth on the silicon surface was
substantially lower. The surface contamination by carbon, hydrocarbons and
metal ions [78] seem to decrease the cell proliferation slightly.
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There is evidence that HEK 293FT cells are more sensitive since they
show a reduced growth. The cell proliferation is also good on polyimide,
which is used for contact passivation (see chapter 4) and thus, part of the
final sensor device, which is exposed to the media. Most important for the
present work is that the NG 108-15 nerve cell lines proliferates also very
well on the sensor surface and the results are similar with the other two
investigated cell lines. To further enhance the proliferation of cells on
AlGaN a surface modification with fibronectin can be applied as reported
by Yu et al. [157], however, in contrast to other semiconductors it is not an
essential precondition.

Similar to the impact of different treatments on the electrical and
surface properties was evaluated in chapter 6.1.2, the influence of these
steps on the biocompatibility properties of the sensors was investigated
(Fig. 6.13b)[78]. Obviously the treatment of the sensor surface has no
substantial influence on the proliferation of the cell lines.

As a consequence, in contrast to silicon based ISFETs no complex
modifications are needed to promote the adhesion and proliferation of cells
on AlGaN/GaN-ISFETs, though fibronectin-modification might be
beneficial. Thus, the superior properties of group III nitride surfaces pave
the way for stable and sensitive cell-based biosensors.

6.3. Biosensors

The development of Si based biosensor technologies in the last 30 years
was beneficial also for the recent progress of group III nitride based
biosensing. In a review on Si based BioFETs in 2002, Schoning and
Poghossian [35] classified them using the function of the biorecognition
element for the detection as main criterion. In the present work, this
classification is adapted for group III nitride based Bio-FETs (Fig. 6.14).
The following chapter illustrates the progress that has been made in the
development of AlGaN/GaN ISFET based biosensors with respect to these
categories and the experimental results that have been achieved.

immunologically modified sensor (Immuno-FET)
group Il-nitride % enzyme modified sensor (ENFET)
based Bio-FETs i: DNA-modified sensor (DNA-FET)
cell-based sensor (CPFET)
Fig. 6.14: Classification of AlIGaN/GaN based Bio-FETs.

127



6.3.1. Immunologically modified sensor - ImmunoFET

The study of the molecular and cellular components of the immune
system including their function and interaction is the central subject of
immunology. The immune system is divided into humoral and cellular
components. The humoral (antibody) response is defined as the interaction
between antibodies and antigens. Antibodies are specific proteins released
from a certain class of immune cells (B lymphocytes). The word antigen is
derived from ‘antibody generating’ which means that it encompasses all
substances which trigger an immune response. The recognition mechanism
between antibodies and antigens is highly specific and therefore the most
promising interaction mechanism for selective biosensing. Immunosensors
with immobilized antibodies or antigens are useful for quantifying how well
the human immune system is working. A widely applied biosensor in this
field is the Enzyme-Linked ImmunoSorbent Assay (ELISA) [190], which is
used as a diagnostic tool detecting the presence of antigens or antibodies.
As reviewed by Schoning [35] the development towards Si-based
ImmunoFETs still faces multiple theoretical and practical problems.
Especially the static signal transduction from the antigen/antibody complex,
which represents a modified charge, is termed impossible due to the fact
that the distance of this charge to the sensitive surface is generally larger
than the Debye length and consequently, the charges would by shielded by
counter ions [191]. To circumvent this problem, several dynamic methods
have been suggested including impedance spectroscopy. The interpretation
of the experimental results however is more complex and difficult.

A first approach towards AlIGaN/GaN ImmunoFETs was demonstrated
using the binding between biotin and streptavidine proteins [120].
Biotinylated surfaces are also used in ELISAs to bind streptavidine or
avidin. On the APTES functionalized AlGaN surface (see section 6.1.3)
sulfo-NHS-biotin is covalently attached. Both, the immobilization of biotin
and the attaching of streptavidine result in a change source-drain current
(Fig. 6.15). The bonding between the amine group of APTES and biotin
lead to a 5 pA (corresponding to a signal change of 0.3%) decrease of the
sensor signal after a reaction time of about 65s. A second signal drop of
about 4 pA (0.2%) was observed after immersing the sensor in streptavidin
solution. No current change of the sensor was observed on the sensor
without the chemically modified gate. The reproducible measurement after
cleaning procedures demonstrated the stability of the functionalization.
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Fig. 6.15: Change of I, due to binding Fig. 6.16: The change of source
of biotin to AlGaN and interaction of and drain current as a function of

biotin and streptavidine [120]. PSA concentration [159].

The first label-free detection of an antigen with modified AIGaN/GaN
ISFETs was shown recently by Kang er al. [159]. Using the thiol-Au
chemistry, the gate was functionalized with PSA antibody (see section
6.1.3). The measured current decreases quickly after exposure to PSA and
stabilizes after the PSA has diffused into the buffer solution. The sensor
could also distinguish different concentrations of exposed target PSA in a
buffer solution (Fig. 6.16). A PSA detection limit smaller 10 pg/ml was
estimated with a response time of 5 s. The authors proof the specificity of
the device using buffer solution and BSA and observed no current change.
Reproducibility and long term stability of the sensor after cleaning
procedures were not reported. In the light of the claimed impossibility to
measure the binding of proteins statically with Si ISFETs, these results are
most intriguing. Since the transducing mechanism on Si and AlGaN/GaN
based ISFETs should be similar, more in-depth investigations have to be
performed to solve this contradiction.

6.3.2. Enzyme modified sensor - EnFET

Enzymes play an important role in all metabolic processes of living
organisms. They catalyze biochemical reactions and enable them to
progress at significant rates. Enzymes are highly specific in the binding to
educts, also called substrates, forming an enzyme-substrate complex and
reducing the activation energy of a specific reaction, e.g. the hydrolysis of
the substrate.
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Their names are commonly derived from the biochemical reaction they
catalyze, e.g. hydrolase. The first biosensor by Clark and Lyons [192] was
based on immobilization of glucose oxidase to an amperometric oxygen
electrode. It was used to determine glucose level in blood and was further
developed into one of the most widespread biosensor devices commercially
available. Common glucometers are excellent examples for the potential of
biosensors as they are cheap, portable and easy to operate facilitating the
treatment of diabetes for millions of people. Immobilization of enzymes on
a non-metallized gate area was the first realized BioFET [193] and is still
the most investigated BioFET variant. These EnFETs employ the generation
of acids by reaction of immobilized enzymes with a specific substrate, and
the resulting change of the pH-value of the electrolyte in the vicinity of the
sensor surface is detected. Detection of penicillin G using a functionalized
AlGaN/GaN EnFET (see section 6.1.3) was reported by Baur ef al. [122].
The influence of the immobilization process on sensor performance was
analyzed by comparing covalent immobilization (c-EnFETs) and
physisorption (p-EnFET) of the enzymes. The comparison revealed that p-
EnFETs exhibit strong degradation behavior after an increasing number of
measurements cycles, while c-EnFETs are highly reproducible. Using the
superior c-EnFETs, in 0.5 mM phosphate buffered saline (PBS) containing
25 mM NaCl at pH7, a continuous signal increase for 10 pM to 2 mM of
penicillin G due to the acidification in the vicinity of the gate area was
recorded. Below 300 uM, a reproducible linear response of the c-EnFETs
with a sensitivity of 152 + 8 pV/uM was observed. At higher concentrations
(>3 mM) the signal saturated (Fig. 6.17a), the low detection limit was about
2 uM. Compared to Si-EnFETs, these values are in very good agreement
and even slightly superior. It should also be noted that a sensitivity of
123 uV/uM and a detection limit of 5 pM for the Si based EnFET [35] was
the result of about 20 years research and transistor optimization, while the
AlGaN/GaN based EnFET represents a very recently developed device.

The applicability of c-EnFETs to determine penicillin concentration in
pl-droplets was shown recently [194]. A small array of 2 EnFETs and an
unmodified ISFET as a blind test with integrated LTCC microelectrodes
was used to determine different dilutions of penicillin. The relative pH
change calculated from the change of I, in constant voltage mode is
illustrated in Fig. 6.17b. A clear decrease for functionalized c-EnFETs was
observed with accelerated kinetics for higher concentrations.
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Fig. 6.17: (a) Transient response of an AlGaN/GaN c-EnFET with
penicillinase to step-wise changes of the penicillin G concentration from
10 uM to 3 mM in buffer solution. The insert displays the potentiometric
response as function of penicillin G concentration [122]. (b) Calculated
relative pH-change in 3 pl sample volume upon addition of 2.5 (circles) and
5 mM (triangles) penicillin on a penicillinase-modified c-EnFET (filled)
and an ISFET (blank). Half-filled points represent the corrected data [194].

The difference in transient behavior, which leads to ongoing decrease
in pH compared to the step-like response as illustrated in Fig. 6.17a, can be
explained by additional acidification due to CO, diffusion of the solution.
Due to the small volume in the pl-range, the pH decreases not only in the
vicinity of the surface but in the whole liquid and no steady-state conditions
can be reached. Due to the high sensitivity of the small liquid volume to
additional external influences, the measurement signal from the ISFET
decreases only slightly. This phenomenon is independent of penicillin
concentration. Using this array configuration the measurement results are
corrected in Fig. 6.17b for those influences.

6.3.3. DNA — modified sensor —- DNA-FET

Deoxyribonucleic acid (DNA) is the nucleic acid containing the genetic
instructions used in the development and functioning of all known living
organism. The DNA hybridization process is the most applied method for
detecting DNA and therefore crucial in diagnostics of genetic diseases as
well as sequencing the entire human genome. This process identifies
unknown single stranded (ssDNA) by formation of a double stranded DNA
(dsDNA) with a complementary counterpart.
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Fig. 6.18: a) Ip of an AlGaN/GaN-DNA-FET after hybridization of
immobilized thiol-modified DNA and matched target DNA. No binding was
observed for mismatched DNA [121]. b) Potentiometric response of SiO,-
gated DNA-FET to hybridization of matched ssDNA [195].

The common methods to detect hybridization involve labeling with
fluorescence markers or radioisotopes and are complex, expensive and time
consuming. Similar to ImmunoFETs, label-free detection schemes are
desired. A DNA-FET consists of a layer of immobilized complementary
ssDNA on the ISFET gate and detects the hybridization event through the
additional charge that is introduced by the binding of the target ssDNA.
Although this approach suffers from the limitation due to charge shielding
from counter ions that was mentioned in section 5.1, direct detection was
demonstrated. This is due to the short length of a nucleotide (~0.34 nm
compared to a typical Debye length ~1 nm) and isfacilitated by a positively
charged transducer surface, which attracts the negatively charged sugar-
phosphate backbone of the immobilized ssDNA. By hybridization, this
attraction changes leads to detectable change of the charge distribution [35].

Similar to the realized ImmunoFET, Kang et al. [121] used thiol-
modified oligonucleotides to covalently bind ssDNA with 15 base pairs (bp)
to the Au-coated surface of an AlIGaN/GaN ISFET. When this DNA-FET is
exposed to 1 uM solution containing matched target DNA, the source-drain
current strongly decreases within 100 s and continues to decrease more
slowly until hybridization is completed after 20 min (Fig. 6.18a). The total
change of the current was about 115 pA (i.e. ~5.7%). A control sample
containing mismatched DNA leads to no changes in the sensor signal. The
authors state that the sensor signal is stable and reproducible even after
denaturation of the immobilized DNA and subsequent regenerating process.
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Compared to recent results of Si-based DNA-FETs with SiO, gate
[195], a significantly larger and less noisy signal is obtained at similar
conditions. The time response of the FET (gate of 1-2 x 8 {16} um?) with
ssDNA (20 bp) immobilized via an APTES functionalization to 3 uM of
matching ssDNA is shown in Fig. 6.18b. It should be noted that the duration
of the hybridization process agrees quite well as indicated by a stable signal
after ~20 min in both cases. A slightly better response for the detection of
increasing quantities of homo-oligomers (i.e. DNA strands containing only
one type of base) of adenine (~1000 bp) was shown by Souteyrand et al.
[196] for a DNA-FET (SiO, gate, APTES functionalized) with a larger gate
area (20 x 500 um?). Nevertheless, due to the poor dc response from the Si-
DNAFET, dynamic impedance measurement schemes are usually applied
[195, 196]. The clear response obtained with AlGaN/GaN DNA-FETs
however might open up the way for a simpler dc detection setup.

6.3.4. Cell-based sensor — CPFET

Surely the most interesting, but also most complex biosensor is
constructed by oupling whole cells as a bio recognition element with a
transducer device. It offers the possibility to study the effect of drugs or
environmental influences on cell metabolism directly by measuring e.g.
extracellular acidification or intra- and extracellular potentials. Although
these cell-sensor hybrids suffer from a short lifetime in the range of several
days and a difficult and time-consuming preparation of the device, the direct
recording of a living system’s response enables to get unique information.
Such cell-biosensors are suitable for various applications, such as drug
screening in pharmacology, detection of toxins, and environmental
monitoring. These applications require an analyzing system suitable for
long-term measurements under physiological conditions, which can be
achieved by the patch-clamp technique [197], microelectrode arrays [198]
or FET arrays [199, 200]. The main drawbacks of these devices are that
they are invasive and complicated in the case of patch-clamp or that they
exhibits long-term drift in electrolytes due to the electrochemical instability
and suffer from a high background noise.

