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Zusammenfassung

In der vorliegenden Arbeit werden grundlegende Eigenschaften der Gruppe IlI-Nitride im Hin-
blick auf eine Realisierung von Feldeffekt-Sensoren fiir die biochemische Analytik und die
Messung elektrophysiologischer Signale in wassrigen Losungen untersucht.

Als Signalwandler wurden Feldeffekttransistoren und Transistorarrays mit elektrolytischem
Gate auf Basis von AlGaN/GaN Heterostrukturen analysiert. Die spektrale Rauschleistungs-
dichte dieser Transistoren bei niedrigen Frequenzen zwischen 1 Hz und 1 kHz zeigte einen 1/f
Verlauf mit einem Hooge-Parameter von 5 x 1073, Die nicht optimierte Kontakttechnologie
der Gruppe III-Nitride fiihrte dabei jedoch zu groBen Variationen im Niederfrequenzrauschen.
Die rauschiarmsten getesteten Transistoren wiesen am Arbeitspunkt ein dquivalentes Gateein-
gangsspannungsrauschen von 25 uV im doppelten Scheitelwert auf, etwa eine Grof3enordnung
niedriger als bei gewdhnlichen Silizium-basierten Transistoren mit elektrolytischem Gate und
vergleichbar zu komplexen “buried-channel” Transistorstrukturen.

Die elektrochemischen Eigenschaften der AlGaN/Elektrolyt Grenzfliche wurden mittels
Impedanzspektroskopie und zyklischer Voltammetrie analysiert. Eine Beschreibung der elek-
trischen Grenzflacheneigenschaften war durch einfache Ersatzschaltkreise idealer Elemente
moglich. Die relativen energetischen Positionen der GaN Valenz- und Leitungsbandkante
am Interface und der Redoxniveaus im Elektrolyten sind gegeniiber Variation der externen
Biasspannungen nahezu unverdnderlich und konnte aus den Flachbandspannungen fiir n-Typ
(Vip = —1.12V) und p-Typ GaN (Vs = 2.27V) zu Ec,s = 0.91eV und Ey g = —2.69eV
relativ zum Redoxniveau der Standard-Wasserstoftelektrode bestimmt werden. Dabei wurde
die Flachbandspannung aus Mott-Schottky Diagrammen der Raumladungszonenkapazitit er-
mittelt, die wiederum aus den Impedanzspektren extrahiert wurde. Die Abhéngigkeit der Flach-
bandspannung von der Dotierungsdichte lésst sich durch den kapazitiven Beitrag einer zusétz-
lichen Schicht an der Oberfliche (C; &~ 2 uF cm™?) erkldren. Chemische Analysen der GaN-
Oberfliche mit XPS zeigten die Bildung eines natiirlichen Oberflichenoxids bei Lagerung an
Atmosphire. Fiir die untersuchten Al,Gaj_,N-Elektroden (x5, = 0 — 0.5) war die Lage der
Valenzbandkante an der Grenzflache zum Elektrolyten unabhéngig von der Al-Konzentration.

Die Abhédngigkeit des Oberflachenpotentials von natiirlich und thermisch oxidierten GaN-
Oberflichen wurde mit Hilfe von GaN/AlGaN/GaN bzw. GaN:Si/GaN:Mg Feldeffekttransis-
toren untersucht und wies eine lineare Abhéngigkeit vom pH-Wert des Elektrolyten auf. Die
hohe lineare pH-Sensitivitét ist mit 56 mV/p H nahe am theoretischen Nernstschen Limit und
wurde im Rahmen des Site-Binding Modells fiir oxidische Oberflichen diskutiert. Die un-
tersuchten GaN/AlGaN/GaN Transistoren wiesen ohne Optimierung des Schichtaufbaus oder
der Gate-Geometrie bereits eine Auflosung besser als 0.05 pH auf. Fiir lonenkonzentrationen
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zwischen 107> M und 2 x 1072 M war bei pH 7 nur eine geringe Quersensitivitit auf K+, Na*t,
Ca?* oder Cl~ festzustellen.

Des Weiteren konnte die Deposition von fluiden und stabilen Lipidmembranen auf der Ober-
flache von hydrophilen AlGaN-Elektroden nachgewiesen werden. Die laterale Beweglichkeit
der Lipide in der Membran wurde mit Hilfe von Photobleichexperimenten an fluoreszenz-
markierten Lipiddoppelschichten untersucht und ist ausreichend, um die Selbstheilung von
Membrandefekten wihrend der Bildung der Membran zu ermdglichen. Anionische Lipidmem-
branen zeigten dabei eine deutlich geringere laterale Beweglichkeit als zwitterionische oder
kationische Membranen. Der beobachtete Trend (Diarionisch > Dzwitterionisch > Danionisch)
war unabhéngig von der Oberflichenladung des Substrats.

Die Bildung von Lipidmembranen auf planaren GaN-Elektroden wurde durch die sequentielle
Aufnahme von Impedanzspektren untersucht. Dabei konnten die elektrischen Membraneigen-
schaften mit Hilfe des Ersatzschaltbilds eines idealen parallelen RC-Glieds approximiert wer-
den. Der Membranwiderstand war nach Ausbildung der Lipiddoppelschicht im Bereich von
etwa 1kQ cm?. Dies entspricht einer relativen Flichendefektdichte von weniger als 10~7. Eine
Abhingigkeit des Membranwiderstands von der Priaparationsmethode oder der Oberflachen-
rauigkeit konnte nicht festgestellt werden. Es wurde gezeigt, dass die beobachtete Abnahme
der Membrankapazitit wiahrend der Ausbildung der Membran durch eine Homogenisierung von
anfangs geclustertem Cholesterin verursacht werden kann. Der Endwert war mit 0.7 uF cm™2
vergleichbar zur Kapazitit von identischen Lipidmembranen auf p-Silizium Elektroden. Eine
mogliche Erklarung fiir den vergleichsweise niedrigen Membranwiderstand ist die Existenz von
lokalen “Pinning Zentren” aufgrund eines inhomogenen Oberflichenoxids. Diese Vermutung
wurde durch die Ergebnisse aus dynamischen Kontaktwinkelmessungen unterstiitzt.

Die Anbindung organischer Silanmolekiile stellt einen weiteren Weg zur Biofunktionali-
sierung von hydroxylierten GaN-Oberflachen dar. Der Silanisierungsprozess mit ODTMS oder
APTES fiihrte dabei zur Ausbildung von selbstorganisierenden Monolagen. Die elektrischen
Eigenschaften einer ODTMS-Monolage wurden durch Impedanzspektroskopie zu Csizgne =
2 uF cm™2 und Rgijane > 1MQcm? bestimmt. Die relative Oberflachenbedeckung betrug
92% =+ 2%. APTES-funktionalisierte GaN-Oberflichen ermdglichen aufgrund der reaktiven
Amino-Gruppe eine anschlieBende Anbindung von funktionalen Proteinen wie z.B. Enzymen
oder DNA. Erste enzymfunktionalisierte Feldeffekt-Sensoren auf Basis von AlGaN/GaN Tran-
sistoren zur Detektion von Penicillin und Harnstoff in wéssrigen Losungen wurden bereits
realisiert.

Ferner konnte die elektrische Kopplung von AlGaN/GaN Transistoren mit lebenden Zellsys-
temen gezeigt werden. Dabei wurden erstmals elektrophysiologische Zellsignale mit nicht
in Siliziumtechnologie hergestellten Feldeftektsensoren detektiert. Die untersuchten Herz-
muskelzellen von Rattenembryonen wurden direkt auf der Gate-Oberflache des AlGaN/GaN
FET-Arrays kultiviert und bildeten nach 4 — 6 Tagen ein konfluentes Synzytium, das gleich-
méfige spontane Kontraktionen zeigte. Extrazelluldre Aktionspotentiale von etwa 1 mV wurden
iiber Anderungen des Transistorkanalstroms detektiert.
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1. Ihtroduction

Fast, specific and inexpensive analytical detection methods are demanded in various sectors of
today’s society, as clinical diagnostics and patients home care, in-line monitoring of processes
in the food or pharmaceutical industry, screening and development of new drugs, or waste water
analysis. The traditional methods provided by analytical chemistry cannot fulfill this demand,
as they are time-consuming and require expensive equipment and reagents to achieve high se-
lectivity and low detection limits. Biological recognition events are highly selective and allow a
sensitive and specific detection of analytes on a molecular level. Over the last decades, a variety
of sensing principles based on biological receptors and physicochemical transducers has been
developed, and the interdisciplinary and rapidly growing field of biosensors was established
[Bilitewski & Turner, 2000], [Eggins, 2002].

In general, a biosensor is an analytical device comprising a biological recognition ele-
ment directly connected to a physicochemical transducer, which converts the biological
or biochemical response mostly into an electrical output signal [Thevenot, 1999]. The
first functional biosensor was the blood glucose meter developed by Updike and Hicks
[Updike & Hicks, 1967], which was based on the enzyme electrode proposed by Clark and
Lyons in 1962 [Clark & Lyons, 1962]. Using such an electrode modified with the enzyme
glucose oxidase (GOD), the glucose concentration could be measured amperometrically by
detecting the oxygen consumption during the GOD mediated oxidation of glucose. An en-
hanced version of the early blood glucose meter is the most common and successful example
of a biosensor so far. Since the introduction of the blood glucose meter, many biosensors based
on different biological receptors and transducer concepts have been developed, benefiting from
the rapid progress in bio- and microtechnology.

The detection of an analyte by a biosensor can be described by two consecutive steps, as
illustrated in Figure 1.1:

Detection The analyte reacts with the biological recognition element immobilized on the
sensor surface, either by selective binding to the bioreceptor or by catalytic conversion mediated
by the bioreceptor. Examples for sensitive biological elements include single molecules, or
molecular complexes like enzymes, antigens and antibodies, nucleic acids, cell receptors as
well as larger organic complexes like whole cells, tissues or microorganisms. The selective
interaction between analyte and bioreceptor determines the sensitivity and specificity of the
biosensor.
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Figure 1.1.: Functional principle of a biosensor. Possible signal transducers are for example surface
acoustic wave devices (SAWSs), field-effect transistors (FETs), ion-sensitive field-effect
transistors (ISFETs), a quartz crystal microbalance (QCM), or optical converters.

The biochemical recognition of the target molecule by the bioreceptor causes a physical or
chemical response at the surface of the transducer - a change in mass, refractive index, charge
or ionic concentration.

Transduction The physical or chemical change caused by the interaction of the analyte
with the bioreceptor is converted by the transducer mostly into an electric signal, which is
amplified and processed by standard measurement electronics. Optical, electrochemical, or
piezoelectric transducers are preferentially utilized for the signal conversion. In general, the
transducer element is not selective.

Traditional bioanalytical methods routinely employ reporter molecules, such as fluorescent
labels and radio- or redox active markers for a transduction of the biological recognition.
However, label molecules often interfere with the biological functions. Lable-free techniques
omit the preparatory labeling steps and in many cases are suitable for continuous monitoring
of assays and the analysis of binding events. Examples for lable-free detection principles are
given in the following.
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1.1. Biosensor Concepts

1.1.1. Biological Recognition Reactions

The selectivity of biological sensing mechanisms is enabled by the specific affinity of the
analyte molecule and the biological receptor. The recognition event is a specific interaction
of the complementary molecular structures of analyte and receptor, according to the key-lock
or induced-fit principle [Alberts, 2002]. In general, biological sensing reactions can be di-
vided into two groups: biocomplexing recognition events and biocatalytic recognition reactions
[Thevenot, 1999].

In sensors based on biocomplexing recognition, interaction of the bioreceptor immobilized on
the sensor surface with the analyte molecule leads to the formation of a complex. After the
recognition event, an equilibrium response is reached and no further analyte is consumed.
Biocomplex-based biosensors generally do not allow a continuous monitoring of the analyte
concentration and are often restricted to single-use. In some cases, the sensor surface can be
regenerated and functionalized by a new layer of bioreceptors. Commonly employed biocom-
plexing recognition reactions are:

DNA hybridizaion Single-stranded oligonucleotide receptor molecules immobilized on the
sensor surface interact with target DNA in case of complementary base pair sequences, resulting
in a DNA double-strand. If probe and target molecule mismatch, hybridization does not occur.
After incubation, unbound DNA strands of the assay solution are washed from the sensor
surface. For identification of the DNA hybridization, the target DNA is commonly labeled with
a fluorescence marker and the recognition event is detected optically by means of a fluorescence
microscope or an optical scanner [Schena, 2000]. An alternative concept, the electrochemical
redox-cycle technique, uses target DNA tagged by an enzyme label. As a transducer element,
interdigitated gold electrodes with a spacing in the order of a few pum are used. After incubation
of the sample solution and the removal of unbound DNA, a chemical substrate is applied to the
sensor surface, which is converted into a redox active compound by the enzyme. The redox-
currents between the two gold electrodes are a direct measure for the density of hybridized DNA
[Bard, 1986], [Schienle, 2004].

Detection of the intrinsic charge associated with DNA strands by a field-effect device enables
the verification of DNA hybridization without labeling of the target oligonucleotide. Corre-
sponding experiments have been performed utilizing silicon-based capacitors as well as silicon
and diamond field-effect transistors (FETs) as transducer devices and potentiometric detection
of nucleic acid sequences was demonstrated [Fritz, 2002], [Uslu, 2004], [Song, 2006].

Antibody-antigen interaction Immunochemical tests are among the standard analytical
methods in most medical laboratories. They are based upon the specific interaction of an
antibody and the respective antigen. The presence or concentration of either antigen or antibody
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in the assay is evaluated. The corresponding antibody or antigen serving as bioreceptor is
produced by biotechnological methods. One reaction partner - the analyte - binds to the ligand
immobilized on the surface of a microtiter plate or the sensor chip. Transduction of the binding
event can be realized by various methods: The enzyme-linked immunosorbent assay (ELISA)
uses a second antibody which couples to antigen-antibody complexes and is labeled with an
enzyme. A probe substrate is applied to the surface which is converted by the enzyme to elicit a
chromogenic or fluorescent signal, then analyzed by optical devices. Immunosensors based on
surface plasmon resonance (SPR) [Myszka, 1997], [van Regenmortel, 1998] or quartz crystal
microbalance (QCM) transducers [Kosslinger, 1995] operate without labels and measure the
change in refractive index or mass that accompanies the antibody-antigen reaction at the sensor
surface. Thus, the binding process can be visualized as a function of time and no influence on
the binding properties is expected due to the lable-free reactants. Further, immunosensors based
on amperometric transduction [Hart, 1997] or ion—sensitive field-effect transducers have been
realized [Katz & Willner, 2003].

Biocomplexing recognition reactions generally exhibit very large affinity constants and the
analyte remains bound to the receptor after the recognition event. In contrast, biocatalytic
recognition elements convert the analyte and return to their initial state after the recognition.
Commonly used biocatalytic recognition elements are:

Enzymes Enzymes immobilized on the sensor surface bind the analyte and convert it cata-
lytically [Michaelis & Menten, 1913]. After releasing the products, the enzymes return to
their initial state. In enzyme based biosensors, either the products of the catalytic reaction or
involved co-substrates are analyzed electrochemically. Ion-sensitive electrodes sensitive to HT,
NHI, CN™, CO,, or O3 are frequently utilized as transducer devices, according to the enzyme
electrode proposed by Clark and Lyons [Clark & Lyons, 1962]. Caras and Janata introduced an
enzyme based potentiometric biosensor based on an ion—sensitive field-effect transistor (ISFET)
device with a layer of enzyme molecules immobilized on the gate surface, the enzyme-modified
field-effect transistor (EnFET) [Caras & Janata, 1980]. Analyte concentrations of urea, glucose
or penicillin have been successfully measured by Si-based EnFET devices [Kharitonov, 2000],
[Poghossian, 2001], [Pijanowska, 2003]. The penicillin EnFET for example measures the pH
change on the sensor surface as a result of the catalytic conversion of penicillin to penicilloic
acid by the immobilized penicillinase enzymes [Poghossian, 2001].

Cells and cell networks Utilizing cells or cell networks as biological recognition ele-
ments, functional information - information about the effect of a chemical stimulus on a living
system - rather than analytical information can be obtained. The biological recognition event -
binding of the ligand to a receptor in the plasma cell membrane - is then amplified by second
messenger pathways of the cell and the cellular response is detected. Cell based biosensors
are mainly used to screen analytes for physiological effects, for example drug screening in the
pharmaceutical industry, environmental monitoring or alarm systems responding to cytotoxic
agents [Gross, 1985], [Pancrazio, 1998], [Wolf, 1998], [Yeung, 2001]. Either the electrical
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cell activity [Pancrazio, 1998], [Yeung, 2001] or the cell metabolism is monitored to detect
the cellular response associate with chemical stimuli. The metabolic activity of living cells
is monitored mainly by means of the oxygen consumption or the extracellular acidification
rate - the excretion rate of acidic by-products of metabolism [Parce, 1989], [McConnell, 1992],
[Owicki & Parce, 1992], [Baumann, 1999].

1.1.2. Semiconductor Transducer Devices

Various transduction principles based for example on piezoelectric (QCM) or optical (SPR)
devices have been mentioned in the previous section in relation to the detection of different
biological recognition events. The further discussion of transducer devices for biosensors is
constricted to electrochemical transduction elements based on semiconducting transducers.
Modern semiconductor technology allows the microfabrication of sensor devices and the in-
tegration with electronic circuits for on-chip signal amplification and processing. The ongoing
miniaturization of such devices enables the cost-effective fabrication of compact bioanalytical
systems, as portable lab-on-chip systems for clinical diagnosis, environmental monitoring or
patient self-monitoring. Even applications in the human body ("in-vivo") for a continuous
blood analysis combined with an instant drug delivery system are discussed. Therefore, the
development of sensor devices based on chemically inert and biocompatible semiconductor
materials are a basic requirement.

Semiconductor based electrochemical transducers operate by either amperometric or potentio-
metric signal transduction:

Amperometric transducers measure the current resulting from the electrochemical oxidation
or reduction of an electroactive species, for example a redox couple or a redox active enzyme
or compound. As transducer devices for amperometric sensors, generally inert metal or carbon
electrodes are utilized. Only highly conductive semiconductors inert against electrochemical
decomposition, as for example nanocrystalline diamond [ Yang, 2002], [Hartl, 2004], are suit-
able for amperometric semiconductor transducers.

In potentiometric semiconductor transducers, no charge transfer across the sensor surface
but changes in the surface potential of a field-effect device are measured. They detect either
(1) ionic concentration changes altering the surface potential, (ii) the intrinsic charge of the
analyte molecule, or (iii) changes in the electrolyte potential. Semiconductor electrodes, and in
particular solution-gate field-effect transistors (SGFETSs) are promising devices for a sensitive
detection of biological recognition events. SGFET devices are FETs without gate metallization.
The gate region is in direct contact with an electrolyte solution, forming a liquid Schottky
contact. The gate-source voltage Vs is controlled via the electrolyte by additional electrodes.
Utilization of SGFETs as transducer devices further benefits from the direct amplification and
conversion of the potential signal into a current signal.

An SGFET suitable as transducer for biosensors has to meet specific requirements:
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e Biological processes proceed in liquid environment, often under physiological conditions.
Thus, the sensor surface is in direct contact with an electrolyte solution. A reliable, sen-
sitive and reproducible sensor operation requires a transistor surface which is chemically
stable in the electrolytic environment under operating conditions.

e In order to resolve even small signal amplitudes excited by biological events, a high
signal-to-noise ratio of the transducer device must be ensured.

e Depending on the biological recognition reactions, a surface layer sensitive to pH or other
ions is needed.

e To enable a direct connection of the biological sensing element to the transducer, a
functional immobilization of the bioreceptor to the device surface must be feasible.

Field-effect transducers used for biosensor applications are usually realized in silicon tech-
nology with a silicon dioxide gate dielectric, either as light-adressable potentiometric sensors
[Parce, 1989], [McConnell, 1992], [Owicki & Parce, 1992] or as SGFETs [Bergveld, 1976],
[Fromherz, 1991], [Offenhéusser, 1997], [Ingebrandt, 2001]. A main drawback of these devices
is their long-term drift in electrolytes due to the electrochemical instability of the SiO;-surface
during exposure to electrolyte solutions [Abe, 1979]. Furthermore, Si-based transducers with
Si0O,-surface layers exhibit a high noise level due to mobility fluctuations caused by trapping
and detrapping of carriers to and from trap states at the interface to the surface oxide layer
[Jakobson, 1998], hindering the detection of small signal amplitudes like action potentials of
mammalian cells.

Despite of the deficiencies of silicon-based devices described above, most SGFETs are realized
in silicon due to the advanced silicon technology. Whereas the device drift and stability can be
significantly improved by the deposition of additional metal-oxide (Al,O3, TayOs) or silicon
nitride (Si3N4) layers on the exposed sensor surface, the reduction of device noise requires
complex device concepts like buried-channel FETs [Volker & Fromherz, 2005] or floating-gate
devices [Cohen, 2004], [Meyburg, 2006].

An alternative approach to meet the specific requirements for biosensor transducers is the
realization of SGFET devices based on wide bandgap materials such as silicon carbide,
diamond, or group Ill-nitrides. Apart from their capabilities in high temperature, high
power and high frequency electronics, these materials exhibit excellent properties for sen-
sor applications in harsh environments [Lloyd Spetz, 1997], [Kroétz, 1999], [Kohn, 1999],
[Schalwig, 2002b], [Eickhoft, 2003], and diamond based biosensor transducers have already
been realized [ Yang, 2002], [Tachiki, 2003], [Hartl, 2004], [Song, 2006].

Due to their inherent material properties, group Ill-nitrides are a promising material system for
the realization of sensitive and stable transducers for biosensor devices. InN, GaN, and AIN
form a continuous alloy system with a direct optical bandgap, ranging form 0.7 eV for InN and
3.4¢eV for GaN to 6.2¢eV for AIN in the thermodynamically stable hexagonal wurtzite phase
(a-phase) [Ambacher, 1998]. Thus, group Ill-nitrides are mainly utilized for optoelectronic
applications, as blue and UV-light emitting diodes (LEDs) [Nakamura, 1997] or solar-blind UV
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detectors [Razeghi & Rogalski, 1996]. Due to the thermal stability and chemical inertness of the
material system [Ambacher, 1998], chemical sensors for the detection of hydrogen and hydro-
gen containing gases based on Pt:GaN Schottky diodes have been realized, and were operated
at elevated temperatures up to 600 °C [Luther, 1999], [Schalwig, 2002b], [Schalwig, 2002c].
Hexagonal group II-nitrides exhibit a spontaneous and piezoelectric polarization. At the
interface of AIGaN/GaN heterostructures, a two-dimensional electron gas (2DEG) is formed
due to the difference in the spontaneous polarization of the adjacent GaN and AlGaN layers.
Based on this effect, high electron mobility transistors (HEMTs) with a surface-near 2DEG
can be realized [Ambacher, 1999]. These devices are mainly utilized for high power and
high frequency applications, and have recently been employed for chemical sensing in gases
[Schalwig, 2002a]. SGFET devices based on AlGaN/GaN heterostructures benefit from the
high stability of III-nitrides in liquids, and their potential for fluid monitoring applications or
the detection of protein binding has been demonstrated [Neuberger, 2001], [Neuberger, 2003],
[Eickhoft, 2003], [Kang, 2005]. Further, a utilization of AIGaN/GaN based transistors for the
detection of the extracellular action potential of cells was proposed [Eickhoft, 2000].



1. Introduction

1.2. Scope of this Work

The main focus of this work is a fundamental investigation of the AlGaN material system with
regard to the realization of biochemical sensors operating in aqueous liquids. The development
of a new device for the recording of extracellular cell signals based on AlGaN/GaN heterostruc-
tures - and hence eluding the familiar problems of the generally used silicon based devices -
was a further objective. The potential of AlGaN/GaN SGFETs as biosensor transducers was
evaluated and first biosensing applications were implemented.

Several key issues for the application of the AlGaN alloy system and in particular AlGaN/GaN
transistors in biosensors are discussed in detail:

(1) Electrical performance of AlGaN/GaN based transistors operating in aqueous elec-
trolytes.

(i) Electrochemical properties of the GaN/electrolyte interface.

(iii) Biological functionalization of AlGaN surfaces.

The different required surface characterization techniques, such as X-ray photoelectron spec-
troscopy (XPS) or electrochemical impedance spectroscopy, as well as optical methods based
on fluorescence microscopy are described in Chapter 2.

AlGaN/GaN transistors and transistor arrays for operation in liquid environment were designed,
processed, and investigated. A description of their layer structure and the device layout is
given in Chapter 3. As all metallic wiring has to be carefully protected from the electrolytic
environment, the device packaging is of particular importance.

Major electrical device properties, such as transistor characteristics and low-frequency noise
performance were investigated and compared to the data of standard SGFET devices imple-
mented in silicon technology (Chapter 4).

Chapter 5 deals with the chemical nature of the GaN surface and the physical chemistry of
the GaN/electrolyte interface. The surface of native and thermally oxidized GaN was analyzed
by XPS, revealing the formation of a native oxide in atmosphere (Section 5.2). Basic princi-
ples of the semiconductor/electrolyte junction are introduced, and the fundamental difference
to metal/electrolyte interfaces is pointed out (Section 5.1). Electrochemical analysis of the
GaN/electrolyte interface was performed by impedance spectroscopy and cyclic voltammetry
measurements on planar GaN electrodes (Section 5.3). Important interface properties such
as flatband voltage and interface resistance were extracted from the impedance spectroscopy
data by equivalent circuit models and compared to results from photoelectrochemical meth-
ods. Measurement errors due to deviations from an ideal interface are discussed in detail.
The extracted data allow for determination of the energetic position of the band edges at the
interface relative to the redox levels in the electrolyte. Results for n- and p-type doping, various
doping levels, growth methods, as well as different Al-concentrations in AlIGaN electrodes are
compared. Measurements of charge transfer over the GaN/electrolyte interface with and without
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redox couples present in the solution are shown in Section 5.3.7. The response of native and
oxidized GaN surfaces to pH and other ions, which is an important issue regarding ISFET or
EnFET applications of AIGaN/GaN SGFETs, was investigated, and interpreted by means of the
site-binding theory in Section 5.4.

Chapter 6 is dedicated to different strategies for the organic functionalization of Ill-nitride
based transducers: (i) supported lipid bilayer membranes, (ii) organic silane monolayers, and
(ii1) cell-transistor hybrid systems. Artificial cell membranes were deposited by vesicle fu-
sion on AlGaN electrodes. The lateral mobility of the lipids was investigated by an optical
technique (continuous bleaching), taking advantage of the optical transparency of the sapphire
substrate and the AlGaN film (Section 6.1.2). The dependence of the lateral diffusion on the
lipid headgroup charge was investigated and compared to results obtained on sapphire and
glass substrates. The membrane formation process and the electrical membrane properties
were analyzed by impedance spectroscopy (Section 6.1.3). Various equivalent circuits for an
electrical modelling of the membrane are compared. Functionalization of GaN surfaces by a
monolayer of organic silanes enables various possibilities for a covalent attachment of receptor
molecules. The electrical properties of octadecyltrimethoxysilane (ODTMS) monolayers on
GaN were characterized and the surface coverage was estimated (Section 6.2). The suitability
of AlGaN/GaN SGFETs for the measurement of extracellular cell signals was demonstrated by
cultivating rat heart muscle cells directly on the surface of the transistor array. The spontaneous
electrical activity of the cardiac myocyte syncytium was reflected by changes in the transistor
channel current and successfully recorded. These measurements present the first extracellular
recording of cell action potentials by a transistor device not implemented in silicon technology
(Section 6.3).
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21. Surface Analytical Methods

21.1. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a highly surface sensitive analysis method, providing
information on the material composition of the topmost 10 — 100 A of a solid state surface
as well as on the chemical bonding configuration of the elements. The measurement principle,
the setup and the data acquisition and evaluation techniques are described in the following.