Similar to the reports on Si based ISFETs [200], acidification as result
of the cell metabolism was monitored using AlGaN/GaN ISFET [181]. An
example is shown for P19 cells (embryonic mouse-teratocarcinom stem
cell) adherent on an unmodified open transistor gate.
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Fig. 6.19: (a) The shift of the transfer characteristics of AlIGaN/GaN FET as
result of P19 cells acidification. (b) The measurement setup.

After one day in incubator, the cell medium became acidic due to the
cellular activity and a change from pH 9 to pH 7 was measured by
analyzing the shift of transistor transfer characteristic (Fig. 6.19).

A further development of the concept was demonstrated with cardiac
myocyte cells of embryonic Wistar rats on ISFET arrays (Fig. 6.20a) [19].
After 5 to 6 days in culture, a confluent monolayer of cells developed on the
fibronectin-modified GaN surface with spontaneously contracting
aggregates. The extracellular potential was recorded measuring the drain-
source current in constant voltage mode and the corresponding gate voltage
U,.s was calculated using the transconductance g,,. In Fig. 6.20b, the voltage
AU, between cell and transistor gate is shown. Transistor signals were
100-150 ms in duration with amplitude of 70 uV, firing at a stable
frequency for several minutes. The signal shape was assumed to be
determined by the K* exchange; however, the exact reason for this signal
shape remains to be clarified. Furthermore, the authors evaluated the gate-
source voltage noise in dependence on the frequency and compared it with
silicon based devices and concluded that noise in Si devices at the same
conditions is one order of magnitude higher.

In a recent publication [157] a combined measurement setup using
patch clamp and AlGaN/GaN ISFETs in order to detect the reaction of saos-
2 human osteoblast-like cells to different concentrations of known ion
channel inhibitors was shown. Quaternary ammonium ion (TEA) and
tetrodotoxin (TTX), which block K" and Na" channels, respectively, are
used to influence the ion currents through the cell membrane. The
intracellular potential of the adherent cells on the fibronectin-modified open
gate of the transistor was controlled using a patch pipette.
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Fig. 6.20: a) Cardiac myocyte syncytium cultivated on an AlGaN/GaN

ISFET array. b) Extracellular potential of spontaneously beating cardiac

myocyte syncytium recorded with an AIGaN/GaN ISFET [19].

For the measurements a rectangular 90 mV pulse of 600 ms duration
was applied to the cell and the extracellular voltage as a function of time
was recorded, similar to Steinhoff et al. [19], using the AlGaN/GaN ISFET.
With increasing inhibitor concentration the amplitude of extracellular
voltage decreases and a complete blocking of the membrane channels was
achieved with the addition of 20 mM TEA and 50 nM TTX. To study the
effect of cell adhesion on the transistor signal, the protein kinase inhibitor
H-7 was added to the cell medium. H-7 reduces the abundance of large
fibers in the cell cytoskeletal organization and therefore modifies cell
adhesion. Depending on the concentration of H-7 the amplitude of the
measured signal is reduced continuously within 3 h indicating the loss of
adhesion. After removing H-7 by replacing the cell medium the signal
slowly recovers which suggests that the cells re-establish contact with the
surface.

From the experimental details reviewed in this section it can be
concluded that AlIGaN/GaN ISFETs are well suited for the construction of
CPFETs owing to the inherent properties of group III nitrides like chemical
stability and low noise.

The biosensing capabilities of the AlGaN/GaN CPFET will be
demonstrated in the next chapter on NG 108-15 (mouse neuroblastoma x rat
glioma hybrid) nerve cells by adding different inhibitors that were
introduced in chapter 2.
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7. Cell-AlGaN/GaN ISFET coupling measurements

Already for a long time researchers have been interested in analysis of
the function of the basic unit of biology - the cell. To be able to perform this
without to damage the cell or the organism from where the cell is coming, it
is necessary to keep the cells alive outside of the organism. This is a very
important step to study the cellular functions and metabolisms as well as the
cell reaction to different stimuli. The first step was the tissue culture as a
biological method, where tissues and/or cells growth was performed
separated from the organism. 1885 the first experiments were made by
Roux who removed a portion of the medullar plate of an embryonic chicken
and maintained it in a warm saline solution for several days, establishing the
basic principle of tissue culture [43, 201]. The cell growth is typically
facilitated by using of a liquid, semi-solid, or solid growth media, such as
broth or agar. In 1907 the zoologist Harrison demonstrated for the first time
the growth of frog nerve cells in a medium of clotted lymph [201].

Now, “tissue culture” refers to a three-dimensional culture of non-
disaggregated tissues in vitro. It is often used interchangeably with cell
culture to specifically describe the in vitro culturing of stem cells. When the
cells are removed from the organ fragments prior to or during cultivation,
thus disrupting their normal relationship with neighboring cells, it is called
cell culture. Thus, “cell culture” refers to a culture derived from dispersed
cells taken from original tissue, from a primary culture or from a cell line or
cell strain by enzymatic, mechanical or chemical disaggregation [201, 202].
Such cell culture provides a good model system for:

studying basic cell biology and biochemistry,

the interactions between disease—causing agents and cells,
the effects of drugs on cells,

the process and triggers for aging,

and for nutritional studies.

VVVVY

The present chapter will report on the cultivation of NG 108-15 nerve
on a planar device, the AlGaN/GaN ISFET, and the application of this
coupling to monitor the reactions of the cells on inhibitors (drugs). An
important issue of the system is its ability to allow repeated measurements
over long time periods on the same biological material without to damage
the proliferated cell layer.
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All the involved parts (cells, cell media, buffer solution, sensor
interface, etc.) are complex systems, where a variety of different reactions
and processes are possible. Not all of them can be analyzed separately by
direct techniques. In order to understand the recorded signal in such a
complex system, preliminary experiments in defined environment were
performed in the following order.

AlGaN/GaN sensor

(4 and 5)
sensor reaction on buffered solutions cell media
(5.3) (7.2)
sensor sensitivity to ions in special buffers pH in cell media
(7.4.2) (7.2.3)
sensor reaction on inhibitors in special buffers  pH in buffered cell media
(7.4.3) (7.2.3)

v

sensor reaction on cell media (pH)

(7.4.1)
sensor reaction on buffered cell media (pH) cell line NG 108-15
(7.4.1) (7.3)
sensor reaction on inhibitors pH in cell media with cells
(7.4.3) (7.2.3)

v

sensor reaction on cell media with cells (pH)
(7.4.1)
recording of cellular breathing
(7.4.1)
recording of extracellular potential
(7.5)
single inhibitor

o

in cell media  in SCZ buffer
(7.5.2) (7.5.1)

Vo

complex reactions on two inhibitors
(in cell media)
(7.5.3)
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The basic characterization of the sensor in MT buffer solutions was
already described in chapter 5.3. This analysis was extended by studying the
sensitivity to Na" and K' ions (chapter 7.4.2) as well as inhibitors (7.4.3),
which are relevant for the cell-coupling experiments. Cell media for the cell
growth were independently characterized (chapter 7.2). In contact to the
sensor, its response in cell media, the buffering and the dosing of
neuroinhibitors were analyzed (chapter 7.4), and the behavior of NG 108-15
cell line (chapter 7.3) as well as its cultivation on the AIGaN/GaN sensors
(chapter 7.4) was studied. Finally, the response of the sensors on the cell
activity was monitored including spontaneous action such as breathing
(chapter 7.4.1) as well as the stimulated reaction on inhibitors (chapter 7.5).
Monitoring in a buffer solution with low ion content (SCZ, chapter 7.5.1)
supported the identification of relevant ions for the sensor response. As the
most complex interaction scheme, the subsequent application of two
different neuroinhibitors was studied (chapter 7.5.3). Before describing the
experiments in more detail, the next chapter gives an introduction to the NG
108-15 cell line, which was used for the cell-transistor coupling.

7.1. NG 108-15 nerve cell line

Based on their morphology (shape and appearance), cultured cells can
be described as [44]:

» Epithelial-like cells, which are attached to a substrate and appear
flattened and polygonal in shape,

» Lymphoblast-like cells, which normally are not attached to a
substrate but remain in suspension with a spherical shape, and

» Fibroblast-like cells, which are attached to a substrate and appear
elongated and bipolar, frequently forming swirls in dense cultures.

The culture conditions play an important role in determining the shape
and many cell cultures are capable of exhibiting multiple morphologies.

A cell culture is called Primary Culture if the cells, which are surgically
removed from the organism and placed into a suitable culture environment,
will attach, divide and grow. Once the cells cover all of the available culture
substrate, they must be passaged to give them room for continued growth.
Cells are removed as gentle as possible from the substrate using enzymes.
The digesting (proteolytic) enzymes, such as trypsin or collagenase are used
to break the protein bonds attaching the cells to the substrate.
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Some cell lines do not need this enzymatic treatment; in their case it is
sufficient to gently scraping the cells off the bottom of the culture recipient.
The cell suspension can then be subdivided and placed into a new special
recipient. The surplus of cells can be treated with suitable cryoprotective
agents, such as dimethylsulfoxide (DMSO) or glycerol, frozen and stored at
cryogenic temperatures (below -130°C) until they are needed.

The used NG 108-15 line from ATCC [203] is a fibroblast hybrid cell
line derived by fusion of mouse neuroblastoma clone N18TG-2 with rat
glioma clone C6BU-1. This cell line has become a widely used in vitro
model system for studying neuronal functions [204, 205-226]. When
cultured in serum containing medium, the cells proliferate well and exhibit
significant motility. These cells can easily be differentiated [205-208] and it
was observed that the cell properties after this process are greatly enhanced
with respect to the following properties: the differentiated cells show
increased activity of the membrane protein, which in case of NG 108-15
expresses at least four major families of voltage-sensitive channels
(including Na" Ca*, and K") [209-220]. These voltage-sensitive channels
respond to a variety of channel blockers including tetrodotoxin [213-220],
bradykinin [221] and to the drugs, which can produce cell apoptosis (cell
death) such as staurosporin [222] and buprenorphine hydrochloride [223].
These cells are electrically active and can be induced to produce action
potentials via injection of current [224]. However, spontaneous action
potential (as is the case of cardiac cells) does not occur. If the cells are
cultured in serum-free media, the electrophysiological and morphological
properties are changed. Proliferation ceases and the cells begin to produce
neurites and other extensions, which are capable of forming synapses to
other tissues and cells [224, 225]. These cells exhibit features characteristic
of neurons and are more likely to produce action potentials than their
counterparts cultured in serum-containing media. This electrical activity can
even be spontaneous under some circumstances. However, as with most
neurons, the strength of this spontaneously generated extracellular signal is
low, since only a small percentage of cells are active. For these reasons, NG
108-15 cells were not used in action potential studies. Instead, they were
used for studies of cellular impedance; examining both motility issues as
well as channel conductance changes [204]. Recently, co-cultures of NG
108-15 cells and chick myotubes were reported, which grew together and
formed functional neuromuscular synapses. This way, nerve cells induced
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the up regulation of muscle AChE expression, which was persistent when
the muscular activity was blocked by a-bungarotoxin [226]. Taking such
studies into account, the counterpart of the co-culture to NG 108-15 should
be replaceable by a sensor in order to monitor cell activity. The good
biocompatibility (see chapter 6) of the AlGaN/GaN sensor favors its choice
for a coupling with this nerve cell line for the recording of extracellular
potential as response to inhibitors. For a proper proliferation of the nerve
cells on the sensor surface it is necessary to create optimum conditions of
cell cultivation that means good cell media and stable environmental
conditions. Such necessary media are described in the following chapter.

7.2. Cell media

For the in vitro cell growth, it is important to use a special liquid, i.e.
cell media, which contain well defined substances that make cell growth
and reproduction possible. For different cell types cell media with quite
different properties are required in order to prevent any change of the cell
function and the differentiation from the cell stem. Several companies
provide a rich palette of cell media. Moreover, researchers can use different
components of cell media and compose media for specific cells or cell
tissues. To be sure that the composition and the properties of cell media are
not changed, it has to be sterile and kept in dark environment and at low
temperature. Cell media are usually provided in concentrated form as liquid
or powder. These kinds of cell media will be mixed with distillated water.
The composition of cell media is described in the following paragraph.

7.2.1. Components of cell media
Basic components in cell media are:

» A buffered salt solution (PBS: phosphate buffered saline, EBSS:
Earle’s buffered saline, GBSS: Gey’s buffered saline, HBSS:
Hank’s buffered saline, Puck’s buffered saline), which can be
chosen in dependence on the cell type.

» The presence of different electrolyte solutions in cell media is
important for keeping equilibrium potential of the cell membrane
constant (see chapter 2). Without such electrolytes, the cells cannot
survive outside of an organism. Some cell media were analyzed by
an electrolyte analyzer and the date are summarized in table 7.1.
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Table 7.1: Electrolyte values for different cell media culture [202].
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Na' [mmol/1] 142 117 139 | 146 | 144 | 142 158
CIl' [mmol/1] 103 81 125 | 111 | 117 | 106 | 116
K" [mmol/l] 4 3.9 5.1 48 | 48 | 48 4.8
Ca'"" [mmol/l] 2.5 1.1 1.5 1.4 14 | 05 1.3
glucose [mg/dl] | 100 418 99 94 186 | 270 | 382
osmolarity 290 250 | 270 | 286 | 288 | 289 | 323
[MOsm]
» Amino acids are responsible for transport of proteins through cell

membranes. L-glutamine, L-alanine, glycine, L-serine, L-valine
[44, 201, 202] are some of these amino acids which are usually
present in cell media.