Measurement Principles and Setup

In XPS surface analysis, the sample is irradiated in ultra high vacuum with monochromatic
soft X-rays (150eV < hv < 3000eV) and the energy spectrum of the emitted photoelectrons
is recorded. The impinging photons interact with an atom in the solid surface region by the
photoelectric effect, causing the emission of a core or valence electron. Photons in this energy
range have a penetration depth in solids of the order of 1 — 10 um. A kinetic energy distribution
of the emitted photoelectrons is recorded by an electron energy analyzer. The binding energy
E p of the core level from which the photoelectron was emitted is determined from the kinetic
energy of the photoelectron Ey;, by

EB =hv — Ekin - e(I)S, (2.1)

where hv is the energy of the photon and @ the spectrometer work function. Energy relaxation
of the ions after the photoemission process mainly occurs via emission of an Auger electron.
The competing relaxation by emission of a fluorescent X-ray photon is a minor process in this
energy range.

Since electrons have a very short inelastic mean free path 4,, in solids up to some tens of
Angstroms, mainly photoelectrons originating from the few top atomic layers reach the detector
without energy loss. The electrons that suffer an energy loss before reaching the surface by
inelastic scattering processes contribute to the background of the photoelectron spectrum.

In this work, a system consisting of a X-ray source with Mg and Al anode (RQ-20/38C, SPECS,
Berlin, Germany) and a hemispherical electron energy spectrometer (EA 10 MCD, SPECS,
Berlin, Germany) was used for XPS analysis. The system was mounted in a UHV analytic
chamber with a background pressure of 2 x 107" mbar.

10



2.1. Surface Analytical Methods

In the X-ray source, electrons emitted by a hot cathode are accelerated by a high voltage and
hit the Mg or Al anode, resulting in emission of Bremsstrahlung and the characteristic X-rays,
with a main contribution from the K, -lines. As no monochromator is used, a narrow line width
of the anode K,-line is essential, as it limits the energy resolution of the system. The K,
photon energy of the utilized Mg and Al anode as well as their natural linewidth are given in
the following Table 2.1.

X-ray | photon energy [eV] natural linewidth [eV]

Mg K, 1253.6 0.70
Al K, 1486.6 0.85

Table 2.1.: Photon energy and natural line width of the X-ray K,, lines of a Mg and Al anode used for
excitation.

The energy resolution of the spectrometer AE results from a convolution of the natural
linewidth of the non-monochromatic X-ray source AE 00, the Lorentzian broadening of the
photoemission line A Eepigsion, and the spectrometer-induced broadening AE,, = k - E ;.
A first approximation for the energy resolution is

AE = (AEZ

emission

AE? ag2)"” 2.2
+ photo + an > ( . )

assuming that all broadenings are of Gaussian form [Briggs & Grant, 2003]. With the natural
Mg K, -line width of 0.7 eV, the live time of the emitted photoelectrons (10~14 — 10713 ) and
an analyzer constant of k = 1.3 x 1072 given by the manufacturer, the detector yields an ideal
theoretical resolution of 0.9 €V. The pass energy E 4, of the detector was set to 29.6 €V for all
measurements. From measurements of the silver Ag3ds > photoemission line, an experimental
energy resolution of 1.01 eV was obtained.

Data Acquisition and Evaluation

In this section, the acquisition and evaluation of X-ray photoelectron spectra is discussed. As
no commercial software package was used for the data analysis, the employed evaluation steps
and algorithms are briefly described.

X-ray photoemission spectra were recorded with a step width of 0.0305 eV and an integration
time of 2 s. Particularly for peaks of low intensity, several sweeps over the energy range were
performed to obtain a good signal-to-noise ratio.

To obtain information on the chemical bonding from an XPS spectrum, the spectrum is fitted
by ideally shaped peaks by a non-linear least square fit algorithm. Proper treatment of the
spectral background and utilization of adequate lineshapes are main requirements for a correct
extraction of the measurement results from the spectrum.

Analysis of the measured spectral data was conducted in several consecutive steps:

11



2. Experimental Methods

12

e During recording of the XPS spectra, the count rate of individual channels was signifi-

cantly distorted by electromagnetic noise caused by a magnetic valve. The corresponding
data points were traced with a filter algorithm and replaced by linear interpolation.

Photoelectrons that are ejected by high-energy Bremsstrahlung of the anode or undergo
inelastic scattering processes form a sizable background, that has to be removed in
order to recover the significant spectra. Here, the background correction introduced by
Shirley is followed [Shirley, 1972], which is usually sufficient for core level spectra. The
more precise procedure of Tougaard requires spectra recorded over a large energy range
accompanied by comparably long measurement times [ Tougaard, 1997].

For the Shirley background correction, the spectrum is smoothed several times and a
constant background is subtracted. The asymmetric background step associated with
most core-level peaks is taken into account by an inelastic scattering correction, assuming
a background at a kinetic energy Ej;, that is proportional to the integrated intensity for all
kinetic energies E;;, > Ej;j,, and divided by the intensity integral over the whole energy
range. For the considered section of a spectrum from E,‘;}El to £}, I'(Exin) and 1" (Egin)
denote the intensity of the channel corresponding to the kinetic energy Ej;, before and
after the correction, respectively, and the corrected intensity I”(Ey;,) is calculated by

max
E kin

/ II(E;ckin)dE;ckin
Ekin
Ein
/ I/(E;ckin)dE;ckin

min
E kin

1" (Egin) = I'(Egin) — 1'(E)

(2.3)

For resistive samples, the electrostatic charging can shift the peak position to higher
binding energies. Therefore, accurate identification of the chemical state of an element
requires the calibration of the energy scale by the characteristic emission lines of a
reference material. In the ideal case, the calibration allows the comparison of results
obtained from different experiments among each other and with binding energies given
in literature. Here, a thin layer of Au was deposited on parts of the sample surface
by sputtering in most experiments. All energies were referred to the Au 4f;7,, peak
position of the Au 4f doublet, for which an energy of 84.0¢eV is given in the literature
[Moulder & Chastain, 1992].

For deconvolution of energy spectra in XPS analysis, Voigt type lineshapes are generally
employed. The Voigt function is defined as a convolution between a Gaussian and
a Lorentzian function. Instead of the real Voigt function, the more practical linear
combination of a Gaussian and Lorentzian function in terms of a mixing parameter m
is used in this work:
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/6\ s

Figure 21.: Force balance between the liquid/vapor, solid/vapor and the solid/liquid surface tension
at the three-phase contact line. The mechanical equilibrium is described by the Young-
equation.

In Eq. 2.4, E( denotes the peak center and A E the full width at half maximum (FWHM).
To restrict the number of fit parameters during data analysis, particularly when two or
more lines are necessary for a appropriate deconvolution of the spectra, a constant mixing
parameter of m = 0.3 was assumed. Thus, the peak amplitude /(Ey), the position Ej,
and the FWHM A E of each line remain as free parameters. The fit to the spectral data
was performed by a non-linear Levenberg-Marquardt algorithm.

21.2. Contact Angle Measurements

Contact angles are established in a system with three distinct phases (solid/liquid/vapor) and
express the wettability of a surface by a liquid. Contact angle phenomena at solid surfaces are
studied mainly for two reasons: (i) The wetting behavior is important for a number of techno-
logical and biological phenomena and processes, such as the spreading of paints or lubricants
on surfaces, or the deposition of lipid monolayers, bilayers, and the adsorption of proteins on
solid supports for biophysical studies [de Gennes, 1985], [Nissen, 1999], [Sigal, 1998]. (ii) As
the contact angle is related to the surface free energy (surface tension), chemical properties
of the surface as well as the effect of surface modification, passivation, or aging can be in-
vestigated. Furthermore, chemical and structural surface inhomogeneities can be studied by
determining the hysteresis between advancing and receding contact angles in dynamic contact
angle measurements [de Gennes, 1985], [Kroll, 1994].

Assuming a liquid droplet on an ideal surface as illustrated in Figure 2.1, three interface free
energies per unit area need to be considered: y ;; denotes the surface tension at the solid-liquid
interface, y,, at the liquid-vapor interface, and y ,, at the solid-vapor interface, respectively.
Three surface tension forces act at the three-phase contact line, each force along the interface
between the corresponding phases. Under mechanical equilibrium conditions (force balance),
the relation between the contact angle 6 and the surface tensions is given by the Young equation:

Vso =Vsit V- COS(G) (25)

Four states for the wetting of a surface are distinguished by the contact angle [Dorfler, 1994]:

13
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(@) 6=0° (b) 6> 90° (c) 0 =180°

A

Figure 2.2.: Wetting of a liquid on a solid substrate. (a) complete wetting, (b) partial wetting state:

poor wetting of the surface , (c) complete drying.

@ =0° The surface is completely wetted by the liquid. A uniform liquid film covers
the whole solid surface and no droplets are formed on the surface. In Figure
2.2 (a), the complete wetting state is illustrated.

6 <90° The liquid partially wets the surface. The partial wetting state is depicted in
Figure 2.1.

6 > 90° The solid surface is not or just incompletely wetted by the liquid (Figure
2.2 (b)).

6 = 180° The liquid does not wet the surface at all. The complete drying state is shown
in Figure 2.2 (¢).

The contact angle € depends on the chemical constitution of both, the solid and the lig-
uid. A qualitative description of wetting phenomena is given in a review by Zisman et al.
[Zisman, 1964]. Assuming no chemical bonding between the adsorbate and the substrate, the
liquid/solid energy and the surface tension are controlled by van der Waals interactions. Hence,
the surface will be wetted by the liquid if the solid has a dielectric polarizability which is greater
then that of the liquid or a high polarization. Because of its high surface tension of 72 mN/ m,
water does not spread or wet most surfaces. Table 2.2 summarizes the contact angle of water on
various surfaces.

substrate contact angle ¢
long-chain fatty acid 104°
long-chain alcohol 90°
polytetrafluorethylene (Teﬂon®) 110°
polyvinyl chloride (PVC) 69 °
glass 0°

Table 2.2.: Contact angle of water on different surfaces according to [Fujimoto, 1993], [Dérfler, 1994],

[Yasuda, 1994].

Sigal et al. have investigated contact angles of water on self-assembled monolayers (SAMs)
of alkane thiols on gold with various functional groups [Sigal, 1998]. In this case, the wetting
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angle depends on the polarizability of the functional group exposed to the liquid. Their results
for some important functional groups are summarized in Table 2.3.

functional group | contact angle
-CH3 112°
-CF3 118°
-OH < 15°

Table 2.3.: Contact angle of water on SAMs of alkane thiols with various functional groups on gold
[Sigal, 1998].

Static contact angle measurements For the determination of static contact angles, a
droplet of 2 — 5 pl liquid was applied to the investigated surface by an adjustable micropipette.
A cross-section of the droplet was recorded by a CCD-camera and the wetting angle was then
evaluated by a digital image processing software. Wetting angles given in this work have been
determined by an averaging over at least 3 measurements.

Dynamic contact angle measurements In the dynamic contact angle measurements a
droplet was applied to the surface by a syringe. The syringe tip remained immersed into the
droplet, allowing a variation of the droplet volume by a step motor attached to the syringe. The
droplet volume was linearly increased by 15 pl/ s to a maximum volume of 15 pl. By a CCD-
camera, a cross-section of the droplet was continuously recorded and the contact angle and edge
of the droplet were evaluated by a digital image processing software. Volume variation and
picture recording was coordinated and controlled by a LabView program via a serial interface.

22. Electrochemical Techniques

22.1. Electrochemical Measurement Setup

Electrochemical experiments were performed in a flow chamber fabricated of PEEK with a
three electrode setup. A schematic view of the flow chamber and the measurement setup is
given in Figure 2.3. In a three electrode setup, the voltage between the working electrode
(WE) and a reference electrode (RE) is regulated by a potentiostat. However, a current flow
through the reference electrode must be avoided, as it would change the concentration of the
reference redox species at the reference electrode and hence the reference redox potential (see
Eq. (5.15)). This would impede the accurate determination of the absolute working electrode
potential. Therefore, a third electrode, the so-called counter electrode (CE) is added to the
setup and the current passes solely between the working electrode and the counter electrode.
The three electrode setup consisted of an Ag/AgCl reference electrode filled with 3 M KCl
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counter electrode (Pt)

reference electrode (Ag/AgCl)

| inlet outlet PEEK top
impedance analyzer
RE
CE
WE
contact pin O-ring Egﬁgﬁ:

GaN-electrode

faradaic cage

Figure 2.3.: Schematic view of the electrochemical setup with flow cell and impedance analyzer.

(Metrohm, Filderstadt, Germany), a platinum counter electrode, and the GaN electrode operated
as the working electrode. A VoltaLab 40 potentiostat (PGZ 301, Radiometer Analytical) was
used for voltage control, signal generation, and data acquisition during cyclic voltammetry
and impedance spectroscopy experiments. The flow chamber was sealed by an O-ring, which
resulted in a circular active sample area of 0.128 cm?. The flow chamber volume was approxi-
mately 15 pl. The GaN electrode was contacted by four spring loaded gold contact pins in the
corners. Buffer was continuously pumped through the flow chamber with a peristaltic pump
(ISMATEC, Glattburg, Osterreich), at a typical flow rate of 1.2 ml/ min. The electrochemical
cell was placed in an opaque Faradaic cage and shielded connections were used. The sample
was in complete darkness during the experiments.

2.2.2. Buffer Solutions

Phosphate buffered saline (PBS) at pH 7, containing 10 mM sodium phosphate (NaH;PO4 /
NayHPO4) was used as a standard buffer for the electrochemical experiments. The buffer was
adjusted with sodium chloride to a total ionic strength of 50 mM, and degassed in an exsiccator
directly before the experiments. This buffer is referred to as standard PBS buffer in the
following. In some experiments redox buffer, consisting of standard buffer with 1 mM each of
potassium hexacyanoferrate(Ill) and hexacyanoferrate(Il) trihydrate was used, which resulted
in an iron-cyanide redox couple in solution.

The standard TRIS buffer contained 10 mM of Tris(2-carboxyethyl)phosphine hydrochloride
(TRIS) and was adjusted to a total ionic strength of 50 mM by NaCl.

The standard HEPES buffer contained 10mM of N-2-Hydroxyethylpiperazine-N’-2—
ethanesulfonic acid (HEPES). The total ionic strength was adjusted by NaCl to 50 mM. The
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HEPES buffer was used in various concentrations in different applications. The buffer and salt
concentration is given within the description of the respective experiment.

22.3. Inpedance Spectroscopy

Impedance spectroscopy is a prominent electrochemical technique to study the electrical prop-
erties of materials and their interfaces to electrolytes. This method is particularly suitable
for the analysis of complex systems whose electrical properties are determined by various
processes with different time constants [Macdonald, 1987], [Barsoukov & Macdonald, 2005].
In biophysics, this noninvasive and lable-free technique allows the study of biological sys-
tems and materials in their natural environment [Sackmann, 1996]. Several impedance
spectroscopy studies of organic self-assembled monolayers on planar electrodes or organic
molecules attached to solid supports have been reported [Sabatani, 1993], [Janek, 1998].
Lipid bilayer membranes containing functional proteins have been characterized by several
groups with regard to ionic transport and dielectric properties [Gritsch, 1998], [Raguse, 1998],
[Naumann, 2002], [Terrettaz, 2003], [Romer & Steinem, 2004]. Of special interest for biosen-
sor applications are the transduction and analysis of biorecognition events at the surface of
electrodes [Stelzle, 1993], [Cornell, 1997], [Katz & Willner, 2003].

Impedance Spectroscopy in the Time and Frequency Domain

In impedance spectroscopy, the current response of a system to an externally applied voltage
is measured. For measurements in the time domain, the probe ac voltage signal is a voltage
step or white noise composed of a multitude of frequencies [Barsoukov & Macdonald, 2005].
As all frequencies of the spectrum are applied simultaneously, this so-called spectral analy-
sis has a high time resolution and is suitable for the dynamical analysis of fast processes
[Wiegand, 2000]. The impedance of the system is obtained by Fourier-transformation of the
transient voltage and current signals and Eq. (2.6).

For the so-called harmonic measurements in the frequency-domain, a monochromatic sinu-
soidal voltage signal U(t) = Uy - sin(wt) is applied, causing a current response of /(¢) =
Iy - sin(wt + ¢ (w)) phase shifted with respect to the applied potential by ¢ (). In order to
maintain a linear current response of the system, the amplitude of the applied ac voltage signal
should be small, usually in the order of the thermodynamic fluctuations of 25 mV at room
temperature. The complex impedance Z(w) of the system is defined as the Fourier-transform
of the applied ac voltage U (w) divided by the Fourier-transform of the current response I (w).

. U(w)
B f((u)

Z(w) (2.6)
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The impedance can be represented either in the complex notation as the sum of its real part
Z'(w) and imaginary part Z”(w) or by applying Eulers law in polar coordinates by the absolute
value of the impedance Zy(w) and the phase shift ¢ (w):

Z(w) = Z'(@) + Z"(@) = Zo() [cos (p(@)) +i - sin(p(@))] = Zo(w)e'? 2.7)

Frequency domain spectra are obtained by sequential measurement of the impedance over a
certain amount of periods for different frequencies w. By this technique, a high signal-to-noise
ratio in the frequency range of interest can be achieved [Macdonald, 1987].

Recording and Analysis of Inpedance Data

Recording of impedance spectra The impedance measurements presented in this work
were performed in the frequency domain with the setup and impedance analyzer described in
Section 2.2.1. A 750 Q resistor was connected in series with the GaN working electrode in order
to obtain a well-defined impedance at high frequencies. The ac excitation signal amplitude was
20mV. The impedance spectra were generally recorded in the frequency range between 50 kHz
and 50 mHz with 5 - 20 frequencies per decade. Bode plots were used to visualize the impedance
spectra, where the absolute impedance Z(w) and the phase shift ¢ () are plotted versus the
frequency f = w/2x.

Analysis of impedance spectra and equivalent circuits Impedance data is analyzed
in terms of equivalent circuit models to quantify the electrical properties of the investigated
system. The equivalent circuit is constructed of discrete electrical components and corresponds
to an appropriate physical description of the system [Macdonald, 1987]. However, any model
circuit includes only a finite number of elements and is just an approximation of the real
system. Structural inhomogeneities or dynamic processes can hardly be resolved, and just
average values for the electrical parameters are obtained. Complications arise form ambiguities
in the data interpretation, as complex circuits are not unique in their impedance vs. frequency
dependence and rearrangement of circuit elements can reproduce the same behavior, but with
different values obtained for the electrical components. In such cases, the choice of an adequate
equivalent circuit model must be based on additional physical information about the system
under investigation. The theoretical impedance spectra obtained from the equivalent circuit
models were adapted to the experimental impedance spectra using a Levenberg-Marquardt
algorithm for complex non-linear curve fitting.

Table 2.4 summarizes the discrete elements used in the equivalent circuits in this study. Re-
sistances and capacitances represent lump-constant properties with ideal behavior and are
therefore denoted as ideal elements. Real systems are often not described adequately just by
ideal circuit elements. Geometry effects like structural inhomogeneities and surface roughness
lead to a distribution of conductivity and the measured current response averages over all
microscopic current pathways. In such cases, the introduction of distributed elements often
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allow a more accurate modeling of the real system. Constant phase elements (CPE) can be
included into the model circuit to account for a distribution of time constants at inhomogeneous
interfaces. The CPE is an empirical impedance function expressed by

Zcpe(@) =K - (io)™ (2.8)

The extreme cases of @ = 0 and o = 1 describe the ideal behavior of a resistance (K = R)
and a capacitance (K = 1/C), respectively [Barsoukov & Macdonald, 2005]. The deviation of
the exponent o from these ideal values is assigned to inhomogeneities and represents a measure
for the ideality of the system. The impedance behavior of polycrystalline electrodes and the
influence of surface roughness have been described successfully by the consideration of CPEs
[Fleig & Maier, 1996] [Delevie, 1989]. For rough surfaces, the exponent a of the CPE could
be related to the fractal dimension of the surface [Liu, 1985]. In general, the utilization of
CPE:s in the equivalent models can significantly improve the accuracy of the spectral fit to most
experimental data. However, a physical interpretation of the derived quantities is rarely possible,
and only qualitative information can be obtained. Hence, CPEs are solely used to estimate the
ideality of the applied circuit model consisting of ideal elements throughout this work.

symbol element impedance Z; ()

R
_|:|_ resistance R Zr(@) =R

4| Ifc capacitance C Zc(w) = (ioC)™!

constant phase elements N
Z w)=K - -({w)™
(_l:l_)(x (_”_)oc (CPE) crE(®@) (i)

Table 24.: Summary of the discrete elements used in the equivalent circuit models throughout this
work.
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Figure 2.4.: Equivalent circuit models used for the evaluation of impedance data in this work.

The equivalent circuits mainly used for data interpretation in this work are summarized in
Figure 2.4. The fit models reflect different physical situations. In all models, a single ohmic
resistance R,y is used to summarize the external impedance contributions that are not related
to the interface, as the resistance of the bulk semiconductor, the electrolyte, the cables, etc. In
the experiments, this resistance is dominated by the 750 Q resistor in series with the working
electrode.

e Model (a): The resistance R.y; in series with the capacitance C;,;, 1s used to describe an
ideal polarizable interface without any faradaic processes.

e Model (b): The so-called Randles circuit [Macdonald, 1987] includes a capacitance Cj,;
in parallel with a polarization or interface resistance R;,; and the external resistance Ry;.

e Model (c): This model describes an interface capacitance C;,; and resistance R;,;, with
surface states (Csg ,Ry) providing a parallel current pathway.

e Model (d) is used to describe an ideal polarizable interface with an additional - often
organic - surface layer (Cy ,R) that shows ideal behavior.

e Model (e): Two Randles circuits in series are used to describe an interface capacitance
Cin: with a parallel resistance R;,;, and an additional ideal surface layer (Cy ,Ry).

As discussed above, for estimation of the ideality of an applied equivalent circuit model, a
capacitance of the respective circuit is replaced by a CPE. Modifications of model (e) used
for the interpretation of the impedance data of solid supported bilayer membranes are given in
Section 6.1.3. In Figure 2.5, simulated impedance spectra are shown in the Bode representation.
The black curves represent the absolute impedance and phase versus frequency behavior of
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Figure 2.5.: Simualted impedance spectra of a Randles circuit (model (b), black curves), and with
an additional serial RC-element (model (e), grey curves). The spectra are calculated
for Reyy = 750Q, Cipy = 0.5uFem™2 , Ry, = 750kQcem?, R; = 2.5kQcm?, and
C;, =1puFem™2,

a Randles circuit (R, = 750Q, Cipy = 0.5 p.ch_z, R,y = 750kQ cmz). For high
frequencies, the impedance of the interface capacitance Cj,,; is negligible, and the serial external
resistance R.,; determines the total circuit impedance (Zy ~ Rey;) and the phase shift (¢ (w) =
0). At intermediate frequencies, the interface capacitance C;,; is dominating the impedance
behavior (Zg ~ 1/Cjns, @ (@) = —x /2). In this frequency range, the circuit could be described
just as well by the simple model (a). In the low frequency range, the impedance of the interface
capacitance C;,; becomes larger then the interface resistance R;,;, and the capacitance is short
cut. The total impedance and the phase is determined by the interface resistance (Zog ~ Rjys,
¢(w) = 0). The grey curves in Figure 2.5 illustrate the Bode plot of the discussed Randles
circuit with an additional RC-element in series (model (e)), representing a surface add-layer,
as for example an lipid bilayer membrane on the electrode. The resistance and capacitance
for the additional layer was R; = 2.5kQcm? and C; = 1 pFcm™2, respectively. In this
example of model (e), the time constants of the two RC-elements are sufficiently different to
distinguish their contributions. A clear signature for the additive R;C-element is seen at
intermediate frequencies, and the electrical quantities of the circuit elements can be extracted
individually. However, model (e) is no unique description for the impedance spectrum shown
in Figure 2.5. Based on model (c), an identical spectrum but with different quantities for
the extracted electrical properties can be obtained (R.; = 750Q, Ci,y = 0.33 uF cm™2,
Rine = 750kQcm?, Cys = 0.16 uF cm™2 , Ry, = 23kQ cmz). Thus, additional physical
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information is essential for the choice of the adequate model in the data evaluation process. In
many cases, the analysis of a set of impedance spectra recorded under different measurement
conditions (e.g. external dc bias voltage) facilitates the choice of the proper circuit model.
Data recording and evaluation by circuit models must be an iterative process in impedance
spectroscopy.

224. Cyclic Voltammetry

Cyclic voltammetry is a standard technique in electrochemistry with metallic electrodes: the
current response of a system is recorded during a cyclic change of the external dc voltage
between the upper and lower switching potentials at a constant sweep velocity (d Vpiqs/dt =
const). The method is mostly used with metal and degenerated semiconductor electrodes, and
capable of assaying trace concentrations of an electroactive analyte and obtaining quantities
such as redox potentials, electron transfer rates and numbers, or diffusion coefficients. Electro-
chemical reactions at the electrode surface like adsorption or electrode corrosion can be charac-
terized and a verification of the stability of the electrode material is possible [Macdonald, 1987],
[Finklea, 1988].

The cyclic voltammetry techniques developed for metal electrodes can be transferred to non-
degenerated semiconductor electrodes only partially and by consideration of the major differ-
ences: (1) For metal electrodes, the redox levels of the species in solution are shifted with
the applied external potential with respect to the metal Fermi level. At a semiconductor elec-
trode the electrolyte redox levels remain fixed with respect to conduction and valence band
edge at the semiconductor surface for a variation of the external voltage (q.v. Section 5.1.3).
(i1) For semiconductor electrodes, the number of free charge carriers available for charge trans-
fer to redox species in the solution changes exponentially with the external potential, whereas
it remains unchanged for metals (q.v. Section 5.1.4).

Nevertheless, cyclic voltammetry provides a supplemental method for the characterization
of semiconductor electrodes and the corresponding electrochemical processes. Reproducible
cyclic voltammograms over time verify the stability of the investigated electrodes in the ambient
electrolyte and specified potential window. Determination of the semiconductor band edges
is possible by studying the current flow for a series of redox couples as a function of their
redox level E?ed oy [Morrison, 1969]. The properties of charge transfer reactions to redox
species can be investigated, e.g. diffusion limited redox reactions are detected as peaks in

the voltammogram. The peak shape depends strongly on the sweep velocity [Finklea, 1988].