Vitamins (Bg.,, folic acid, biotin, riboflavin, choline) are further
important components of cell media. For DNA and RNA synthesis,
adenine, thymidine and glucose is necessary [44, 201, 202].
Antibiotics and buffer substance such as NaHCO; or HEPES are
significant parts of cell media which contribute to the good
proliferation of cell lines [44, 201, 202], as discussed later on.

To accelerate cell proliferation (mitosis) and attachment, further
chemical substances are required such as serum containing growth
and adhesion factors. Serum improves the buffer capacity of cell
media and hormone activity and realizes a better cell nutrition and
multiplication. Examples are fetal calf serum (FCS), Horse serum,
Munchies serum, and Human serum.



An issue of serum to be considered is its provenience from animals.
This kind of serum can be infected with different bacteria or diseases which
will contaminate the cell culture and affects the research work [201, 202,
204, 227-230]. In addition, high complexity of the serum as heterogenic
mixing of proteins, hormones, growth factors, electrolytes and other not
well defined components can cause problems for systematic studies due to
the limited reproducibility of the exact composition. Thus, the properties
and concentration of species in serum can change significantly for different
sources or even charges. For this reason it is very important to find cell
media without modification of their components from one charge to another
and to ensure the right environment for cell growth and proliferation
without to modify their function. Recently, serum-free media were used due
to their well defined components and stability over time. Problematic might
be only the capacity of different types of cells to adapt to this new milieu.
For this reason, the selection of a proper serum-free media for a specific cell
type can be a quite long and complicated procedure [231].

Since the high amount of substances, which are present in cell media,
can influence negatively the tests, more simple chemical solutions, which
ensure also a good cell function, are investigated. This kind of solutions will
be discussed later (see chapter 7.4.2). Nevertheless, for most of the cell
media, a buffer solution for pH adjustment and stabilization is necessary to
be added. Its composition and influence is discussed in the next chapter.

7.2.2. Introduction to pH value in cell media

For cell culturing, a stable pH value is a very important precondition
[201, 202]. A pH value of cell media below 7 or exceeding 8 can negatively
influence cell proliferation as well as their reaction to different stimuli. A
pH value of about 7.5 for cell media represents an optimum environment for
cell growth. To control the pH value of cell milieu, additional chemical
substances are used, which balance it around the desired value (similar to
buffer solutions, see chapter 5.1.3.). Sodium hydrogen carbonate is such a
substance, which can be added in cell media and act not only as buffer but
also as nutrition for plant cells culture. Increasing CO, content in milieu
causes a decreased pH value. Because the cells need special conditions to
proliferate (5% CO, and 37 °C), the acid-alkaline equilibrium is kept using
sodium hydrogen carbonate in relatively large concentrations. The buffer
system in the cell media has thus, two components: NaHCO; and CO,.
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NaHCO; + H,0 < Na'+ HCO; + H,0
C02 +2 HzO [ H3()Jr + HCO3_

This reaction depends on the partial pressures in the environment. For
this reason the cells are kept in special incubators with well defined
atmospheric pressure, temperature and CO, concentration. If the CO,
concentration is at a low level, the OH™ concentration in media is high and
the pH is balanced in the alkaline region. Then the CO, concentration in the
incubator must be increased. In this case, the buffer system reacts:

High H' level: H;0'+HCO; & H,CO; +H,0 < CO, + 2 H,0,
High OH level: OH + CO, = HCO5

Due to high CO, concentration and the presence of sodium hydrogen
carbonate in the milieu, the pH is kept constant as long as the cell cultures
are in the incubator. Once the vessel with cells is removed and exposed to
normal atmosphere with only 0.3% CO,, the milieu becomes alkaline (i.e.
pH about 8.5) and changes its color to violet indicated by Phenol red in the
media. Thus, additional buffer solutions such as HEPES or Buffer All have
to be added to the cell media. Cell media, which contain already the buffer
solution, are also commercially available (i.e. Leibowitz L15) and are
especially designed for the work with cell cultures in normal atmosphere.

Prior to any application, such a buffer system has to be tested to proof
its biocompatibility with the cell line, for which it will be used. These kinds
of tests are presented in the following.

7.2.3. Monitoring of pH value evolution in cell media

As already explained in the previous chapters, cell media are very
complex solutions, which regulate their pH value in dependence on the
environmental conditions. The experiments with cells in the present work
were performed in a glove box at room temperature (22°C), humidity of
about 45% and a CO, concentration about 0.3%. The NG 108-15 nerve cells
were cultured in DMEM supplemented with 10 % FCS and L-glutamine
from Sigma-Aldrich (see annex 5), [204]. As can be seen from the
components list in annex 5, D5280, the used cell media type of DMEM,
contains no buffer solution for a pH regulation in normal atmosphere.
However, since the measurements were performed in normal environment,
it was necessary to add an additional buffer solution to the milieu.
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In literature, most indicated buffer solutions are HEPES and Buffer All
[201, 202]. In this work both variants as well as commercial cell media,
which contain already a buffer solution (i.e. Leibowitz L15), were tested.
However, in those commercial buffered media, the cells did not survive for
a sufficiently long time, and these experiments were not further considered.
For the measurements, the NG 108-15 cell line was seeded in several
vessels in parallel. In the first stage, DMEM supplemented with 10 % FCS
and 1% penicillin / streptomycin without buffer solution was used for the
cell culture. After three days in incubator at 37°C and 5% CO,, the cells
proliferated well and covered the entire vessel ground. Than the buffer
solution was added in different concentrations to the cell media.

The first vessel was stored in an incubator at 37°C with a reduced CO,
concentration of 0.3%. The second one was returned to the incubator at the
standard conditions with 5% CQO, and the third one was stored in normal
atmosphere inside the glove box. A forth vessel was kept as reference in the
incubator (5% CO,) without the buffer solution in the cell media. In
addition, four more vessels with cell media but without cells were handled
similarily. The pH value of the cell media was checked from time to time
using a MT glass pH electrode. The results of these experiments are
summarized in Fig. 7.1 and 7.2. In the case of the first experiment (Fig. 7.1)
when the vessels with cell media without NG 108-15 cells, containing
different concentration of HEPES were stored at 37°C in normal
atmosphere (0.3% CO,), a stabilization of the pH value over a long time and
independent of the buffer solution concentration was observed.

9.5

room temperature, 0.3% CO,
9.0 10 mM

8.5
8.0
7.5
7.0
6.5

10 mM

25 mM
50 mM

100 mM

pH

37°C, 0.3% CO,

N NN N NN 0%5%6\
time period
Fig. 7.1: Evolution of pH values as function of the concentration of HEPES

solution in cell media without NG 108-15 nerve cells at room temperature
(RT) and at 37°C in normal atmosphere (0.3% CO,), (o.n.: over night).
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Fig. 7.2: Evolution of pH values as function of the concentration of HEPES
buffer solution in cell media with and without NG 108-15 nerve cells: a) at

37°C, 5% CO, and b) at room temperature, 0.3% CO,, (0.n.: over night).

Once the vessel was brought back to room temperature (last 5 h cycle),
alkalization of the cell media appeared in dependence on the concentration
of HEPES. The same alkalization process was observed if vessels were kept
from the beginning at room temperature. After one day at this condition a
relative stabilization of the pH value took place. Obviously the ability of the
buffer solution to stabilize the pH value is dependent on temperature and at
room temperature;a high HEPES concentration of 100 mM is favorable.

The evolution of pH value in time was not significantly different for
buffered cell media with or without cells (Fig. 7.2). Thus, NG 108-15 cells
and their activity has only minor influence on the pH of cell media, at least
within the first 2 hours. At 37°C, 5% CO,, the pH was effectively stabilized
by HEPES. Only after storage in incubator over night, the pH of media
containing cells had changed. At room temperature and normal atmosphere
(Fig. 7.2a), the pH increased as expected from Fig. 7.1. The process was
fully reproducible as the decreasing of the pH after over night storing in
incubator (“0.n.””) demonstrates. Againbuffered media containing cells
behave different after incubator storage; however, this effect was not further
evaluated. Within the first two hours, maximal increasing of ~0.3 pH was
observed for strongly buffered cell media, independent of the atmosphere
where the vessel was kept before. It is important to mention that in the
experiment described later in this chapter, recording of the extracellular
signal generated by NG 108-15 cell as reaction to inhibitors was performed
within maximal 1.5 hours. After this time the cells were returned into fresh
cell media and into the incubator for recovering.
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Summary NG108-15 with 50 and 100 mM HEPES in 10% DMEM+Glut+P/S

medium adaptation: 1 h/37°C

100 mM 50 mM

1hRT,100mM 1h37°C,100mM 1hRT,50mM 1h37°C, 50 mM

1 h,RT or 37°C

5h, RT or 37°C

ShRT, 100 mM 5h37°C,100mM S5hRT,50mM 5h37°C, 50 mM

over night, 37°C

o.n. 37°C, 100 mMo.n. 37°C, 100 mM o.n. 37°C, 50 mM o.n. 37°C, 50 mM
Fig. 7.3: Optical microscopy of the proliferation of NG 108-15 nerve cells

in 10% DMEM with L-glutamine and different concentrations of HEPES
buffer solution in different atmosphere.
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starting point (10% DMEM, 48 h)

10% DMEM, 1 h, 37°C, 5% CO, 10% DMEMBA, 1 h, 37°C, 5% CO,

10% DMEM, 1 h, 37°C 10% DMEMBA, 1 h, 37°C

10% DMEMBA, 1 h, RT

10% DMEM, 1 h, RT

Fig. 7.4: Optical microscopy of the proliferation of NG 108-15 cells in 10%
DMEM with L-glutamine (left) and added Buffer All solution (right).

From Fig. 7.2 it can be concluded that within the first two hours the pH
value changed only slightly even for the cells, which are stored at normal
atmosphere. Thus, from the point of pH stability, a medium containing
100 mM HEPES buffer solution shows the optimum behavior (Fig 7.1, 7.2).
However, a visual inspection of the cell morphology (Fig. 7.3) contradicted
this conclusion. Optical microscopy revealed slightly better proliferation for
cells that were deposited in cell media with only 50 mM HEPES (Fig. 7.3).
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Fig. 7.5: Comparison of the evolution of pH values in cell media with and
without Buffer All solution with adherent NG 108-15 nerve cells at 37°C,
5% CO, and at room temperature (RT), 0.3% CO,, (o.n.: over night).

At room temperature, cell proliferation degenerated and cells started to
detach from the vessel surface and took a spherical shape already within the
first hour. After 5 hours less than half of the cell population was attached to
the surface and the remaining swam in the cell media (Fig. 7.3; Sh RT
100 mM). At 37°C with 0.3% CO,, this described process was much slower.
Within the first 5 hours, proliferation seemed to stop; however, the cells
were still attached to the surface. After over night storing of the vessel in
incubator, the cells recovered. This process was more successful in the case
of cells seeded in cell media containing 50 mM HEPES buffer solution. In
contrast to the use of HEPES, the NG 108-15 cells were not proliferating
well in cell media with Buffer All solution (Fig. 7.4). The cells were shaped
spherically and swam in the cell media without being adherently attached to
the vessel ground. The pH behavior was not as satisfactory as in case of
HEPES buffer solution (Fig. 7.5). The cells started to detach from the vessel
ground surface and this appeared to be independent of the atmosphere
above the vessel. Only a small difference in pH is observed between the
buffered and not buffered cell media. At normal atmosphere, the
alkalization process was very strong within the first hour (almost 1 pH unit)
and stabilized during the next hour. In incubator conditions, the alkalization
process took place only for buffered cell media while normal cell media
kept its pH relatively constant over two hours. This proved the inefficiency
of Buffer All solution in cell media as well as its toxicity for NG 108-15
nerve cells. Thus, Buffer All solution was not used for further experiments.
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To conclude, for pH stability, highly buffered cell media would
beneficial; while for cell proliferation a concentration below 25 mM HEPES
is preferable. Reported HEPES concentrations to stabilize 7.5 pH are as low
as ~10-20 mM [201, 202, 204, 210, 231]. As a compromise, 25 mM HEPES
was chosen for the further coupling experiments of NG 108-15 nerve cells
with the AlGaN/GaN sensor. To improve the stability of the cell media pH,
and to avoid increased Na' ions concentrations in cell media, finally a
HEPES TRIS 25 mM buffer solution was used. The recorded sensor signals
and the experimental characteristics will be discussed in the next chapter.

7.3. Sensor preparation

The used AlGaN/GaN ISFETs were PIMBE grown sensor chips with a
large active area of 2400 x 500 pm?. They were chosen because of the good
sensor characteristics as shown in the preliminary characterization (see
chapter 5). Similar to the experiments described in the previous chapter, a
sensor chip encapsulated on PBC as described in chapter 4.1.2 (Fig. 4.3b).
The corresponding measurement system was the first setup (chapter 5.2,
Fig. 5.1a) with the agarose gel encapsulated reference electrode (see chapter
5.2, Fig. 5.2) and the current I, versus time was recorded using LabView
program (see chapter 5.3.4.). This system is utilized for sensor calibration in
ionic solution and cell media and also for recording of extracellular
potential changes as response to different added neuroinhibitors.

To be able to record extracellular potential of the nerve cell using the
AlGaN/GaN ISFET, it is first necessary to create a stable cell-sensor hybrid.
This means that the sensor must be biocompatible, well cleaned and
sterilized. As shown in chapter 4, AlGaN/GaN is highly biocompatible,
which enables direct spreading of the cells on the sensor surface without to
use thin films of organic material for improving of the cellular adhesion and
biocompatibility. Prior to their spreading on the sensor, the surface must be
cleaned and sterilized in order to avoid the infection of cells with bacteria.
This is realized by cleaning the sensor and measurement setup with acetone,
isopropanol and deionized water followed by sterilization in 75 % ethanol
solution for at least 20 min. Finally, the sensors were dried in N, flux and
after that mounted in the measurement setup. After that, the cells can be
spread on the sensor surface. Cell spreading is an essential function of cells,
which are adherent to a surface and precedes the function of cell
proliferation until the cells completely cover the sensor surface.
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The attachment phase of cell adhesion occurs rapidly and involves
physicochemical linkages between cells and the sensor surface including
ionic forces. Diminished cell adhesion is used as a measure of toxicity, if
first the initial attachment of cells is investigated [29, 201].

The NG 108-15 cells were subcultured in Dulbecco’s modified Eagle’s
medium-high glucose (DMEM) supplemented with 10% FCS and 1%
penicillin/streptomycin (see cell protocol in annex 6) [203]. When cells
showed best characteristics they are picked up without enzymatic treatment
and were spread on the sensor surface, which was encapsulated in the
measurement setup (chapter 4.1.2). In the initial step of attachment, cells
seeded on the sensor showed normal morphology. After 6 hours, attached
cells had spherical morphology with rough texture and were more wide-
spread as in the beginning. After one day, some of the attached cells spread
radial from the centre and developed filopodia (Fig. 7.6a)., Not all cells,
however, were attached to the surface. Some of them in spherical form
swam in the medium. Moreover, the cells were not uniformly distributed,;
they were proliferating in groups on the sensor surface (Fig. 7.6a). After
three days in incubator at 37°C, a very good proliferation was observed and
the sensor surface was completely covered by the cells (Fig. 7.6b).

For the measurements it is very important to have a compact layer of
cells covering the whole active area of the sensor. Between cells and a solid
surface such as the sensor surface, an ion accumulation channel (the cleft,
see chapter 2.3) is formed with a thickness of about 30-70 nm [232]. For
continuous proliferation, the cells need to exchange nutrients with the media
(see chapter 2), particularly ions. The ion concentration in the cell media is
changing depending on the processes, which take place in the cells. For
short times, the ion concentration in the channel can increase substantially
compared to the media, before equilibrium is reached again by diffusion
processes. Because of this short-time non-equilibrium, it is possible to
monitor the cell activity by probing the concentration or potential changes
in the cleft using different sensors (MEA, ISFET, electrodes). For reliable
measurements, this channel should be confined between the active sensor
area and a continuous cell culture. Thus, a complete covering of the sensor
surface with cells is beneficial for high signal-to-noise ratios. With the
procedure described above, about 10° NG 108-15 cells were seeded on the
sensor. After two days, NG 108-15 nerve cells showed good proliferation
and vitality and the active area of sensor was covered with a compact layer.
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Fig. 7.6: The NG 108-15 cells attached on the active area of the sensor a)
after one day, b) after three days immediately before starting the
experiments for recording of sensor signals.

Considering a mean cell diameter of 20 um, about 3500 cells were
grown on the active sensor surface. A higher seeding of cells in the
beginning can reduce the time for full sensor covering about few hours.
However, such a fast proliferation procedure is not recommended because
not all the cells have place to attach to the sensor surface and form strong
oscillating membrane above the adherent surface. However, even if the cells
in the culture are appearing similar, they might show different function and
characteristics, and two different cell cultures from the same cell type can
be quite different, even if the same growth protocol is used [201, 202]. This
might happen also in the case of the extracellular signal recording with the
AlGaN/GaN ISFETs in this work.
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In biochemical research, this disadvantage of cell culturing can be
overcome by highly parallel screening systems. Such measurement methods
enable to collect statistic data and determine the error limits; however, they
give not the possibility to repeat the experiments on the same biological
material over long period. Consequently, for biologists it is important to
have an instrument, which uses the same cell culture over several days in
order to be sure that cells have the same characteristics. The measurement
system with incorporated AlGaN/GaN ISFET in this work permits such
kind of measurements, as will be shown in the next chapters.

7.4. Sensor characterization in cell media

To ensure that the sensor records changes of ion concentration in the
extracellular media, it is necessary to proof the sensitivity to different ions
and to ensure the constant pH value in the media during the measurements.

7.4.1. Sensor response to pH changes in cell media
with / without cells

To test the effect of pH changes in the cell media with and without NG
108-15 nerve cells on the AlGaN/GaN sensor sensitivity, the following
experiments were performed. First, DMEM cell media, not buffered as well
as buffered, was brought on the surface of an encapsulated sensor. In the
first run represented by the dark curves in Fig. 7.7a, the measurement setup
filled with cell media was not covered. After that the setup was covered
with a Plexiglas lid and the measurements are repeated (bright curves).

The sensor signal exhibits a drift (continuous decreasing of Ip)
corresponding to an increasing of the pH value of the cell media similar to
the previous experiments (see chapter 7.2.). Since the measurements were
performed without interruption, the final signal of the measurements
without lid is equal to the starting value of the second run with lid, which
explains the shift of the curves. Except this, the signal behavior in cell
media was not influenced from the cover. In contrast, the presence of 25
mM HEPES-TRIS buffer solution in DMEM cell media resulted in a clearly
reduced sensor drift, which demonstrates its function to stabilize the pH
value in the media (Fig. 7.7a). The drift did not disappear completely and
the reasons can be the continued alkalization of the cell media (chapter 7.2.)
cumulated with the noise, which can appear in the system (chapter 5.3.4.)
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Fig. 7.7: Influence of the measurement setup (covered: bright curves and
not covered: dark curves) and the buffer solution on the recorded sensor
signal for cell media (a) without and (b) with cells (given pH values are
measured at beginning and end of the experiments by MT glass electrode).

The presence of NG 108-15 nerve cells on the sensor surface caused
different phenomena (Fig. 7.7b). Comparing the curve recorded in covered
measurement setup (bright curves), the sensor drift within the first 1000 s
was similar for media with (Fig. 7.7b) and without cells (Fig. 7.7a). The
stabilization after 1000 s in the case of present cells might be the result of
their activity. In contrast, in buffered cell media and covered setup, the
sensor signal was quite stable from the beginning, which again illustrates
very well the stabilizing effect of the 25 mM HEPES-TRIS buffer solution
to keep the pH in the cell media with adherent cell relatively constant.

A substantial difference can be seen in signal shapes from covered and
not covered measurement setup. For covered measurement setup (Fig. 7.7b,
bright curve), the recorded sensor signal was relatively constant in time,
while for not covered measurement setup (Fig. 7.7b, dark curves), the signal
decreased in steps before stabilization. This phenomenon is the result of
alkalization [201, 202] of cell media due to changes of CO, concentration in
the cell milieu (chapter 7.2.). Note that the experiments were performed in
normal environment (room temperature, 0.3% CO,, see chapter 7.2.) after
incubation of the setup with NG 108-15 cells and refreshing of cell media.
Thus, the recorded signal oscillation is not a sensor drift. It is rather the
monitoring of the spontaneous cell activity (“breathing”) using the
AlGaN/GaN sensor. The faster stabilization of the sensor signal in the case
of buffered cell media is due to the homogenizing function of the 25 mM
HEPES-TRIS solution added to the DMEM cell milieu.
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A similar behavior was observed by Silveira [118], using other
AlGaN/GaN sensors and the LTCC based setup (Fig. 5.1b). These
measurements clearly demonstrate the ability of the AlIGaN/GaN sensors to
monitor cell activities.

As result of these experiments it can be concluded that in order to
ensure stable environmental conditions for NG 108-15 nerve cells cultured
on the sensor surface at normal conditions, it is necessary to use a buffered
cell media and a covered measurement setup to prevent gas exchange with
the environment.

7.4.2. lon sensitivity of AIGaN/GaN ISFETs

In chapter 2, PMSF, DFP and amiloride and their effect on nerve cells
and membrane potential was presented. These neurotoxins were used in this
work for cell transmembrane protein inhibition, since they cause a change
of the initial ionic concentration in the extracellular solution. In the case of
PMSF, DFP and amiloride, Na“, K and Ca*" ions have the major influence
on the sensor signal. As discussed later, it can be assumed that Na' ions
play the most important role in the initiation of the AlGaN/GaN sensor
signal. To be sure that the AlIGaN/GaN ISFET is sensitive to concentration
changes for at least two different ion types, Na" and K", a special buffer
solution is prepared and new calibration curves are recorded. This buffer
solution must ensure a constant pH value and a minimum nutritive factor for
culturing NG 108-15 nerve cells for a short period of time (i.e. during the
experiments with the cells) without changing the cell characteristics.

The AlGaN/GaN sensitivity to Na” and K" ions was evaluated in SCZ
buffer solution. The choline is used in order to maintain a constant ionic
strength in the solution. The buffer solution was added in the setup and after
a stabilization time of 10 minutes, the measurements were started. This
stabilization time was introduced to reduce the noise from the device (see
5.3.4). The Na' and K' concentration was subsequently increased by
titration of NaCl and KClI, respectively. In Fig. 7.8, the sensor response to
changes in ionic concentration is presented. First of all, drift can be seen as
decreasing sensor signal in time. This drift is not caused by reactions of the
solution, which has a constant pH value of 7.5-7.6. This drift is mainly
caused by the used instable agarose reference electrode (see chapter 5.3.4).
In the case of Na' ions (Fig. 7.8a), the sensor started to react at a
concentration of 5 mM with a signal increase of about 2.5 pA.
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Fig. 7.8: Sensor response upon dosing of (a) Na’ and (b) K* ions in SCZ
solution. In the case of Na" ions (a) additionally amiloride and PMSF is
supplied prior to the Na" dosing experiments (dosing by titration, numbers
correspond to end concentrations in the solution in units of mM).

After every titration the sensor signal is decreasing again with a lower
rate due to diffusion processes, which equalize the ion concentration in the
solution and stabilizes the pH value.

Table 7.2: Concentrations of four different solutions used in this work. All
solutions stabilize a pH-value of 7.5. The basic buffer solution serves as
starting basis for the other three one.

basic buffer C [mM] SCR C [mM]
MgSO4 1 basic buffer +
HEPES-TRIS | 20 KCl 5
glycine 5 NaCl 10
L-glutamine 1 CaCl, 0.15
glucose 10
SCZ SCI
basic buffer + | C [mM] basic buffer + | C [mM]
choline 135 K acetate 150
NaCl 10
CaCl, 0.015
» SCZ: - substituted cell media with zero ions
» SCR: - substituted cell media with reduced concentration of ions
» SCI: - substituted cell media with the same concentration of

ions as in the cell.
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The fast increase of the sensor signal after titration requires positive
ions on the sensor surface, thus, it proves that the sensor is sensitive to Na"
ions. At high concentrations about 100 mM, the positive sensors response
decreased, and changed to a negative response, which requires negative
ions. Their origin might be recombination processes in the solution, e.g.
with choline. This effect was not further investigated since the Na'
concentrations are already irrelevant high for cell-transistor coupling
experiments. Similar behavior was observed also in the case of K" ions (Fig.
7.8b). However, the sensor response was weaker and clear signals could be
recorded only at higher concentrations than in the Na' case. Thus, the
AlGaN/GaN sensor is sensitive in the same time to ion concentrations as
well as to temporary changes in the solution close to the sensor surface due
to chemical reactions.

7.4.3. Sensitivity of AlIGaN/GaN ISFETSs to inhibitors

This phenomenon is important if the sensor response upon changes of
inhibitor concentrations in different solutions is studied. First of all, no
sensor response is noted if amiloride or PMSF inhibitors added with
concentrations to SCZ solution (Fig. 7.8, upper curve). The same result was
obtained in the case of inhibitors added to buffer (25 mM HEPES-TRIS
buffer solution) and not buffered DMEM cell media (Fig. 7.9).

430 | DMEM, no cells

amiloride |  PMSF DFP
420 4 (only not-
buffered
= 410 | ?10 60 90;3 21 uffered)
::;_ - *\_\l l : l buffered

76501 7 gopH

390 1 o P
15 9 not buffered
380 |DFP
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time [s]
Fig. 7.9: Sensor response to different inhibitors added to cell medium
DMEM, with and without 25 mM HEPES TRIS buffer. DFP was only
dosed to not buffered media. (dosing by titration, numbers correspond to
end concentrations in the solution in units of uM; given pH values are
measured at beginning and end of the experiments by MT glass electrode).
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Fig. 7.10: Sensor response to DFP added to a) SCZ, b) SCR and SCI.
(dosing by titration, numbers correspond to added concentrations in the
solution in units of uM).