225. Photoelectrochemical Measurement Setup

For the photoelectrochemical measurements, a three electrode setup was used as described in
Section 2.2.1. The voltage between the GaN working electrode and the Ag/AgCl reference elec-
trode was controlled by a Wenking POS2 potentiostat (Bank Elektronik - Intelligent Controls).
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The GaN electrodes were mounted in a PEEK sample holder and contacted in two opposite
corners by spring loaded gold contact pins. The sample contacts and the wiring were protected
from the electrolyte by an O-ring, defining the active electrode area to around 0.25 cm?. The
teflon electrolyte container was equipped with a special mounting for the sample holder and a
sapphire window to allow UV illumination of the sample. As a light source, a high-pressure
xenon lamp was employed. The spectral power density for the spectral range over the GaN
bandgap energy was around 10 mW/ cm? at the sample surface [Zaus, 2004].

23. Optical Techniques

Parts of this work deal with the establishment and investigation of artificial lipid cell membranes
on the surface of planar group-III nitride electrodes. As both the sapphire substrate and the
semiconducting film of these electrodes are optically transparent, the biological system on the
electrode surface could be studied by fluorescence techniques from the substrate backside. For
this purpose, group-III nitride films deposited on double side polished sapphire substrates have
been used. Fluorescence microscopy was used to visualize the homogeneity of the deposited
lipid bilayer membranes. As the lateral mobility of lipids and proteins is of major importance
for the functionality of membrane components [Hoppe, 1983], diffusivity and mobility of lipids
in the prepared lipid bilayers have been measured by the continuous bleaching technique, which
is based on fluorescence microscopy imaging.

23.1. Fluorescence Microscopy

The technique of fluorescence microscopy has become an essential tool in cell-biology and
biomedical science. For visualization, the investigated system is stained with fluorescent dyes.
After optical excitation, these molecules emit red-shifted light.

For optical investigation of lipid bilayer membranes, a nitrobenzoxadiazol (NBD) fluorescence
dye attached to the fatty acid of a phospholipid was used. In Figure 2.6, the chemical structure of
the chain-labeled fluorescence lipid NBD-phosphatidylcholine (NBD-PC) is shown. Excitation
and emission wavelengths of NBD are 460 nm and 534 nm, respectively.

Figure 2.6.: Chemical structure of the chain labeled fluorescence lipid 1-Oleoyl-2-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-sn-Glycero-3-Phosphocholine (NBD-PC).
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As fluorescence dyes are known to interact with biological systems, the molecular fraction of
labeled lipids was kept as small as possible to preserve undisturbed membranes. A proportion
of 1 mol% of fluorescence-labeled lipids was used throughout this work.

Fluorescence microscopy setup For fluorescence studies of lipid membranes an in-
verted microscope (Axiovert 200, Carl Zeiss, Gottingen, Germany) was used. The system is
equipped with a high-pressure mercury lamp (HBO 100, Osram, Munich, Germany) and Achro-
plan long distance objectives (63x (N.A. 0.75) or 20x (N.A. 0.4)), purchased from Carl Zeiss.
The fluorescence filter sets of the microscope can be adapted to the used fluorescence dyes.
A combination of exciter (440/21 nm), dichroic (455 nm), and emitter (510/23 nm) was used
(Omega Filters, USA) for NBD-PC. The fluorescence images and films were recorded using
a cooled CCD camera (Orca ER, Hamamatsu Photonics, Herrsching, Germany), digitized by
a frame-grabber card (Stemmer Imaging, Puchheim, Germany), and processed by the imaging
software Open Box [Keller, 2001].

23.2. Continuous Bleaching

Whereas for fluorescence recovery after photobleaching (FRAP) experiments a special mea-
surement setup is necessary to evaluate the lateral diffusion coefficient of lipid mem-
branes [Axelrod, 1976], continuous bleaching is a convenient method to measure diffusion
constants using a standard fluorescence microscope setup, as introduced in Section 2.3.1
[Dietrich & Tampé, 1995], [Dietrich, 1997]. In this technique, a defined area of the lipid mem-
brane is continuously illuminated by the excitation wavelength of the incorporated fluorescence
dye, resulting in a partial photochemical decomposition of the dye molecules and a continuous
decrease in brightness. In-diffusion of unbleached labeled lipids from the unilluminated region
leads to a spatial fluorescence intensity profile at the edges of the illuminated area. The con-
centration profile can be described by extending Fick’s second law of diffusion by an additional
term which describes the photobleaching:

de(x,y)
dt

Here, c(x, y) denotes the concentration of unbleached dye molecules, D is the diffusion coef-
ficient, and B(x, y) is the rate of photobleaching, which depends on the chemical nature of the
dye, its environment, and the light intensity [Dietrich, 1997].

=D- Vzc(x,y) — B(x,y)-clx,y). (2.9)

Assuming an illuminated half-plane for x > 0 and a constant photobleaching rate By, the
concentration profile for longer times within the illuminated area can be approximated by

c(x,t)=c(x=0,1) - e~ + e Bt (2.10)
with
D
- | = (2.11)
By
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Figure 2.7.: Fluorescence image of a lipid membrane at # = 0s (a) and after prolonged illumination
(b). The oblong white box denotes the area of the extracted intensity line profiles. The
average brightness was taken form the center area (square).

Note that the shape of the profile, a monoexponential decay with a decay length of 4, is
stationary after longer times, whereas the prefactor c(x = 0, ¢) never approaches a stationary
value [Dietrich, 1997]. The diffusion constant D can be calculated from the decay length A for
a known bleaching rate By.

In the used setup, the illuminated area of the lipid membrane was defined by the circular aperture
of the microscope (diameter &~ 200 um). Figure 2.7 shows the fluorescence image of a lipid
membrane (a) at the beginning and (b), after prolonged illumination. For the evaluation of the
decay length A, intensity line profiles averaged for 10 parallel pixels were extracted form the
fluorescence image across the illuminated area (white box in Figure 2.7 (a) and (b)). In Figure
2.8 (a) line profiles for increasing illumination times are depicted. The decay length, 4, was
calculated from the exponential decay of the fluorescence intensity at the left and right edge
(Figure 2.9). The bleaching rate By was determined form the decrease in average brightness of
a square area (&~ 1000 um?) at the center of the aperture (square in Figure 2.7 (a) and (b)) by an
exponential fit (Figure 2.8 (b)).

Continuous bleaching is a suitable method for the measurement of relatively fast diffusion
processes, as it monitors long range diffusion of lipids. With the described setup, diffusion pro-
cesses with constants higher than 0.1 um? s~! can be studied. The more precise FRAP-method
allows the investigation of diffusion processes of membranes with slow molecular motion and
limited lateral diffusion, as for example phospholipid membranes in the gel phase. Most of
the experimental error in continuous bleaching experiments arises from the inhomogeneous
illumination of the sample, leading to a difference in the diffusion constants extracted for the
left and the right rim. Furthermore, the approximation of a mobile fraction of 100% of the
lipids is not probable in most cases. In total, the experimental relative error of the determined
diffusion constants is around 25%.
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Figure 28.: (a) Intensity line profiles across the illuminated area, illustrating the decrease in fluores-
cence intensity with continuous bleaching. (b) Average fluorescence intensity in the center
of the illuminated region. The bleaching rate B, was obtained by an exponential fit.
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Figure 2.9.: Intensity line profile across the illuminated area after prolonged illumination. The decay
length A was extracted from the exponential decay at the rim.
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3. Structure and Processing of the IIFNitride based
Transducer Devices

In this work, SGFET devices based on AlIGaN/GaN heterostructures or GaN:Si/GaN:Mg double
layers as well as bare GaN electrodes deposited on sapphire substrates have been utilized
as transducers for biochemical sensors. In this chapter the different layer structures, surface
treatments as well as the device processing and packaging are described.

3.1. Layer Structure of the Transducer Devices

The II-nitride epilayers were deposited either by plasma assisted molecular beam epitaxy
(PAMBE) or metal organic chemical vapor deposition (MOCVD) on c-plane sapphire sub-
strates, resulting in a wurtzite crystal lattice structure. Details of the growth methods can be
found for example in [Murphy, 1999] or [Ponce, 1996]. During PAMBE growth, the deposition
of a thin AIN nucleation layer at the initial growth stage results in Ga-face (0001) polarity,
whereas direct deposition on the sapphire substrate leads to N-face (0001) polarity. MOCVD
growth on sapphire substrates always results in GaN layers with Ga-face polarity. Layer struc-
tures with N-face and Ga-face polarity are characterized by slightly different surface morpholo-
gies and stabilities, as well as by a reversal of internal polarization fields, which determine the
polarity of piezoelectric and pyroelectric surface and interface charges [Ambacher, 1998].

3.1.1. Transistor Structures

Two fundamentally different types of IlI-nitride based SGFETs have been used in this work:
GaN:Si channel devices and AIGaN/GaN high electron mobility transistors (HEMT) with GaN
cap layers. The schematic layout of these structures is shown in Figure 3.1.

The GaN:Si channel device (Figure 3.1 (a)) consisted of a 60 nm-thick Si-doped GaN channel
on a 1.5 um-thick GaN buffer layer with N-face polarity. The latter was partially compensated
with Mg to achieve a high resistivity compared to the thin Si-doped channel close to the
surface. The carrier densities at room temperature were determined by C-V measurements to
3 x 10'8 cm ™ in the Si-doped top layer, and 5 x 10'> cm™ in the Mg-compensated buffer layer.
The GaN:Si/GaN:Mg double layer structures were grown by PAMBE at the Walter Schottky
Institute.
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Figure 3.1.: [I[-nitride layer structures for SGFET devices: (a) PAMBE grown GaN:Si/GaN:Mg double
layer structures and Ga-face AlIGaN/GaN HEMT structures with a GaN cap-layer grown
either by PAMBE (b) or MOCVD (c).

The AlGaN/GaN HEMT structures were either deposited by PAMBE at the Cornell University
(Ithaca, New York), by MOCVD at the University of Magdeburg (Germany), or TopGaN
(Warsaw, Poland). The PAMBE-grown heterostructures consisted of a 35nm AlGaN barrier
on a 1.5 um GaN buffer (Figure 3.1 (b)). The Al content in the AlIGaN barrier was determined
by high-resolution X-ray diffraction measurements to x = 0.28. On top of the AlGaN barrier, a
3 nm GaN cap layer was deposited. The Ga-face polarity of the whole structure was induced by
a thin AIN nucleation layer on the sapphire substrate. In C-V measurements, the 2DEG carrier
density was determined to 6.1 x 10'> cm=2.

The barriers of the MOCVD-grown AlGaN/GaN transistors (Figure 3.1 (c)) had a thickness
of 20 — 30 nm and an Al content ranging from x = 0.2 to x = 0.3. The 1.5 um-thick GaN
buffer layer was compensated by Fe-doping in some devices. Room temperature sheet carrier
concentrations and mobilities obtained from Hall measurements were between 1 x 103 and
1.2 x 1013 cm™2 and from 1100 to 1240 cm?/( V's), respectively.

3.1.2. Electrode Structures

The schematic layout of the electrode sensor structures is shown in Figure 3.2. All electrodes
used in this work exhibited Ga-face polarity. MOCVD grown n-type GaN layers of different
doping levels were supplied by TopGaN (Figure 3.2 (a)). The GaN electrodes with higher
doping levels consisted of a 2.9 um GaN buffer and a 0.25 um GaN:Si top layer with Si-
concentrations of around 10'” cm™3. The lower doped samples (Np = 2 — 4 x 108 ecm™?)
had a 1.7 pm GaN buffer layer and a 2.9 um GaN:Si film.

[MI-nitride electrodes grown by PAMBE were provided by CEA Grenoble (France) and had a
1 um thick undoped AIN buffer layer on the sapphire substrates. As a surface layer, AlGaN films
of different Si or Mg doping concentrations with a thickness of 0.85 um and Al concentrations
ranging from x = 0 to 0.5 were deposited (Figure 3.2 (b)). The doping concentration of the
GaN films was determined in the electrochemical characterization from Mott-Schottky plots.
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(a) (b)
sapphire substrate sapphire substrate

Figure 3.2.: Layer structure of GaN and AlGaN electrodes: (a) MOCVD grown GaN electrodes and
(b) PAMBE grown AlGaN electrodes (x = 0 — 0.5).

3.2. Surface Treatments

For various application of Ill-nitrides in biosensors, the chemical surface properties have to
be controlled. A chemical modification of the surface should provide either (i) a hydrophilic
surface for the deposition of highly mobile lipid membranes, or (ii) an oxidic surface, as metal
oxide surfaces are known to be chemically stable in electrolyte solutions and show a high
sensitivity towards pH. The oxidic GaN surface is compared with native GaN layers concerning
this aspect. Or, (iii) the presence of hydroxyl bonds for a subsequent chemical functionalization
with silane molecules.

Apart from the standard cleaning processes with organic solvents, basically two surface treat-
ments have been applied throughout this work: (i) thermal oxidation at elevated tempera-
tures between 600 °C and 800 °C, and (ii) a chemical surface treatment in a 3:1 mixture of
H,S04/H,0; (piranha etch), which, apart from removal of organic contaminants, leads to the
activation of surface hydroxyl groups. Both processes as well as their influence on the wetting
properties and the surface roughness of the investigated samples are described in the following.
The chemical surface composition of native, piranha treated, and thermally oxidized GaN layers
has been analyzed by XPS and is given in Section 5.2.

3.21. Thermal Oxidation

Thermal oxidation was carried out in a horizontal quartz tube furnace in dry or wet oxygen
atmosphere. The cleaned samples were introduced into the heated furnace under nitrogen flux
and subsequently oxidized under oxygen flux at a flow rate of 10 sccm and process temperatures
ranging from 600 °C to 800 °C. The wet oxidation atmosphere was generated by adding water
vapor to the oxygen. For this purpose, the O, was passed through a deionized water bubbler.
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Figure 3.3.: Contact angle of a water droplet on thermally oxidized GaN surfaces with Ga- and N-
face polarity after wet and dry oxidation as a function of oxidation temperature. For
comparison, the contact angles of non-oxidized HF-cleaned GaN films are given.

The influence of the oxidation atmosphere and temperature on the wetting properties of the
surface was investigated. In Figure 3.3 the static contact angle of a water droplet is shown
as a function of the oxidation temperature for wet and dry oxidation. For comparison, the
contact angle of a HF—cleaned GaN surface is also shown. Thermal oxidation led to a significant
reduction of the contact angle, independent from the other process parameters. In addition, wet
oxidation for 2 h resulted in more hydrophilic surfaces than a similar dry oxidation, which can
be attributed to the lower oxidation rate in the latter case [Readinger, 1999]. Dry oxidation for
6 h lead to a comparable hydrophilicity.

Oxidation at temperatures below 600 °C resulted in rather poor hydrophilicity, indicating that
in this case the oxide layer is not continuous. At oxidation temperatures between 650 °C and
750 °C, very small contact angles (< 10°) were observed for both wet and dry oxidation. For
higher oxidation temperatures, the contact angle increases again, up to more than 20°. The same
behavior is observed for both, N-face and Ga-face polarity. However, due to a higher oxidation
rate, N-face samples show a better wetting behavior, even at lower oxidation temperatures.

As shown by Wolter et al. [Wolter, 2000], the formation process of Ga, O, on the GaN surface
is characterized by island growth and subsequent coalescence. At 650 °C, the surface coverage
of the oxide layer is high enough to minimize the wetting angle. Hence, a closed oxide layer
is assumed on the surface. When the oxidation temperature exceeds 750 °C, a strong increase
in surface roughness was revealed by atomic force microscopy (AFM) measurements for the
oxidized surface (~ 10 nm rms) in comparison to the untreated surface (~ 1 nm rms), resulting
from the three-dimensional growth of the oxide layer. AFM amplitude images of GaN layers
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Figure 3.4.: AFM amplitude images of a MBE-grown GaN surface (a) before oxidation, and after dry
oxidation at (b) 600 °C, (c) 700 °C, and (d) 800 °C.

that have been dry thermally oxidized at temperatures ranging from 600 °C to 800 °C are shown
in Figure 3.4. As pinning can disturb wetting on a solid surface [Robbins & Joanny, 1987], an
increase in surface roughness can provide an explanation for the increased contact angles at
high oxidation temperatures. For the deposition of defect-free lipid bilayers with high lateral
mobility, hydrophilic as well as smooth surfaces are required. For this reason, the oxidation
temperature during the device preparation must not exceed 700 °C.

For a later application of transistor devices with thermal oxide surfaces in biochemical sensors,
it must be ensured that the electronic device properties do not deteriorate under the process
conditions. On that account, the sheet carrier density, ng, of the polarization induced 2DEG of
AlGaN/GaN heterostructure transistors was investigated as a function of the oxidation temper-
ature. The results for an oxidation time of 2 h in both wet and dry atmospheres are shown in
Figure 3.5. For both oxidation processes a similar decrease of ng with increasing oxidation
temperature was observed, starting at process temperatures over 600 °C. The fact that the
decrease in carrier concentration is not affected by the oxidation atmosphere suggests that
the dominating mechanism is not the oxidation itself but rather a thermal device degradation.
Therefore, surface hydrophilization by thermal oxidation does not provide a viable route for the
hydrophilization of AlGaN/GaN transistor structures.
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Figure 3.5.: Decrease of the relative sheet carrier density ng/ng in a Aly2,Gag73N/GaN transistor
structure after wet and dry thermal oxidation as a function of temperature. The oxidation
time was 2 h.

However, up to process temperatures of 700 °C, no significant degradation of the conductivity
was observed for thermally oxidized GaN:Si channel devices. Hence, these transistors can be
successfully hydrophilized by a thermal oxidation and the ion sensitivity of thermal Ga,O,
oxides layers and native GaN surfaces can be compared by employing these devices.

3.2.2. Chemical Surface Treatment

For some applications, the GaN surface was treated in piranha etch, which is a hot mixture of
sulfuric acid (HySO4) and hydrogen peroxide (H,0O,). Due to its strong oxidizing properties,
piranha etch is used to remove organic contaminants from the substrate surface. As most
surfaces are as well hydroxylated, piranha treatment creates hydrophilic surfaces. In this work,
a HySO4/H>O, mixture of 3:1 was used. The substrates were immersed for around 20 min,
thoroughly rinsed with deionized water and dried under nitrogen flux.

XPS analysis of piranha treated GaN samples revealed a strong reduction of the organic surface
contaminants (Figure 3.6). In contrast to thermally oxidized surfaces (q.v. Section 5.2), no
change in the Ols peak intensity or relative peak contributions was observed, indicating no
further increase of the native oxide. The thickness of the native oxide layer was determined in
[Baur, 2005] by X-ray reflectivity measurements to 102 A. Piranha treatment of GaN induces
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Figure 3.6.: Cls spectra of a native MOCVD-grown GaN surface (a) and after wet chemical surface
treatment by piranha (b).

hydrophilic surface properties, reflected by small water wetting angles < 10°. In Figure 3.7 the
water contact angle on GaN films before and after the wet chemical oxidation is shown. The
contact angle is reduced from 74° to less than 5° by the process.

In contrast to thermal oxidation, no increase in surface roughness after the treatment was
observed. Apart from the hydroxylation of the GaN surface required for subsequent cova-
lent biochemical functionalization with silane molecules, the method is a promising surface
preparation for the deposition of defect-free lipid bilayer membranes.

(b)

Figure 3.7.: Wetting of a GaN surface by a water droplet (a) before, and (b) after wet chemical oxidation
in piranha etch. The water contact angle was decreased from 74° to less than 5°.
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Figure 3.8.: (a) Geometrical layout of the single SGFET transistor. The total chip size is 3.2 x 2.3 mm?.
(b) Schematic illustration of the packaging of single SGFET devices on ceramic holders.

3.3. Processing and Packaging of the Transducer Devices

The results presented in this work have been basically obtained by three different types of
transducer devices: single transistor devices with a large gate area, transistor arrays with small
gate dimensions and GaN or AlGaN electrodes. The processing and packaging of these devices
is described in the following.

3.3.1. Single SGFET Devices

Due to the large dimensions, the single transistor devices allowed facile packaging and were
employed for (i) basic characterization of the behavior of IlI-nitride based transistor devices in
electrolyte solutions, (ii) analyzation of the ion sensitivity of native and thermally oxidized GaN
layers, and (iii) EnFET applications of the device. The geometrical layout of the single SGFET
is given in Figure 3.8 (a). Single transistors were processed on AlGaN/GaN heterostructures as
well as on GaN:Si/GaN:Mg double layers.

The source-drain spacing was 1.2 mm and defined by the Ti (30 nm)/Au (300 nm) contacts,
which have been annealed at 700 °C for 2 min in vacuum to ensure ohmic behavior. Laterally,
the conducting channel was defined by etching of'a 100 nm deep MESA structure.

For SGFET applications, a protection of the source and drain contact and the electrical connec-
tions from the electrolyte solution is essential. The single transistors were fixed on 40 x 4 mm?
ceramic substrates. The source and drain contact were connected by wire bonding to two Au
conductors on the substrate. At the other end of the ceramic substrate, the two Au conductors
were connected to insulated cables. A schematic picture of the packing is shown in Figure
3.8 (b). Except for a small opening defining the exposed gate area to 1 x 0.5 mm?, the whole
transistor and periphery was then covered by a layer of silicon rubber. The robust packing
allowed an easy handling of the sensor device during the experiments and straightforward
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Figure 3.9.: (a) Layout of an indivdual SGFET element. Pictures of (b) the whole 4 x 4 SGFET chip ,
(c) the transistor array in the middle of the chip, and (d) a single transistor element. The
total chip size was 5 x 5 mm?.

measurement setups for basic experiments, as exposure of the whole sensor to the electrolyte so-
lution was possible, and was also adopted for the investigation of other materials [Hartl, 2004],
[Garrido, 2005].

3.3.2 SGFET Arrays

Transistor arrays were processed exclusively on MOCVD grown AlGaN/GaN heterostructures.
They were mainly applied for recording of cell action potentials and the investigation of the
low-frequency noise of the SGFETs. The arrays consisted of 16 individual devices, arranged
in a 4 x 4 matrix centered on a 5 x Smm? chip. Single transistor elements with a channel
width of 35 um and a source-drain spacing of 35 um were patterned by Ar ion beam etching. A
layout of the single transistor elements is given in Figure 3.9 (a). The Ti/Au source and drain
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Figure 3.10.: Encapsulated 16-channel SGFET chip based on an AlGaN/GaN heterostructure. The
chip was mounted on a 28pin DIL-ceramic socket.

contacts were prepared as described above for single SGFETs. The transistors were connected
in a common source configuration, with individual control of the drain voltages. The source
and drain contacts were connected by Au conductors to bondpads in the outer region of the
chip. The exposed gate length was defined by photolithographic opening of the epoxi-based
passivation layer, which covered the whole inner region of the chip. Figure 3.9 (b) - (d) show
the whole 16-channel SGFET chip, the 4 x 4 transistor array in the middle of the chip and a
single transistor element prior to packaging.

For packaging, the SGFET arrays were mounted on a standard 28DIL ceramic chip carrier and
contacted by wire bonding. As an electrolyte reservoir and culture dish for the cells, a glass
ring was glued onto the DIL socket. To insulate the wiring from the electrolyte, a small silicone
funnel with an opening for the active chip area was glued onto the chip and encapsulated by
a silicone glue. The total electrolyte reservoir was about 400 ul. In Figure 3.10, the fully
encapsulated SGFET chip is shown.

3.3.3. Electrode Transducers

Single GaN or AlGaN electrode transducers were processed on the GaN and AlGaN/AIN layer
structures shown in Figure 3.2. Due to the insulating sapphire substrate, the samples were
contacted by four Ti (30 nm)/Au (100 nm) contact pads from the top. A schematic layout of
the electrodes is given in Figure 3.11. Because of the large contact area, ohmic contacts could
be realized without an additional annealing step. In some cases, the sample was thermally
oxidized prior to the deposition of the Ti/Au contacts. If so, the oxide was opened at the contact
pads by a HF-dip, taking advantage of the lift-off mask later used for the structuring of the
contacts. Directly before the measurements, most electrodes were wet chemically treated in a
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Figure 3.11.: Schematic layout of the GaN or AlGaN electrodes. The active sample area is defined by
the O-ring of the flow chamber to 0.128 cm?.

3:1 mixture of H,SO4/H;0, as described in Section 3.2.2. Due to the Au top layer, the contacts
could endure the treatment by the strongly oxidizing solution.

For most electrode devices, no packaging was necessary, as the electrodes were operated in the
electrochemical flow chamber described in Section 2.2.1. The contacts were protected from
the analyte solution by the O-ring sealing off the flow chamber, which furthermore defined
the active sample area to 0.128 cm?>. Some smaller samples were individually packaged, as
described for single transistor devices in Section 3.3.1. In that case, their contacts and wiring
were protected by a layer of silicone rubber.
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4. Electronic Characteristics of AlGaN /GaN SGFETs

In this chapter, the electronic properties of SGFET devices based on AlGaN/GaN high-electron-
mobility transistor structures are discussed. In contrast to a regular FET, in a SGFET the metal
gate is replaced by a solution gate. As extensively discussed in Chapter 5, the contact of the GaN
transistor surface to the electrolyte solution behaves as a Schottky contact and the gate voltage
can be controlled via the solution potential by means of appropriate electrochemical electrodes.
In Figure 4.1 the band structure and electron density of an AlGaN/GaN SGFET with a 3nm
GaN cap-layer in contact with an electrolyte solution at pH 7 is shown. The band structure
was calculated by nextnano® [Birner, 2006] for a gate-source voltage of Vs = 0V, applied
between the Ag/AgCl reference electrode of the solution and the source contact. The Schottky
barrier of 1.12 V corresponds to the determined energy difference between the conduction band
edge at the GaN surface and the Ag/AgCl reference redox level in solution (q. v. Section 5.3.3).
The AlGaN barrier used in the calculation had a thickness of 25 nm and an Al content of 25%.
The unintentional doping of the AlGaN barrier and the underlying GaN buffer were assumed to
be n-type in a concentration of 10> cm™3 and 10'7 cm™3, respectively. The ionization energy
of the corresponding donor impurity level was assumed to 20 mV. AlGaN/GaN single SGFETs

2DEG —_ pH 7
electron density E
S
E =
ES _____ 1 = (I)OAg/AgCI RE
Evs
Ev lectrolyt
GaN AlGaN eseo(iurgoﬁe

Figure 4.1.: Band structure and electron density profile of an AIGaN/GaN SGFET with a 3 nm GaN-cap
layer in contact with an electrolyte solution at pH 7, calculated by nextnano®. A thickness
of 25 nm and Al content of 25% was assumed for the AlGaN barrier.
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4.1. Transistor Characteristics

and device arrays were characterized with regard to a possible application as transducers in bio-
chemical sensors or the recording of electrophysiological signals. Basic device properties such
as transistor characteristics and low-frequency noise have been analyzed under physiological
conditions and are discussed in the following sections.

4.1. Transistor Characteristics

For the electrical characterization of the AlIGaN/GaN SGFETs two types of transistor character-
istics have been measured: the output characteristics, where the drain-source channel current,
Ips, is recorded versus the drain-source voltage, Vpg, at a constant gate-source voltage, Vgs,
and the transfer characteristics /ps vs. Vggs at constant Vpg. By taking the derivative of the
latter, the transconductance, g;,, of the device can be obtained.