Also, no influence was observed in the case of mixed inhibitors in the
same basic buffer (see table 7.2). The difference in the slope of the recorded
curves is a result of the cell media alkalization in case of the not buffered
and buffered cell media as explained in chapter 7.4.2. Furthermore, the
sensor response to DFP inhibitor added in SCZ, SCR, SCI and cell media
was studied (Fig. 7.10). When the neurotoxin was added to SCZ buffer
solution, no sensor signal was recorded (Fig. 7.10a). The situation changed
in the case of SCI and SCR buffer solutions (Fig. 7.10b). These staircase
like AIGaN/GaN sensor signals can be explained as a result of the chemical
reactions between Na', K and Ca*" ions from SCR and SCI solutions with
the inhibitor DFP. Since in SCZ buffer solutions these ions are not present,
such chemical reactions cannot proceed. On the other side, no sensor signal
was detected for neurotoxins added to cell media, which contain different
type of ions in different concentration (see Fig. 7.9). This can be explained
by the fact that the proceeding chemical reactions generate not sufficient
ions to produce changes in the sensor signal, or by the complexity of the
cell media, which neutralize the resulting components before coming close
to the sensor surface. It is to note that the presence of Na" and K ions in
sufficiently high concentrations in the buffer solution generates a sensor
signal when the inhibitor DFP is added. Thus, when the cells are adherent
on the sensor surface, the same chemical reactions may not take place in the
cleft. The response of the sensor on the specific reactions of the NG 108-15
cells is discussed in more detail in the next chapter.
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7.5. Recording of extracellular signal

As explained in chapter 2, diisopropylfluorophosphate (DFP) as
member of the organophosphates is a very strong inhibitor of AChE. The
normal function of Acetylcholine (ACh) starts with its release, the diffusion
controlled movement and the following binding to the receptor. The ligand-
gated channel opened after binding of ACh for about 10 ms. In the case of
differences in the Na' concentration inside and outside the cell, influx of
Na" decreases the membrane potential [20, 44, 48, 233]. The cleavage of
ACh by AChE proceeds rapidly and the channel will be closed. Inhibition
of AChE leads to a longer holding time of ACh at the receptors and a
prolonged opening time of the channel. Repeated use of AChE inhibitors
can force the channels to stay open for longer time period and an
equilibration of the ion concentration outside and inside the cell will
become possible. If it is considered that a homogenous layer of cells was
grown on the surface, than between the cells and the surface a cleft is
formed (chapter 2.3). Due to the exchange processes of the cells and
reduced diffusion (long diffusion path) to the major part of the buffered
media, on a short timescale the cleft can exhibit non-equilibrium ion
concentrations. This non-equilibrium creates a temporary potential, which
can be measured with the AlIGaN/GaN ISFET sensor as will be shown in
the next chapter.

Before starting the recording of extracellular signal, the measurement
setup was taken from the incubator to normal atmosphere, the reference
electrode was mounted, the used cell medium was removed and the cells
were washed gently with the new cell medium. Ups = 0.5 V and
U,s=-0.35V were kept constant and 7, was recorded versus time. All the
experiments were performed in the glove box at a humidity of 45% and a
temperature of 22°C. During the recording of the sensor signal, the setup
was covered with the lid.

7.5.1 Response on single inhibitors in SCZ buffer

First experiments for cell reaction studies were performed in SCZ since
the defined composition enables to conclude, which ions contribute to a
sensor response. The cell media was replaced with 5 ml SCZ buffer solution
and the cell reaction on the neurotoxin DFP in different concentrations was
studied. As presented before, the SCZ is a buffer solution which contains no
Na', K" and Ca*" ions.
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Thus, even if neurotoxins block the AChE cleavage and Na' channels
are kept open for longer time; changes in ion concentration are very small
since cells contain only 7 mM Na'. An ion concentration change of <7 mM
by the Na' out-flow is too small to be detected by the sensor (Fig. 7.11a).
However, when 50 mM NaCl was added to SCZ buffer solution, a fast
increasing of the sensor signal (about 15 pA) was recorded. Then, Na" ions
flow through still open channels into cells. Since the accumulation layer is
assumed to be still Na' free, this in-flow occurs mainly through channels at
the top side of the cells. To establish membrane equilibrium potential,
simultaneous K' ions are pumped outwards, which occurs at all channels of
the cells simultaneously, thus, increases the positive ion (K") concentration
in the accumulation layer between cell and sensor surface. Note (Fig. 7.11a)
that the global pH value of the buffer solution measured using a
conventional glass pH electrode was constant during the measurement,
~7.6. Consequently mainly these K" ions contributed to the sensor signal.

Using patch clamp technique, Hille [48] measured an equilibrium
concentration of 140 mM Na' outside of the mammalian neuron. In the
present experiment, only 50 mM Na' was added to the SCZ buffer solution,
thus, full equilibrium could be achieved after the first reactions on DFP, and
subsequent adding of the neurotoxin cannot generate a new cell reaction.
Indeed, no further extracellular response on new inhibitor dosing could be
recorded by the AlIGaN/GaN ISFET (Fig. 7.11a, last dosing of 10 mM).

In a second experiment, Na' ions were added from start (Fig. 7.11b).
The same sensor and measurement setup were used; only new nerve cells
were cultivated on the sensor. Optical microscopy revealed the same good
proliferation and vitality properties of the cell bed as in the previous
experiment. The presence of only Na’ ions in SCZ buffer creates non-
equilibrium of the cell membrane potential. In this case, according to
Bernstein theory [43], K* ions flow out from the cell through the selectively
permeable cell membrane to offset the potential difference. This mechanism
can explain the gradual signal increase within the first 900 s. The very first
dosing of 5 uM DFP to the SCZ buffer with 100 mM NaCl had no
substantial effect on the sensor signal, thus, was too small in this experiment
to cause a measurable ion flux. Further dosing resulted in a quickly
decreased sensor signal due to Na' flux into the cells, seen basically after
the dosing of 10 uM and the second dosing of 20 uM DFP. However, this
effect was not fully reproducible during the experiment.
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Fig. 7.11: Extracellular signal from NG 108-15 nerve cells as reaction to the
neurotoxin DFP in a) SCZ buffer solution and b) SCZ buffer solution with
100 mM NaCl. (dosing by titration, numbers correspond to added
concentrations in the solution in units of pM; given pH values are measured
at beginning and end of the experiments by MT glass electrode).

The small sensor response on the first dosing of 20 um DFP might be
the result of complex reactions in the medium including the ongoing
hydrolysis of the DFP solution and the temporary depletion of ions in the
cleft. This effect was not further investigated. In any case, taking into
account that the pH value of the SCZ buffer solution was constant at 7.62
during the measurements, the sensor signal can be only the result of ion
fluxes across the cell membrane from the accumulation channel close to the
sensor surface. Further dosing (third 20 uM DFP and beyond) did not cause
sensor responses anymore. Thus, once the Na' concentration is in
equilibrium between the NG 108-15 nerve cells and the medium as result of
the reaction to the DFP neuroinhibitor, no sensor signal is recorded.

Previous investigations on ion sensitivity (chapter 7.3) have shown, that
the sensor responds both on K" and Na® ion fluxes. In this chapter it has
been demonstrated that for the monitoring of the cell reactions to DFP
neuroinhibitors in SCZ buffer solution, the Na" flux is of major importance
for the sensor signal generation. However, due to the small ion content in
SCZ solutions, the cell reaction to neuroinhibitors can denature. As a
consequence, further experiments were performed in a more “natural” cell
medium as described in the next chapter.
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7.5.2 Response on single inhibitors in DMEM

Instead of SCZ buffer, the complex classical cell medium (DMEM
supplemented with 10 % FCS and L-glutamine) was used in the following
experiments and 25 mM HEPES-TRIS buffer was added (Fig. 7.12a). Also
in this case, the sensor and the measurement setup were not exchanged;
only the cell layer was refreshed. Due to the complexity of cell media, it
was difficult to keep its pH value constant in normal atmosphere, and for
this reason, during the measurement a increasing of ~0.13 pH was observed.

First, the reaction of the NG 108-15 nerve cells on added neuroinhibitor
DFP was recorded (Fig. 7.12a). In contrast to the previous experiments, a
sensor reaction by decreasing of the recorded current appeared already
when the inhibitor DFP with concentrations as small as 1 uM DFP was
added to 5 ml cell medium that covered the proliferated nerve cells. A
decreasing in the recorded sensor signal appeared also if further 4 pM and
10 uM of the inhibitor DFP were added. After reaching a concentration of
about 15 uM DFP, saturation was reached, where no cell reaction could be
recorded anymore even if a new dose of neuroinhibitors is added
(Fig. 7.12a). Also in this case, the different ions present in the accumulation
channel contribute to the generation of the sensor signal; however, because
of the complexity of cell media it is hard to determine exactly which kind of
ions and in which percentage they contribute to these effects. It can be
assumed that Na" and K ions have the major influence on the sensor signal.
To give an assessment of this hypothesis, an analytical estimation of the
sensor signal was performed which is presented at the end of the chapter.

To study the ISFET reaction on the answer of NG 108-15 cells to other
kinds of inhibitors, fresh adherent nerve cells were prepared on the sensor
with new buffered cell culture medium. This time, amiloride, a reversible
blocker of epithelial Na' channels, was used as neuroinhibitor (Fig. 7.12b).
A remarkable instability of buffered cell media was observed, which
became alkaline in time (pH increased by 0.31). First, amiloride with
concentration of 10 pM was added to 5 ml cell medium. The sensor signal
increased quickly followed by a slower decreasing to the level prior to
dosing (taking alkalization into account). Further doses of amiloride caused
no sensor reaction anymore. Considering that amiloride closes Na'
channels, i.e. no Na' ions can flow into cells, its dosing lead to increased
concentration of positive ions (especially K" and Na") in the accumulation
channel, which finally resulted in the increased sensor signal (Fig. 7.12b).
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Fig. 7.12: Recorded NG 108-15 cell reaction to different neuroinhibitors a)
DFP in DMEM with 25 mM HEPES-TRIS buffer solution as cell medium
and b) amiloride. (dosing by titration, numbers correspond to added
concentrations in the solution in units of pM; given pH values are measured
at beginning and end of the experiments by MT glass electrode).

In time, equilibrium was reached by diffusion processes: (i) laterally
out of the cleft into buffer solution, or, (ii) especially for K ions, through
ion channels into cells. Thus, equilibrium state of the membrane potential
was established and the sensor signal approached its equilibrium value. Due
to the alkalization, this equilibrium was smaller than the initial value as a
result of the increased pH value. Obviously, the dosing of 10 uM amiloride
was already sufficient to block all the channels since further dosing had no
influence on the nerve cells and on the sensor signal anymore (Fig. 7.12b).

Further experiments with the second experimental setup (chapter 5.2)
and Amani reference electrode (Fig. 7.13) were performed by Silveira
[118], which yielded similar results. The sensor preparation and NG 108-15
nerve cell proliferation were realized as described in chapter 7.3. In
addition, the sensor response upon dosing of the inhibitor PMSF was
investigated. As described in chapter 2, PMSF is a weak inhibitor of AChE
[233], i.e., ion channels are opened for a longer time upon dosing, which
enables equilibrium of ion concentration outside and inside a cell.

Fig. 7.14 summarizes the results of PMSF titration experiments in 5 ml
cell media using two sensors from the same wafer having different active
areas. Similar to the above described experiments, the sensor signal showed
a continuous decreasing as the result of increased pH due to alkalization.
Obviously, upon dosing of PMSF there was a temporary decreasing of the
sensor signal as an immediate reaction of the nerve cells.
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Fig. 7.13: The recorded NG 108-15 cell reaction to different concentration
of the PMSF neuroinhibitors in DMEM with 25 mM HEPES TRIS, using
two different PIMBE grown sensors a) 400x100 pm?, b) 2400x100 pm?
(dosing by titration, numbers correspond to added concentrations in the
solution in units of uM; given pH values are measured at beginning and end
of the experiments by MT glass electrode) [118].
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Fig. 7.14: Summary of the recorded changes of the sensor signal in
dependence on the titrated PMSF concentration [118].

Because of the open ion channels, the accumulation was experienced to
a strong local ion flux across the open channels, which yields to a different
ion concentration than in the remaining cell medium and, thus, a measurable
sensor signal. The reaching of equilibrium with the cell medium is
responsible for the slower recovery of the sensor signal. The analysis of
sensor signal changes in dependence on the dosed PMSF concentration
revealed a maximum response at about 50 uM PMSF (Fig. 7.14), after
which the signal is decreasing as a result of saturation.

164



These experiments clearly demonstrate that the AlIGaN/GaN sensor is
sensitive to cell actions, both as result of the “normal” activity (breathing)
as well as reaction on external stimulation by neurotoxins. The sensor
response and the causing cell reactions are summarized in table 7.3. In the
next chapter it will be demonstrated that even complex reaction on different
stimulation can be analyzed with those sensors.