The current-voltage (IV) characteristics were recorded either by

(a) two interconnected sourcemeters (model 2400, Keithley Instruments Inc, Cleveland,
Ohio) for voltage control (Vpgs ,Vgs) and current readout (/pg). Instrument control and
data readout was performed by LabView routines via GPIB bus.

(b) a measurement system at the Forschungszentrum Jiilich, consisting of a digital 1O board
for voltage control, a preamplifier stage for current to voltage conversion, a second
amplifier stage for offset compensation and signal amplification, and a A/D-conversion
board for data recording. The system is described in detail in [Sprossler, 1998], and was
used as well for the recording of noise spectra or extracellular cell signals. In the latter
cases, a battery based power supply was used for the amplifier system to avoid noise
pickup from the electricity network.

A schematic view of the electrical setup and wiring is given in Figure 4.2. To reduce the
noise, the electrolyte was kept at ground potential for most applications. For the control
of the electrolyte voltage, a simple Ag/AgCl-wire electrode was used in most cases. These
kind of electrodes are not suitable for ISFET applications due to their large drift and low
precision (< 5mV), but can substitute the bulky three electrode setup for the recording of
simple transistor characteristics or short signal pulses.

Figure 4.3 (a) and (b) show the output and transfer characteristics of an individual element
of a SGFET array, recorded with deionized water as an electrolyte solution. The transistors are
operated in the linear regime with a maximum Vpg of 0.5 V to avoid excessive heat development
at the gate surface during sensor operation (P(0.5V)/AGare = 15W cm_z), which could influ-
ence or even damage the organic system or passivation layer on top. In the Vpg region of drain-
source current saturation, a higher transconductance would be expected [Neuberger, 2003]. As
observable for Vs < —2.5V, the conductive channel is not fully depleted by the applied
gate voltage. The remaining current is attributed to the leakage due to the conductive GaN
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Ag/AgCl-wire

Al/Ti contacts
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Figure 4.2.: Setup and wiring of the SGFET devices. Vs is applied to the electrolyte solution via a
Ag/AgCl-wire electrode. In most applications, the electrolyte was held at ground potential
for noise reduction.

buffer. For transistor structures on Fe-compensated GaN buffers, the parasitic current was
considerably smaller (Figure 4.3 (c)). The transconductance of the transistor is obtained by
taking the derivative of the transfer curves and is shown in Figure 4.3 (d). Under the usual
operation conditions (Vps = 0.5V), the devices exhibited a maximum transconductance g,
of 0.2mS. The leakage current, /gs, through the electrolytic gate was negligible (< 2nA)
under these biasing conditions. Note that the maximum transconductance could be easily
enhanced by increasing the gate width to length ratio of the transistor. As the main application
of the presented AlIGaN/GaN SGFET arrays was the recording of action potentials from cardiac
myocyte cells, the gate geometry was adapted to the cell size and not optimized for maximum
transconductance.

The output, transfer, and transconductance characteristics of a single large area SGFET device
operated with standard PBS buffer as an electrolyte solution are presented in Figure 4.4 (a) -
(c). Due to the smaller width to length ratio of the gate, the obtained transconductance for equal
drain-source voltages was smaller compared to the characteristics of an individual device of the
SGFET array. A maximum transconductance g,, of 0.14 mS was achieved at Vpg = 0.5V.
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Figure 4.3.: (a) Output, and (b) transfer characeristics of the individual device of an AlGaN/GaN
SGFET array. By differentiation, the transconductance g, (d) is obtained. In (c), the
transfer characteristics of a device with a Fe-compensated GaN buffer is shown.

4.2. LowFrequency Noise

The sensitivity of a bioelectronic transducer device is limited by its signal-to-noise ratio and
determines the resolution of the whole biosensor. A low background noise level is of particular
importance for the recording of electrophysiological signals, which can lead to low voltage
transients to be resolved by the transducer in the range < 100 uV for the action potentials
of mammalian neurons [Vassanelli & Fromherz, 1998]. As cell action potentials and other
biological signals occur at low frequencies, the low frequency noise (1Hz < f < 1kHz)
of the transistor arrays was analyzed for different gate-source voltages at room temperature.

The presented low frequency noise measurements provide a basis to estimate the capability
of AlGaN/GaN SGFETs for cell signal recording applications in comparison to the Si-based
FET devices usually used in this field. For a precise identification of the responsible noise
mechanisms, a more detailed and comprehensive analysis would be necessary.
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Figure 4.4.: (a) Output, (b) transfer, and (c) transconductance characeristics of a large area single
AlGaN/GaN SGFET.

For recording of the noise spectra, a FFT spectrum analyzer (35670A Dynamic Signal Analyzer,
Hewlett Packard, Palo Alto, California) was used in combination with the measurement setup
(b) described in Section 4.1. The voltage signal equivalent to the drain-source current /pg
of the transistor was feed into the spectrum analyzer after the second amplifier stage of the
measurement system. Spectra were taken in two frequency ranges: (a) from 0 to 100 Hz with a
resolution of 800 channels averaging 25 times, and (b) from 0 to 3.2 kHz with a resolution of
1600 channels averaging 50 times. As a lowpass filter at 3 kHz is included in the measurement
system to reduce the noise level during action potential recording, the spectra were truncated at
a maximum frequency of 1 kHz.

All presented noise measurements have been recorded with deionized water as an electrolyte
solution from the same individual transistor device of an AIGaN/GaN SGFET array. The cor-
responding transistor characteristics are given in Figure 4.3. Figure 4.5 shows the noise power
density spectrum of the drain source current noise Sj,,¢, normalized by / % g- The frequency
behavior follows the typical 1/f7 dependence of low frequency flicker noise, with an exponent
y close to unity. The 1/f or flicker noise is generated by random fluctuations of the electrical
conductivity [Hooge, 1981], either by fluctuation of the number of contributing charge carriers
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Figure 4.5.: Frequency dependence of the relative spectral noise density S, /13 ¢ of an AlGaN/GaN
SGFET at Vps = 0.5V and Vgs =0V. A 1/f7 behavior with y = 0.9 is observed.

or their mobility. McWhorter proposed a theory to explain the 1/f noise by fluctuations in the
number of charge carriers by generation and recombination (G-R noise), mostly via centers with
energy levels in the bandgap [McWhorter, 1957]. The model can be generalized to capture and
emission processes with distributed time constants. In silicon based FETs, the low frequency
noise is mainly caused by trapping and detrapping of single inversion carriers to and from trap
states at the Si/SiO, interface [Jakobson, 1998].

A second model for the origin of low frequency noise relates the conductivity fluctuations
to fluctuations in the charge carrier mobility. Even so the existence of mobility fluctua-
tions has been proved experimentally, a clear theory for the noise mechanism is still missing
[Hooge, 1981].

Independent of the model assumed for the origin of the noise, the 1/f noise can be characterized
by an empirical equation introduced by Hooge [Hooge, 1972]. In the Hooge equation, the rela-
tive noise spectral density of the current, Sy, the voltage, Sy, or the resistance, Sg, is inversely
proportional to the total number of conduction carriers N by a dimensionless proportionality
factor a, the so called Hooge parameter:

St Sy _ Sk o 1

PSRN *D

The Hooge parameter a depends on the material, the crystal quality and the noise mechanism.
It allows the comparison of the 1/f noise level in different semiconductor materials, structures
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Figure 4.6.: Equivalent gate-voltage noise power density spectra for different Vg at Vpg = 0.5V.

and geometries [Hooge, 1994]. The Hooge parameters of some important materials and devices
will be given later in this section.

From the Sj,¢/1 %) 5 spectra and the corresponding 1/f7 -fit shown in Figure 4.5, a Hooge
parameter of 5 x 1073 can be calculated for the AIGaN/GaN SGFET with an assumed num-
ber of contributing charge carriers of N = 7.5 x 107 under the gate, as deduced from the
2DEG density measured by Hall. For usual AlGaN/GaN heterostructure FETs with Pt-gates
or AlGaN/GaN metal-oxide-semiconductor heterostructure FETs, grown either on sapphire or
SiC substrates, Hooge parameters of the order of 107> — 10™*, up to 10~2 have been reported
[Balandin, 1998], [Garrido, 1998], [Rumyantsev, 2000a]. Different possible sources for the 1/f
noise in AlGaN/GaN devices were discussed in these publications. The lowest Hooge param-
eters for HEMTs based on AlGaN/GaN are comparable to values of 107> — 10™* measured
for AlGaAs/GaAs MODFETs [Duh & Van der Ziel, 1985], which are of the same order as in
GaAs layers [Hooge & Tacano, 1993]. For Si MOSFETs a values even lower than 10~ at room
temperature have been reported [Duh & Van der Ziel, 1985].

For the measurement of electrophysiological cell signals, low potential changes have to be
resolved at the gate surface of the SGFET device. Hence, not the drain-source current noise but
the equivalent gate input noise is decisive, and was calculated from Sy, by Sy, = Si,s/22 -
The equivalent gate input noise was analyzed for different operation conditions by variation of
Vs to find an ideal operation point with minimum background noise. Figure 4.6 shows the
Vs noise power density spectra for different gate voltages Vs between 0 and —2.4 V. The

44



4.2. Low Frequency Noise

10-9 E| T T T T T T
- | | ]
1010 [ | /./ _;
f o ]
- 107" .\./. ./ .
T ] \ E
NZ 12 | ././ /A |
g2 10 "3 3
> 3
v ] \ /
i A 10Hz —m—
-13
10 i 100 Hz —o— 3
% V=05V 1kHz —a—
10- T T T T T T T T T T T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
VGS [V]

Figure 4.7.: Variations of the equivalent gate-voltage noise power spectral density as a function of Vg
for different frequencies.

exponent y varies with Vs between y = 0.9 — 1.3. The noise power spectral density exhibits
a minimum for Vgs = —1.8V, as also shown in Figure 4.7 for different frequencies. The ideal
Vs operation point for the recording of signals with low amplitudes coincides to the Vg of
maximum transconductance of the transistor. On this account, fluctuations of the potential at
the interface to the electrolyte can be excluded as the dominating noise mechanism, in that Sy,
would be independent of Vg for that case.

Not only Sy, but also the normalized spectral density of the drain-source current noise
Sips/1 12) 5 exhibits a strong dependence on Vgs. Figure 4.8 shows the relative spectral density
Stps/1 % 5 obtained between 1 Hz and 1 kHz, multiplied by the frequency /7. A strong increase
for bias voltages < —1.2V is observed. A similar trend for the V55 dependence was reported
by Garrido et al. [Garrido, 2000a] for AlGaN/GaN HEMTs with Pt-gates and Ti/Al ohmic
contacts. The authors distinguish between the noise sources in two different Vg regimes: for
negative Vgg close to zero, the device noise is dominated by the ohmic contacts. Even for
contacts with low resistivity compared to the channel resistance, the noise contribution from the
contacts cannot be neglected. Non-homogeneous contacts with pitted morphology as observed
for GaN, can lead to current constrictions enhancing the contact noise [Garrido, 2000a]. The
authors further reported that improvement of the contact technology reduced the noise power
density by one order of magnitude.

For more negative Vg, the contribution of the channel dominates, and fluctuations in the carrier
mobility are proposed as a possible mechanism. As limiting process for the electron mobility at
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Figure 4.8.: Dependence of the normalized spectral density of the drain-source current noise Sy,,;/ /3,
multiplied by the frequency f7, on the gate-source voltage Vgs.

low temperatures (< 50 K), scattering at charged dislocations was identified for these samples,
dominating over other low-temperature scattering mechanisms like alloy or interface scattering
[Garrido, 2000b]. A theoretical study by Jena et al. confirms dislocation scattering as the
mobility-limiting mechanism for AIGaN/GaN structures with high dislocation densities of the
order of 10° — 10! cm™2 [Jena, 2000]. Even at room temperature, where scattering at optical
phonons is the predominant process, a significant contribution of the scattering at charged
dislocations was reported [Garrido, 2000b]. Very effective screening of the dislocations by
the 2DEG could explain the suppression of 1/f noise in AlGaN/GaN HEMT devices com-
pared to GaN layers [Py & Buehlmann, 1996], and the increase in relative noise power density
with reduced electron density in the channel [Levinshtein, 1998], [Garrido, 1998]. However,
transport measurements by Link et al. could not confirm scattering at charged dislocations as
the limiting scattering mechanism at low temperatures. Depending on the carrier density in
the 2DEG, either scattering at remote ionized impurities (n2peg < 7.5 - 1012 cm™2), or alloy
scattering was identified as the most important factor (n2prg > 7.5 - 1012 cm™2) [Link, 2004].
For room temperature, no significant contribution of low-temperature scattering mechanisms
was reported, and the mobility is only determined by optical phonon scattering. No influence of
the carrier concentration on the 2DEG mobility was observed at room temperature [Link, 2004].
Thus, a mobility limiting contribution of dislocation scattering in AlGaN/GaN 2DEGs at room
temperature, and the consequential contribution to the low-frequency noise, is strongly depen-
dent on the dislocation density.
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Figure 4.9.: Transient response of an AlIGaN/GaN SGFET to a 100 uV pulse applied for 100 ms via the
electrolyte gate. Deionized water was used an electrolyte solution.

A different explanation for the increasing noise densities with lower Vgs was given
by Rumyantsev et al., relating the device noise to the leakage current over the gate
[Rumyantsev, 2000b]. However, it was found that the contribution of the leakage current to
the transistor noise is only significant for transistors with a small Hooge parameter (a =
1073 — 10™%). For devices exhibiting relatively high Hooge parameters a ~ 1073, even a
high gate leakage current in the order of 1073 — 10~2 compared to the channel current does not
significantly influence the device output noise [Rumyantsev, 2000b]. As a Hooge parameter of
o =5 x 1073 was determined for the device corresponding to data presented in Figure 4.8, a
considerable noise contribution from the gate leakage current can be excluded.