Table 7.3: Summary of the observed sensor response on the cell reaction on
different treatments.

experiment cell reaction sensor underlying effect
response
alkalization consumption of H;O" Ipdecreases increasing of OH  ions

and diffusion of CO, ( l«)
into the atmosphere
breathing decreasing CO, I oscillates alternating HCO3"
concentration in the ($) concentration in the
cell medium, creating cell medium
non-equilibrium of
membrane potential
dosing of  inhibiting of AChE, I decreases depletion of positive
DFP thus, keeping the Na" ( J/) ions in the cleft (Na")
L channels open due to equilibration of
dosing of the concentration
PMSF
dosing of blocking of Na* Ip increases accumulation of
amiloride channels positive ions in the

(")

cleft (Na*, K"

7.5.3 Response on dosing different neurotoxins

Finally, the reaction of the NG 108-15 nerve cells on the dosing of
more than one inhibitor into the cell media was investigated. The used
neuroinhibitors for this study were PMSF and amiloride, i.e., subsequently
first a neurotoxin that opens ion channels was used followed by dosing
amiloride that blocks specifically Na* (and Ca®") channels (see chapter 2).
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Fig. 7.15: Ips versus time as reaction of the cells in medium to different
inhibitors in DMEM without buffer (I- IV) at (a) the first day with a break
of two hours and (b) at the second day with a break of three hours.

The electrical measurements were done continuously over several days
without removing the cells from the sensor. The sensor signal was recorded
in cycles, each of them lasting about one hour. After the measurement
cycles the cells were placed in the incubator with replaced fresh medium for
recovering. Fig. 7.15 shows the recorded I, during 4 measurement cycles
(I-IV) as a reaction of the dosing of different neuroinhibitors, while the
reaction of the pure ISFET without cultivated cells was shown in Fig. 7.9.
Obviously a drop of I as reaction of the cells on the dosed neuroinhibitors
was monitored in contrast to the absence of significant reactions in the case
of the uncultivated sensors on the neuroinhibitors added in DMEM cell
media (Fig. 7.9). The noise in the signals was about 100 nA, which is more
than an order of magnitude lower than the evaluation signal.

Considering PMSF, after dosing of 10 uM PMSF (1), a strong response
of the sensor was observed, while a second dosing after about 30 min and
additional dosing of amiloride did not cause any variation. A break of 2 h
did not change the situation: the sensor signal was on the same level and no
response on PMSF dosing could be observed. In contrast, reaction on
another neuroinhibitor, amiloride, is apparent in both cycles (I) and (II).
Either, 10 pM PMSF was sufficient to inhibit completely the AChE fission
and opened all involved ion channels or the amiloride action (blocking of
Na' channel) limited the response of nerve cell to PMSF inhibitor. The cell
media was refreshed and the measurement setup placed in incubator. After
18 h, the cells recovered completely (III). The sensor signal was on the
initial level and apparently the cells reacted on a new dosing of PMSF.
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In cycle (III), smaller amounts of 3 pM PMSF were fed resulting in a
gradual decreasing of the drain current. Similar to the first measurement
cycle (I), after a forth titration, i.e. after dosing of 12 uM PMSF, no sensor
response was observed (III). A break of three hours in incubator resulted in
partial recovery of the cells (IV): The sensor signal did not reach the initial
value; however, the cells responded again on a single titration of PMSF and
showed no reaction on the second dosing. In both cases there was still
response on the other used neuroinhibitors, amiloride.

The temporal behavior of the sensor response was fitted by an
exponential law

Iy=1,,+(1,,-1,,) exp[— ;J (7.1)

where Ip and I, are the drain current at the time ¢ = O (titration event) and
t — oo (equilibrium value), respectively, and 7 is a time constant. Similarly,
the recovery (sensor signal increase) was examined. The fitted parameters
signal change Alp=1Ip, - Ip. and 7 for the PMSF titration experiments are
shown in Fig. 7.16. The sensor response on every dosing of 3 uM PMSF is
approximately constant about 2.5 pA and drops to zero after saturation (Fig.
7.16a, “signal per step”). Accordingly, the sum of the response signals is
increasing. The sensor response for the single dosing of 10 uM PMSF in
cycle () fits very well the sum signal after subsequent titration experiments
in cycle (I1I), which displays the reproducibility of the used sensor.

For an interpretation of the results it is assumed that the sensor signal
drop after titration is caused by a decreased concentration of positive ions.
Usually, the Na' concentration in the electrolyte is high while inside the cell
the K" concentration is high. Thus, the possible mechanism could be that
after PMSF dosing, ion channels are opened and Na' ions are transported
into the cell. The time constants for the sensor response and the recovery
(reproduction of AChE) after every titration event are decreasing with
increased dosed concentration ¢ of PMSF (Fig. 7.16b). The lines represent
an inverse proportionality between 7 and the dosed amount of PMSF:
7~ 1/V. Consequently, the ion transport to and from the sensor surface is
not purely diffusion controlled. Since a direct reaction of PMSF on the ion
cannels is assumed via inhibiting the fission of AChE, a higher dosed
volume leads to more opened ion channels and thus, in a faster sensor
response.
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Fig. 7.16: Recorded (a) changes of I, as reaction on the titration of PMSF
during the measurement cycles (I) and (III), and (b) the time constants for
the sensor response and recovery after dosing of PMSF.

The recorded data indicate that there is indeed a linear dependence
between PMSF concentration and the number of opened ion channels and
saturation sets in when all channels are opened. The good agreement of the
time constant for dosing of 10 pM PMSF in cycle (I) with the fit for cycle
(IIT) supports this assumption. Remarkably, the sensor signal upon dosing
amiloride after PMSF was reversed compared to the dosing of amiloride
only as shown in chapter 7.5.2. The response on amiloride and, thus, most
probably the direction of the ion flux depends on ionic concentration in the
cleft, which is the result of the previous treatment. Obviously the sensor
clearly can distinguish between these different cases, however, a conclusive
model to explain the observed behavior is not available yet.

7.6. Sensor signal simulation and calculation

To understand the generated sensor signal and the contribution of ions
to the recorded signal, a calculation of ion concentrations in the cleft and a
simulation of electron sheet density in the sensor channel was performed.

7.6.1 Self consistent simulation of the heterostructure

For the simulation of AIGaN/GaN-based sensors in aqueous solutions a
theoretical model was used that implies self-consistent solving the Poisson
and Poisson-Boltzmann equations in semiconductor and electrolyte regions,
respectively. Details about the model are found elsewhere [107, 138, 235].

168



buffer solution

S A
S
O|H @Q(I) @ OH{@
|

Ga~_,._~ Ga~__ surface oxide

S
.
%,

semiconductor region

Fig. 7.17: Site binding model for the interaction of the AlGaN/GaN-
transistor with the electrolyte assuming a GaOy interlayer [107].

These simulations provide depth profiles of free carriers in the
semiconductor and of different ions in the electrolyte. In the semiconductor,
where carrier quantization effects play an essential role, the carrier density
depth distribution can be optionally calculated quantum-mechanically
through the solution of the Schrodinger equation. The adsorption/desorption
of different ion species onto/from the electrolyte-semiconductor interface is
described by a site-binding model (chapter 3.2 and Fig. 7.17). It requires the
knowledge of the ion concentrations in the vicinity to the electrolyte-
semiconductor interface and, accordingly, the site-binding model is self-
consistently coupled to the Poisson and Poisson-Boltzmann equations.

AlGaN/GaN sensors provide readout of electrical signals dependent on
the particular ion composition in the electrolyte and specific chemisorption
of different ions at the electrolyte-semiconductor interface. As an example,
Fig. 7.18 presents the calculated carrier concentrations and the potentials for
the AIGaN/GaN-based pH sensor exposed to an electrolyte with pH 4.

These calculations consider only one kind of ions; while in the cleft
different ions with changing concentrations can be expected. Each of them
can contribute differently to the sensor signal. The ion concentrations in the
cleft, thus, the sensor response is strongly dependent on the nerve cell
activity and its reaction to different stimuli. Nevertheless, the experiments
described in the previous chapters revealed a maximum current change of
about 5% (table 7.4). With the following simulations, this maximum value
will be related to the possible ion concentration changes in the cell media.
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Fig. 7.18: Self-consistent calculation of electron (right) and proton H" (left)
concentrations versus depth. The site-binding model for H" adsorption onto
the electrolyte-semiconductor interface predicts a total positive interface
charge of 5.5x10" ¢cm™. The electrolyte region (representing the cleft) is
shown in yellow. The conduction band edge in the semiconductor region
and the electrostatic potential in electrolyte are depicted by the blue line.

The simulation of the electron sheet density versus ion concentration
was realized using a self made program [236]. Fig. 7.19 demonstrates the
small changes in the electron sheet density in dependence on the
concentration of positive ions in the cleft for different pH values and a fixed
cell-sensor surface distance as well as for a fixed pH value but different
cell-sensor surface distance. The highest simulated concentration of 10%
positive ions corresponds to the maximum concentration of Na', K" and Ca"
about 170 mM in the cleft or inside the cells (table 2.1 / 7.1). For this
highest ion concentration a change of the electron sheet density of about 4%
is achieved, which in a first approximation (neglecting the small changes in
the 2DEG mobility) corresponds to a maximum current change of about 4%
in a reasonable good agreement with the saturation values obtained
experimentally.
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This agreement supports the assumption that the sensor signal is indeed
generated by the potential changes caused by the positive ion fluxes, and is
not a pure pH response.
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Fig. 7.19: Simulation of changes in electron sheet density in dependence on
the concentration of positive ions for (a) different pH values and fixed cleft
dimension and for (b) different cleft dimensions and a constant pH value.

Table 7.4: Summary of monitored current changes Alp,, for the described
experiments. (Ip, is the starting value at the beginning of experiments
Alpgm and Alp,., are absolute and relative changes of /5. For subsequent
dosing experiments it corresponds to the sum changes over all dosings).

Media experiment |Ip, Alpgum |Alpse | Fig.
DMEM breathing 330pA | 4pA [12% |7.7b
SCZ DFP 296 uA [15pA [5.1% |7.11a
SCZ +

100 mM NaCl | DFP 325pA | 8puA [25% |7.11b
DMEM DFP 285uA | 6 pA |2.1% |7.12a
DMEM amiloride 290 uA [1.5puA |0.5% |7.12b
DMEM PMSF 168 pA | 9pA [54% |7.13a
DMEM PMSF 640 pA | 10pA [1.6% |7.13b
DMEM PMSF 260 uA | 9puA |3.5% |7.15al
DMEM amiloride 242 yA |13 pA |54 % |7.15all
DMEM PMSF 260 pA |12 uA 4.6 % | 7.15bl1
DMEM amiloride 245 uA |12 pA |49 % |7.15bIV
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7.6.2 Estimation of the ion flux in cleft

Next, the total ion flux is calculated from the available data. The
distance d.; of the cell to the sensor surface is assumed to be 50 nm
according to the reported values of 35-70 nm, which have been determined
by fluorescence interference contrast microscopy [232].

Table 7.5: Cleft dimensions and total number of Na" and K" ions in the
cleft for the cell-transistor coupling experiments.

Contact area of single cells | Sensor area
Area 7id? 314 ym?>  [A=W*L 1.25 mm?
A =
4
Cleft volume Vet = A* deee 0.031 pl 125 pl
(dcleﬁ = 50 nm)

K" concentration  cx. =35 mM

in cell media

K" total number 9.5%10’ 3.8%10"
of ions in cleft

Na' concentration cny: = 160 mM
in cell media
Na" total number 3.0%10° 1.2*%10"
of ions in cleft

The contact area of a single cell to the transistor was approximated by a
circle with the mean cell diameter of 20 pm, while the whole active area of
the sensor was 2500 x 500 pm? and a covering of 100% is assumed. The
calculated total number of ions in the cleft is summarized in table 7.5.

For estimation of the flux, which is responsible for signal generation,
the data from the subsequent dosing experiments in Fig 7.15 were used.
According to the simulation results in Fig. 7.19, high ion concentration in
cell media causes a nearly linear dependence of the sensor current response
with changing charge concentration, i.e., Alp ~ dQ/dt. The saturation
current, where no sensor response was measured upon further dosing of
PMSF, was Alp = 12 pA. Since Ip is changing in time, its temporary
behavior needs to be considered, either by an linear approach Ip(f) = Ip
Alp*t, thus, Q = 2Alp*t, or by integrating eq. (7.1).
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Table 7.6: Cleft dimensions and total number of Na" and K" ions in the
cleft for the cell-transistor coupling experiments.

Linear Integration
approach |ofeq. (7.1)

Time period: 300 s
Current change: 12 A
Flowing charges in the cleft [C] 1.8%10° 1.2*10™
Average ion flux [ions/s] 3.7%10"  [2.5%10"
Maximum ion flux for passive ion channels:

10% ions/s
Ion channels per sensor 3.7%10° 2.5*10*
Ion channels per cell 94 6.2
Ion channels per area [channel/pm?] 0.3 0.02
Minimum ion flux for passive ion channels:

10° ions/s
lon channels per sensor 3.7*10’ 2.5%10°
lon channels per cell 9400 620
Ion channels per area [channel/pm?] 30 2
Flux for active ion channels: 100 ions/s
lon channels per sensor 3.7%10" 2.5%10"
lon channels per cell 9.4*10’ 6.2%10°
lon channels per area [channel/pm?] 3*10° 2%10°

Table 7.7: Na' channel gating charge densities of nerve and muscles [48].

Tissue Gate charge Na channel density
[charges / pm?] [channels / pm?]

Squid giant axon 1500-1900 300

Myzxicola giant axon 630 105

Crayfish giant axon 2200 367

Frog node of Ranvier | 17600 3000

Rat node of Ranvier 12700 2100

Frog twitch muscle 3900 650

Rat ventricle 260 43

Dog Purkinje fiber 1200 200
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The charges calculated in both ways are summarized in table 7.6.
Taking the uncertainties of these calculations into account, a reasonable
good agreement could be achieved between the available Na' ions reservoir
(see table 7.5) and the saturation value of the ions, which were transported
from or into the cleft (see table 7.6) (about 10" ions for the whole sensor).
In contrast, the concentration of K" ions appears to be too small to explain
the recorded sensor signals.

In chapter 2.2, the values for a possible ion flux across the ion channels
were given. For the three possible cases, maximum and minimum flux
across a passive ion channel, as well as average flux pumped through an
active channel, a corresponding number of ion channels are calculated,
which would be necessary to cause the calculated ion fluxes (Table 7.6).
Obviously, the sensor signal is not generated by a flux across active ion
channels, which would require an unrealistic high number of channels. A
comparison of the calculated passive channel density of 2 — 30 channels
/um? with values reported in the literature (Table 7.7) shows that the
estimated densities seem to be underestimated. However, it needs to be
mentioned that the assumption of Alp~ AQ necessarily overestimates the
number of flowing charges O by a factor of 3-5, which in turn
underestimates the number of ion channels. Being far away from an exact
analysis, the so estimated number of about 100 ion channels per pm? shows
a fairy good agreement to the measured values for axons in table 7.7.

The major outcome of these calculations is a strong evidence that in the
monitoring of cell activity upon neurotoxin dosing, Na" flux plays the major
role for signal generation. A fairy good agreement between experimental
observations and the model could be found, however, the uncertainties in
the used methods are still too large to perform a reliable quantitative
analysis of the sensor behavior. Nevertheless, the last chapter has
demonstrated that such modeling appears to be possible if the measurement
conditions as well as used simulation models will be improved further.
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8. Summary

In this thesis, AlIGaN/GaN heterostructures, which have shown to be
reliable pH sensors, were characterized and further developed for the in
vitro monitoring of cell reactions. It was tested for the reaction of NG108-
15 nerve cells on different neuroinhibitors — a reaction, where neither cell
action potential experiments have been performed before, nor the
proceeding mechanisms are clearly characterized and identified.
Nevertheless, it has been shown that these sensors are able to monitor such
complex cell reactions. In particular the different sensor reaction on dosing
on amiloride depending on the pretreatment demonstrates that biological
processes can be distinguished unambiguously, even though they are not
understood in full detail. To achieve this goal, the following five major
goals have been addressed in this work:

» a further improvement of the measurement set-up for extracellular
recording in connection with improved chip design and
technology,

» an accurate characterization of 2DEG heterostructures and sensors
grown by different methods (MOCVD and PIMBE) in order to
interpret their response in electrolytes.

» the effect of device processing steps on the surface properties and
the biocompatibility for reproducible culturing of nerve cells on
the sensor,

» a deeper understanding of the mechanisms in cell-transistor
coupling, and finally,

» the applicability of the nerve cell-transistor hybrid system in drug
screening.

Technical Improvements:

The previously developed sensors and the extracellular recording
systems [41, 42] as well as the stability of the setup were improved with
respect to the following points.

A novel polyimide contact passivation realizes a good mechanical and
chemical stability, high biocompatibility, good transparency in visible light
and enables the fabrication of small sensor structures (see chapter 4.1.2.4.).
This passivation allows the use of the sensor in both acidic and alkaline
solutions ensures a good cell proliferation.
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Furthermore, it gives the possibility of nerve cell monitoring using
classical inverse microscopy. To improve the sensor stability, a new LTCC
based encapsulation was developed (see chapter 4.1.2.5.) and characterized
in addition to the existing PBC holder [42]. It showed reduced noise and
allowed the continuous use of the sensor for prolonged times without the
need to renew the encapsulation.

The set-up for extracellular recording was further improved by using an
electrolyte chamber realized from PEEK, a transparent lid of Plexiglas and a
special construction which allows the cell monitoring (see chapter 5.2). The
PEEK chamber is biocompatible and permits a proper cell growth over long
periods. In particular, the lid prevents evaporation and alkalization of cell
medium as the result of CO, consumption from the environment. The noise
was further reduced by the implementation of an aluminum holder for
electrical screening as well as mechanically stable contacts.

As a consequence of these improvements, the encapsulated sensor and
the measurement setup has improved long-term stability as well as
decreased leaking currents (/.. in pA region) and noise (£ 100 nA).
Moreover, this concept makes the measurement system much easier to
handle. A good cell proliferation and successful nerve cell-transistor
coupling were the direct result of these improvements.

Heterostructure and sensor characterization:

To select optimal sensors for the cell-transistor coupling,
heterostructures grown by PIMBE and MOCVD were characterized.
MOCVD grown samples have shown to be more homogeneous and exhibit
superior electronic transport properties. The poorer electrical performance
in PIMBE grown samples is mainly caused by the higher dislocation
density. This effect has important consequences for the application as
chemical or biosensor, since such defects are etched preferentially and can
be the origin of early breakdown in such sensing devices. On the other side,
smaller negative potentials were necessary to deplete the 2DEG in PIMBE
grown heterostructures. For biosensors, it is very important to work with
small potentials close to the cells in order not to influence the metabolism of
the cells. Moreover, PIMBE grown heterostructures were less affected by
ambient light [42, 140]. For this reasons, PIMBE grown samples were
selected for the cell-transistor coupling experiments. However, these
properties reflected the state of the development rather than a physical limit
for the epitaxial techniques.
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It is expected that the further improvement of MOCVD will result in
superior heterostructures. For example, the barrier thickness and
composition was not varied to adjust the depletion voltage. Moreover,
recently Si doped interlayer have shown to improve the light stability in
MOCVD grown samples [42]. Also this effect was not further investigated
in this work.

Before any quantitative measurement, the sensors have been calibrated,
which was accomplished using a known and well defined pH buffer. The
transistor characteristics were analyzed in more detail in dependence on the
W/L ratio, which is an important value that determines parameters such as
the transconductance and, thus, also the sensor sensitivity. It was shown that
with increasing of W/L ratio the resistance is increasing due to higher serial
resistors on the chip (see chapter 4.2.2.). As a consequence, also the
transconductance and sensitivity is affected by these serial resistors.
However, for high W/L ratios, the most stable sensor characteristics were
obtained in constant current mode with sensitivities S > 50 mV/pH.

Noise originating from the heterostructure and its interaction with the
electrolyte had a level of about 100 nA. The possible sources of noise are
considered to be the reference electrode, contact passivation and the
interaction of the sensor surface with alkaline and acidic solution. A
potential shift of about 30 mV between Amani and the two different
concentrated agarose gel reference electrodes as well as the changing
behavior in dependence on the environment clearly demonstrate that the
miniaturized self made agarose gel electrode of this work is not usable for
quantitative determination of the pH value in an unknown solution.
However, these large differences affect not critically the sensor signal on a
short time scale. Other drift effects such as the moisture uptake of the
polyimide passivation are also rather long-term effects and partial
stabilization occurred already during the long preparation periods necessary
for the proliferation of cells. As a consequence, most of the drift can be
neglected due to the fast response of cells. Thus, even if quantitative pH
sensing cannot be assured, the cell-transistor coupling can be studied and
the cell reactions can be monitored.
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Surface properties and biocompatibility:

Biocompatibility and stability are two major preconditions for the
application of AlGaN/GaN heterostructures as biosensors. Generally, good
proliferation of different cell lines was observed on AlGaN and GaN
surfaces. Importantly, it was realized without using any kind of thin films of
organic material such as fibroblasts for improving of the cellular adhesion
and biocompatibility.

Furthermore, the impact of several technology- and sensing-relevant
treatments on the surface properties of AlIGaN/GaN sensors was studied as
well as their contaminating effect (see chapter 6):

» Most of the investigated treatments change the contact angle. However,
after a few hours the starting value of about 50° is recovered.

» The investigated cell lines are growing well on AlGaN/GaN and are
only little affected by the different processing steps.

» Good proliferation was also observed on polyimide, which confirms its
suitability for passivation on sensor devices.

» Enhanced contamination of the surfaces with carbon, hydrocarbons and
metal ions slightly decreases the cell proliferation. Such contamination
was removed by the established cleaning procedure with HCI and HF.
The remaining traces of chlorine and fluorine have no measurable
effect on the sensor.

» The sterilization by autoclaving, which is very commonly used in
working with cell cultures, contaminates the surface with carbon-
containing species. Consequently, a modified sterilization method has
been developed for the AIGaN/GaN sensor surface (see chapter 7).

» Fluorine etching improves the electrical performance of the sensor in
connection with the formation of a surface oxide. Thus, a short fluorine
plasma treatment might be beneficial for stabilizing the sensor surface.

» Cells and cell media contaminates the surface with metal ions, which
cannot be removed by non-destructive treatments, however, no
influence on the sensing behavior could be observed.

With these investigations a technological cleaning procedures were
established, which maintain the good biocompatibility of the GaN surface to
living cells and enables to study the effect of drugs or environmental
influences on the cell metabolism directly by measuring extracellular
acidification or intra- and extracellular potentials.
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Sensitivity and stability in the media for cell-transistor coupling

The present work on cell-AlGaN/GaN FET coupling for biosensing
emphasized on the extracellular potential detection, where all involved
components (cells, cell media, buffer solution, sensor interface, etc.) are
complex systems with a variety of different possible reactions and
processes. To ensure reliable cell-transistor coupling measurements, first the
pH stability of cell media and the sensor sensitivity to different ions and
neuroinhibitors in cell media or special buffer solutions is investigated.

The study of pH stability reveals that a highly buffered cell media
would beneficial; while for cell proliferation a concentration below 25 mM
HEPES is preferable. As a compromise, a HEPES TRIS 25 mM buffer
solution was used to improve the pH stability of the cell media and to avoid
an increased Na' ions concentration in cell media. The pH stability in cell
media and the AIGaN/GaN sensor sensitivity is strongly influenced by the
measurement conditions. At normal conditions, a covered measurement
setup is necessary to prevent gas exchange with the environment. In an open
setup with contact to normal atmosphere, the monitoring of the spontaneous
cell activity (“breathing”) was recorded.

Primary, the AlGaN/GaN heterostructure is a pH sensitive device;
nevertheless it reacts on changing ionic concentrations in electrolyte
through the formation of temporary potentials (action potentials in the case
of cells). These effects were studied in electrolytes with strongly differing
ionic species such as SCZ, SCR, SCI and cell media (see chapter 7.4). The
different response of the sensor on the dosing of neurotoxins (no change in
SCZ, staircase like signal in SCI or SCR) verified the existence of chemical
reactions between neurotoxins and ions in the electrolyte as well as the
possibility of their monitoring with AlGaN/GaN sensors. It could be shown
that in the cell media, which are used for the cell-transistor coupling
experiments such reactions are highly suppressed or compensated and thus,
have no influence on the sensor signal.

Nerve cell-transistor hybrid system in drug screening

For the nerve cell-transistor coupling a reliable seeding procedure was
established, which could be used for iterative measurements over periods of
several days. In the calibration experiments in Na' free SCZ buffer, a
sensors response on DFP neuroinhibitors was monitored despite the
constant pH value of 7.62 in the electrolyte.
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It confirms the major importance of Na™ flux in the signal generation,
here as an ion flux across the cell membrane to the accumulation channel
close to the sensor surface. Further experiments performed in a more
“natural” cell medium showed different cell reaction to different inhibitors.
Also in this case, the different ions present in the accumulation channel
contribute to the generation of the sensor signal; however, because of the
complexity of cell media it is hard to determine exactly which kind of ions
and in which percentage they contribute to these effects.

In summary, the following cell media reactions and cell activity could
be monitored by the AIGaN/GaN sensors:

» Alkalization due diffusion of CO, to the environment and to
consumption of H;O" (I, decreases),

»  Cell breathing, which results in decreased CO, concentration in the cell
media (Ip oscillates),

> Cell reaction on DFP, which keeps Na' channels in an open state and
depletes positive ions in the cleft (I, decreases),

»  Cell reaction on PMSF with similar results, and

> Cell reaction on amiloride, which blocks of Na'. Here the reaction
depends on the preliminary treatment. Dosing of amiloride only results
in a accumulation of positive ions in the cleft (I, increases), while a
dosing after previous PMSF dosing has opposite result (/, decreases).

These experiments clearly demonstrate the ability of the AlGaN/GaN-
ISFETs for quantitative analysis of cell reactions on different
neuroinhibitors. However, with the described structure the kind of
participating ions can not be identified definitively. The calculations using
simulation of the heterostructure as well as a simplified expressions for the
ion flux give a strong evidence that the signal in the cell-transistor coupling
experiments is primarily generated by the Na' flux. For reliable quantitative
analysis, however, the models have to be further developed and various
sources of error have to be identified and eliminated. Nevertheless, the
AlGaN/GaN-ISFETs show stable operation under physiological conditions,
exhibit a very good signal resolution and are suitable for long-time
measurements. They enable easy measurement procedures, which can be
used in every laboratory using small quantities of biological material, for
pharmaceutical screening, drugs detection or tumors analyzing.
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These sensors can be cleaned and sterilized even with hazardous
procedures such as autoclaving or etching in hot alkali based solutions and
are reusable without further conditioning procedures for in vivo
measurements.

Outlook

This thesis can be considered as the first step for the coupling of
AlGaN/GaN transistors with nerve cells. However, for a reliable operation
of this coupling in further basic research or in applications such as drug
screening, the following further steps are proposed.

A further improvement of the sensor chip is necessary to enhance its
stability. Especially the passivation needs to be further developed. For
example, the high moisture uptake of the polyimide passivation causes a
signal drift, which should be reduced by replacement of polyimide or
combination with other thin films.

Miniaturization and arrangement in arrays will enable higher resolved
measurements.

For a better understanding of the chemical processes, which take place
close to the sensor surface, and a deeper chemical analysis of the sensor
active area before and after every measurement, further calibration
experiments in defined electrolytes are necessary. By functionalization (for
example ionophores) the ionic species, which contribute to the signal
generation should be identified unambiguously.

Simulation of the sensor behavior in electrolytes can help to optimize
the design (for example by proposing a transconductance or electron density
in the 2DEG, see Fig. 7.19) and to define “critical” control experiments,
where small changes of ionic concentration will cause a large effect in the
sensor response.

Further experiments to analyze the proceeding biochemical reactions
with other techniques are necessary (i.e. patch-clamp) to understand the
underlying mechanisms.

The cell-transistor coupling experiments should be repeated to collect
statistic data and performed in media with different ionic concentrations.

With the help of these improvements and further experiments, reliable
models for the proceeding reactions can be developed, which finally opens
the opportunity for the AlIGaN/GaN biosensors to become a powerful tool in
biological research of cell response and for drug screening.
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Annex 1: Processing steps for reported AlIGaN/GaN structures
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Annex 6: NG 108-15 nerve cell protocol
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Annex 1: Epitaxy and processing steps for
reported AlGaN/GaN structures

Detection Structure 2DEG characteristic
1 |anions ALyOsor (111) Si not specified
(F, CI) 3 um GaN buffer
proteins 3 nm Aly;Gay; N
2 |DNA 220 nm A10<3Ga0,7 N:Si
3 |PSA cap layer
4 |anions Al,O; substrate Ny=12x 10" em™
(CI', Br', NO;, SCN") [2-3 um GaN buffer =900 cm?/Vs
5 |cations (K" AlGaN barrier Ny=1.24x10" cm’
2
= 1490 cm*/Vs
6 |action potential Al,O5 substrate N,=12x 10" cm?
1.5 um GaN buffer 1= 1240 cm*/Vs
24-26 nm AlGaN
3 nm GaN cap layer
7 |penicillin Al,O; substrate N,=1.1x 10" cm?
3.8 um GaN buffer = 1400 cm*/Vs
20 nm A10'23Gao'77 N
3 nm GaN cap layer
8 |extra-cellular potential |Al,O5 substrate Ny=64x 10" cm™
250 nm GaN buffer 1 =800 cm?*/Vs
13 nm AlGaN
2 nm GaN cap layer
9 |extra-cellular potential |Al,O; substrate N,=5x 10" cm?
2 pm GaN buffer 1 =580 cm?*/Vs
20 nm A10'3Gao‘7 N
5 nm GaN cap layer
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Growth |Ohm contacts |Passivation Gate area Ref.
1 |MOCVD |Ti/Al/Pt/Ti Si3Ny 100 x (5-40) pm*  |[98,
+ MBE [850°C anneal, 113]
45 s1in N,
2 |MOCVD |area 500 nm PMMA |10 x 4 um’ [121]
EN 100 x 100 pm” (200 ym PMMA |50 x 5 [158]
4 |MBE Ti/AI/Ni/Au  |polyimide 76 x 100 pm’ [116]
] 800 °C anneal
5 100 x [113]
(10-100) pm?
6 |[MOCVD |not specified |epoxy 35 x 35 um’ [19]
7 |MOCVD |not specified |not specified 1.2 x 0.5 mm’ [122]
8 |[MBE Ti/Al/Ti/Au  |polyimide 2400 x 500 pm*  |[147,
750°C anneal, 163]
60 s in N,
9 IMBE Ti/Al ceramic package [not specified [164]
800°C anneal,
40 s
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Annex 2: Technological steps

technological process

0 0,0 ,0,0,0,0,0,0,

A~ AT A A-AT AT A A~/ AT A
) © 0 0 000 0 0 0@ @
GaN cap

A
\ 4

1 cleaning

AlGaN

GaN

AIN
AlO, substrate

2DEG

i

Ti / Mo metallization

2 removing of Ti/ Mo GaN cap

backside metallization AlGaN
from MBE sample GaN 2DEG

AIN
ALO, substrate

3 lithography of
adjusting marks

4  Metallization
adjusting marks

5 lift off process

6  Lithography

mesa etching GaNeap

7  chlorine etching
using ICP

AlO, substrate

8  cleaning
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details

<«— GaNcap

in acetone, isopropanol and dry
in Nitrogen flux

HNO; / 50% HF

spin coating standard photo
resist AR-P3510, 4 s light
exposure, developing with MIF
(TMAH) AR 300-44

30 nm Ti /100 nm Al

in acetone, isopropanol and dry
in Nitrogen flux

— GaN cap

— GaN buffer

spin coating standard photo
resist AR-P3510, 4 s light
exposure, developing with MIF
(TMAH) AR 300-44

130 nm GaN removed

in acetone, isopropanol and dry
in Nitrogen flux

187



technological process

9  Lithography
contact metallization

10 contact metallization

11  lift off process

12 contact annealing

sensitive gate

Ohmic
GaN cap

AIN

AlO, substrate

13 Lithography
contact pads

14 Metallization

contact pads
15 Lithography passivation sensitive gate Ohmic
contact passivation GaN cap contact
AlGaN
GaN 2DEG
16 passivation deposition AIN
and curing ALQ, substrate
17 Sawing

into singles chips
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details

10

11

12

Ohmic contact

sensitive gate

spin coating standard photo
resist AR-P3510, 4 s light
exposure, developing with
MIF (TMAH) AR 300-44

20nm Ti/ 80 nm Al /30 nm
Ti/ 100 nm Au

in acetone, isopropanol and
dry in Nitrogen flux

40s at 800°C for MOCVD
60s at 750°C for MBE

13

14

contact pad

Ohmic contact

sensitive gate

spin coating standard photo
resist AR-P3510, 4 s light
exposure, developing with
MIF (TMAH) AR 300-44

20 nm Ti/ 300 nm Au

15

16

[ ]
Thkn

contact pad

Ohmic contact

sensitive gate
passivation

spin coating standard photo
resist AR-P3510, 4 s light
exposure, developing with
MIF (TMAH) AR 300-44

see annex 3

17

see annex 4
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Annex 3: Polyimide passivation technology

Cleaning of the wafer using acetone, isopropanol and drying in nitrogen
flux

Spin coating of primer VM651 (1000 ml deionized water + 1 ml
VM651)

a. 20shold
b. 30 s spinning with 2800 rpm
c. soft bake at 120°C on the hot blade for 60 s
Spin coating of polyimide PI 2610
a. spinning 800 rpm for 10 s
b. ramp to final spin speed 2800 rpm for 90 s
c. soft bake at 130°C on the hot blade for 90 s
Spin coating of standard photo resist AR-P3510 and 4 s light exposure

60s developing with MIF (TMAH) AR 300-44 prepared 1:1.7
deionized water (= AR 300-49)

Cleaning with acetone, isopropanol and drying in nitrogen flux. The
photo resist must be complet removed.

Curing base process

a. loading of the wafer in programmable oven in air
b. ramp to 200°C at a ramp rate of 4 K/min

c. cure for 30 min at 200°C in normal atmosphere
d. change to nitrogen atmosphere

e. ramp to 350°C at a ramp rate of 2.5 K/min

f. cure for 2 h at 350°C in nitrogen

g. cool down at ambient



Annex 4: Distribution of sensor structure on wafer

MBE Waferlayout

H: -0

L ] |
o [ e e I e
ll
| ]
BEEl ~ - Jod

MOCVD Waferlayout
A
|1 3sssq 1]
: aspelsk:iiole
it
seneq
I I

H9- 20 ’21 ‘ 24 (25 H2eH
B 2400 x 400 pm? B 4% 600 x 200 pm?
T 2400 x 100 pm? W0 (4x) 40 x 35 pm?
|| 500x400 pm? (4x) 250 x 35 pm?
XX 400 x 100 pm? Hall contacts (van der Pauw)
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Annex 5: DMEM cell media components
(taken from Sigma-Aldrich protocol [234])

Component D5280
[¢/L]
inorganic salts
CaCl, » 2 H,O 0.265
Fe(NOs); * 9 H,O 0.0001
MgSO, 0.09767
KCl 0.4
NaHCO; added 3.7
NaCl 6.4
NHH2PO4 0.109
succinic acid 0.075
sodium succinate 0.1
amino acids
L-arginine * HCI 0.084
L-cystine « 2 HCI 0.0626
L-glutamine added 0.584"
glycine 0.030
L-histidine « HCI « H,O 0.042
L-isoleucine 0.105
L-leucine 0.105
L-lysine « HCI 0.146
L-methionine 0.030
L-phenylalanine 0.066
L-serine 0.042
L-threonine 0.095
L-tryptophan 0.016
L-tyrosine 0.072
L-tyrosine * 2 Na * 2 H,O —
L-valine 0.094

Y NaHCO; and L-glutamine were added to DMEM immediately prior to the
application
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Component

vitamins
choline bitartrate
choline chloride
folic acid
myo-inositol
niacinamide
d-pantothenic acid * /2 Ca
pyridoxal « HCI
pyridoxine « HCI
riboflavin
thiamine « HCI

other

glucose

HEPES

Phenol Red * Na
pyruvic acid ¢ Na

D5280
[¢/L]

0.072

0.004
0.0072
0.004
0.004
0.004

0.0004
0.004
1.0

0.0093
0.11
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Annex 6: NG 108-15 nerve cell protocol

Proliferation

ATCC advised growth medium: The base medium for this cell line is
Dulbecco's Modified Eagle's Medium without sodium pyruvate but with 4
mM L-glutamine, 4.5 g/L glucose. To make the complete growth medium,
it is necessary to add the following components to the base medium: 4.0
mg/L pyridoxine-HCIl; 0.1 mM hypoxanthine; 400 nM aminopterin, and
0.016 mM thymidine; fetal calf serum to a final concentration of 10% and
1% penicillin / streptomicin.

Temperature: 37°C

Subculturing

Remove medium, and rinse with 0.25% trypsin, 0.03% EDTA solution.
Remove the solution and add an additional 1 to 2 ml of trypsin-EDTA
solution.

Allow the flask to sit at room temperature (or at 37°C) until the cells detach.
Add fresh culture medium DMEM-high glucose supplemented with 10%
FCS and 1% penicillin / streptomycin, aspirate and dispense into new
culture flasks.

Subcultivation ratio: A subcultivation ratio of 1:6 to 1:10 is recommended.
Medium renewal: Every 2 to 3 days

Freeze medium: Complete growth medium, 92.5%; DMSO, 7.5%

Storage temperature: liquid nitrogen vapor phase

Recording medium

DMEM-high glucose supplemented with 10 % fetal calf serum and L-
glutamine and 25 mM HEPES-TRIS add as buffer solution.
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Theses

AlGaN/GaN heterostructures exhibit a number of superior properties
compared to Si or conventional III-V semiconductors, which make
them promising candidates for biosensors.

The passivation and good encapsulation of the sensor structure is a very
important factor to achieve stability and reproducibility of the device in
liquids such as electrolytes.

For good electrical stability and noise reduction of the biosensor signal,
an electrically screened measurement setup with mechanically stable
contacts and reliable implemented reference electrode is necessary.

In addition to their pH sensitivity, AlGaN/GaN FETs are sensitive to
changes in Na+ and K+ ions flux.

The chemical reaction between titrated Na+ and neuroinhibitors in the
Na-free buffer SCZ can be recorded by the AlIGaN/GaN sensor.

The group III nitrides are highly biocompatible and nerve cells adhere
with high proliferation rate.

The media (electrolytes) used for cell-transistor coupling must have a
stable pH value.

In cell media exposed to normal environment, spontaneous cell activity
(breathing) can be monitored by the AIGaN/GaN sensor.

The nerve cell react on DFP and PMSF by keeping Na+ channels in an
open state and depletes positive ions in the cleft.

The nerve cell reacts on amiloride, which blocks of Na+ channels. The
reaction depends on the preliminary treatment.

The simulation of the ion fluxes supports the assumption that in the
cell-transistor coupling experiments in this work Na+ has the dominant
effect in signal generation.
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