A contribution of noise sources located at the surface of the ungated region between the source
and drain contact can also be excluded, as a decrease of Sj,¢//ps would be expected with
decreasing /ps [Rumyantsev, 2001].

From the 1/f noise figure of the device, a peak-to-peak noise amplitude of around 100 uV
can be estimated for the equivalent gate input noise at the operation point (Vps = 0.5V,
Ves = —1.8 V), which is of the same order of magnitude as reported for comparable silicon-
based devices usually employed for the recording of cell action potentials [Offenhdusser, 1997],
[Vassanelli & Fromherz, 1999], [Ingebrandt, 2003].

The signal-to-noise ratio of various devices processed from different heterostructures and in
separate runs was analyzed by recording the source-drain current change upon application of a
test pulse to the electrolytic gate for a time interval of 100 ms. From the source-drain current
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variation, the change in equivalent gate-source voltage was calculated. Strong variations in
the signal-to-noise ratio were obtained for the different characterized transistors. For the best
devices a 100 uV pulse was clearly resolved on the background noise with a signal-to-noise
ratio of 5 : 1, as demonstrated in Figure 4.9. Hence, the tested devices exhibited a strong
variation in the low frequency noise, probably caused by the non-optimized ohmic contacts.

For the reduction of the device noise in silicon based transistors, complex device concepts like
floating-gate devices [Cohen, 2004], [Meyburg, 2006] and buried-channel FETs were applied
[Volker & Fromherz, 2005]. The most effective noise reduction was achieved by the buried
channel concept as recently reported by Volker et al. [Volker & Fromherz, 2005]. The low
peak-to-peak equivalent gate voltage noise of around 25 uV of these optimized devices was
sufficient for recording of signals from individual mammalian nerve cells.

In conclusion, the noise properties of the presented AlGaN/GaN SGFETs allow the recording of
electrophyiological cell signals with an accuracy at least comparable to standard silicon devices.
However, strong variations in the low frequency noise have been obtained, which is assumed to
be caused by the non-optimized ohmic contacts. The best tested devices exhibited a noise level
of 25 uV peak-to-peak, comparable to buried-channel silicon SGFETs suitable for the recording
of mammalian neuron activity.
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In biochemical sensors based on III-nitride transducer devices, the chemical and electrochemi-
cal properties of the nitride surface and its interface to the electrolyte are of major importance.
The nitride surface either serves as an interfacing layer between the inorganic transducer and
the organic sensor functionalization, or as the sensitive element of the sensor. The IlI-nitride
transducers fabricated and characterized in this work all exhibited a GaN surface, which was
modified by thermal oxidation or chemical surface treatment in piranha etch for some applica-
tions.

In this chapter, the physical chemistry of the GaN surface and the GaN/electrolyte interface is
discussed. In the first part (5.1) a general outline of the semiconductor/electrolyte junction is
given, discussing the charge and potential distribution, the charge transfer over the interface and
the electrochemical reactions occurring at a GaN surface in contact with electrolytic solutions.
Further, the physics of a semiconductor/electrolyte junction under illumination is addressed.
The second part (5.2) is devoted to the analysis of the chemical composition of native and
thermally oxidized GaN surfaces by XPS. Section 5.3 describes the electrochemical and photo-
electrochemical analysis of the GaN/electrolyte interface. Extracted material properties like the
flatband voltage and the energetic position of the band edges with respect to the hydrogen redox
level are presented. In the concluding part (5.4), the sensitivity of the GaN surfaces towards
various ions in solution is discussed.

5.1. The Semiconductor /Electrolyte Interface

Semiconductor/electrolyte interfaces are investigated for fundamental as well as for practical
reasons. Semiconductor electrodes play a major role in fundamental studies of charge transfer
processes between solid-state electrodes and redox ions in electrolytes, or the contribution of
electrons of the solid to catalytic reactions occurring at the surface. As a main advantage
in contrast to metal electrodes, the surface density of electrons or holes available for charge
transfer can be carefully controlled by the applied potential or by illumination. Furthermore,
charge transfer can only occur at discrete energy levels via the conduction or valence band
or via surface states, as the redox levels in solution are usually pinned with respect to the
semiconductor valence and conduction band levels at the surface. On the other hand, semicon-
ductor/electrolyte junctions are important for many practical applications as for example solar
energy conversion, electrochemical semiconductor device processing (e.g. anodic oxidation or
etching), and biochemical semiconductor sensor technology.
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The pioneering work in electrochemistry and photoelectrochemistry of semiconductors was per-
formed by Brattain and Garrett at Bell Labs in 1954. They investigated how chemical reactions
occurring at a germanium electrode immersed into electrolytic solutions were influenced by the
semiconducting properties of the germanium and by illumination [Brattain & Garrett, 1954].
In the following years, other semiconductors such as ZnO, CdS, GaP, or TiO, were studied
[Dewald, 1960], [Morrison, 1969], Williams & Bube, 1960], [Memming & Schwandt, 1968],
[Boddy, 1968] and first models for the charge distribution at semiconductor/electrolyte junc-
tions and the kinetics of the electron transfer between electrolyte and semiconductor were
established [Gerischer, 1960], [Gerischer, 1961], [Boddy, 1965]. Beginning from the early
70s, there was an increasing interest in semiconductor/electrolyte junctions for solar energy
conversion, after Fujishima and Honda had pointed out the possibility of the photoelectrolysis of
water at semiconductor electrodes using sunlight [Fujishima & Honda, 1972]. They discussed
a photoelectrochemical cell where the irradiation of an n-type TiO; semiconductor electrode
leads to the decomposition of water accompanied by oxygen evolution at the TiO; electrode
and hydrogen evolution at the platinum counter electrode. Alternatively to the conversion of
optical energy into chemical energy in photoelectrolysis or photocatalysis, optical energy can
be converted into electrical energy in so-called liquid junction solar cells or electrochemical
photovoltaic cells. In these regenerative cells the electrolyte remains effectively unchanged.
They are mostly based on n-type II/VI or III/V semiconductors with matched redox cou-
ples as for example n-InP/VZt, V3, n-CdSe/Sz_,S%_ or n-WSe/I" I3 [Ennaoui, 1993]. For
the n-CdSe/ [Fe(CN)s]>~,[Fe(CN)g]*~, conversion coefficients of 16.4% have been reported
[Licht & Peramunage, 1990]. In dye-sensitized electrochemical photovoltaic cells, also known
as Gritzel cells, the light is not absorbed by the semiconductor but a layer of photosensi-
tive dye molecules adsorbed on its surface. The excited dyes then inject electrons into the
semiconductor conduction band. Thereafter, the oxidized dye molecules are reduced by a
matched redox species in the solution which is regenerated at the counter electrode. Con-
version coefficients of 8% have been reported by Gritzel and co-workers for their original
design, utilizing a porous TiO; film as the semiconductor electrode and I7/I5 as a redox couple
[O’Regan & Gritzel, 1991].

In the following sections, basic principles for the semiconductor/liquid interface regarding
electronic energy levels, charge and potential distribution, electron transfer kinetics, as well
as the influence of electronic surface states are discussed.

5.1.1. Electronic Energy Levels in Semiconductors

A detailed description of the electronic energy levels in semiconductors is given by the band
theory of solids, as for example in [ Yu & Cardona, 1996]. In the following, some basic concepts
and relations are presented. The main characteristic of a semiconductor is the energy separation
of the conduction and valence band by a forbidden bandgap Eg. The valence and conduction
band states correspond to the empty and filled electronic energy levels at 7 = 0 K, respectively.
The Fermi Level, Er, which represents the electrochemical potential of electrons in solids is
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located in the bandgap, E¢, leading to a relatively low density of free carriers. For energies
close to the band edge, the density of electronic states N(E) in the conduction and valence
band increases with the square root of the energy difference to the band edge,

Ne(E) « (E — E¢)? (5.1)

and 1
Ny(E) x (Ey — E)? (5.2)

with Ec and Ey denoting the energies of the conduction band minima and the valence band
maxima, respectively [Sze, 1981].

Under equilibrium conditions, the electron density » and hole density p in a non-degenerate
semiconductor can be described by

(5.3)

Ec—F
n= Nc-exp (—u)

kT

and

(5.4)

Er—F
p:NV.exp(_u)

kT

where N¢ and Ny represent the effective densities of states in the conduction and valence band,
respectively. They are given by

2 kT\>?
Ne=2 (%) M. (5.5)
and 3
2empkT

with the number of equivalent minima in the conduction band, M., and the density-of state
effective mass of electrons m, and holes mj. From a combination of Egs. (5.3) and (5.4), the
intrinsic carrier density can be obtained:

E
np = ”12 = NcNy -exp (—k—;) (5.7)

For intrinsic semiconductors, the Fermi level Er is located close to the middle of the bandgap.
Doping of a semiconductor with donor or acceptor impurities leads to the formation of impurity
levels with energies in the semiconductor bandgap. An n-type semiconductor is doped with
donor atoms that exhibit energy levels close to the conduction band. In that case, the Fermi
level Er lies also close to the conduction band edge. On the other hand, p-type conductivity is
obtained when acceptor atoms with corresponding energy levels close to the valence band are
introduced. In this case, the Fermi level E is close to the valence band edge [Sze, 1981].
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Figure 5.1.: Solvated cation surrounded by the inner sphere dipols of the solvent and the outer sphere
dipoles.

5.1.2. Electronic Energy Levels in Liquids

Ions in solution are surrounded by a solvation shell of polar solvent molecules and other ions
or molecules of the solution. The strong interaction between the ion and the nearest solvent
dipoles leads to the formation of an inner sphere complex which can be considered almost as
a compound. The outer sphere consists of loosely bound solvent molecules and counter ions
(Figure 5.1). The structure of the solvation shell depends strongly on the charge of the ion and,
therefore, differs between the reduced and oxidized ionic state. Electron transfer to or from the
ion leads to a rearrangement of the solvent molecules around the ion and a change in the related
electronic energy levels [Gerischer, 1960], [Morrison, 1977], [Memming, 2001]. Solvated ions
that can be oxidized and reduced by pure electron transfer are referred to as redox couples.
To describe the electronic energy levels related to an ionic redox couple in solution first the
electrochemical potential of electrons in the redox system has to be defined.

The Electrochemical Potential of Redox Couples in Solution

The chemical potential of an ion i in solution is
W = },L? + RT Ina; = u? +RTIny,c (5.8)

with the standard chemical potential, u?, the ion activity, a;, the activity coefficient, y ;, and the
concentration of the ion, ¢;. The expression can be simplified to

w =W + RTIng; (5.9)

for diluted solutions were ion-ion interactions can be neglected (y = 1). The electrochemical
potential of a species i with charge Z; is

W=W+ZF (5.10)
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where F' is the Faraday constant and ¢ the electrical potential at the position of the species. At
equilibrium, the electrochemical potential of a species, L1;, is constant over all contacting phases

W = const. 5.11)
H (

Gradients in ; lead to a net flux of the species.

For chemical reactions, the gradient in free energy between the product and educt side deter-
mines the reaction rate. At equilibrium, the reaction rate must be equal in both directions and
the electrochemical potentials of the educts and products are related by

Z Uir"i =0= AGequil (5.12)

i

with the stoichiometric coefficients v; taken negative for the educts and positive for the prod-
ucts.
Applying Eq. (5.12) to the redox reaction

Red = Ox 4+ e~ (5.13)

for the exchange of an electron between the redox couple Red/Ox and an inert metal electrode
results in

ﬁe,redox = ﬁred - ﬁox (514)

for the electrochemical potential 1, req40x Of the electrons, and application of Eqs. (5.9) and
(5.10) yields

~ C
He,redox = uf(’)edox + kT In ( = ) (515)

Cred

with the concentrations, ¢, and ¢4, for the oxidized and reduced species of the redox system,
respectively.

The electrochemical potential of the redox system is equivalent to the electron Fermi level in
solution.

EF,redox = ge,redox (516)

Fermi energies are generally given on an absolute scale versus the vacuum level. In contrast, the
redox potential ¢,..4,, corresponding to a redox system is measured and tabulated versus a stan-
dard reference electrode, for instance the Standard Hydrogen Electrode (SHE) or the Standard
Calomel Electrode (SCE). The standard redox potential ¢9€ Jox Of a redox couple! is negative
if it tends to give up electrons more easily to an inert platinum electrode than the hydrogen
redox couple H*/H, at standard ambient conditions (T = 298 K, solutes at a concentration of

1 M, and gases at 1 bar). The standard redox potential of the H*/H, redox system at standard

1 In most electrochemical textbooks the standard redox potential of a redox couple or electrode is denoted by E°.

Throughout this work ¢99 Jox 18 used to avoid confusion with electronic energy levels.
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Figure 5.2.: Electrochemical potential of different redox systems given on an absolute scale versus the
vacuum level and on the electrochemical scale with respect to the NHE.

conditions, qﬁ(}# /1y Was chosen as an arbitrary zero for redox potentials in electrochemistry

(SHE). The energy of the H"/H, redox system versus the vacuum level was determined by
various authors to values between 4.3 eV [Trasatti, 1977] and 4.7 eV [Gomer & Tryson, 1977].
Here, an average value of 4.5 eV [Lohmann, 1967] is used.

On an absolute scale the Fermi level of the redox system is then given by
EF,redox = —45eV — e¢redox’ (5.17)

using the SHE as a reference.

Energy levels of important redox systems are shown in Figure 5.2 on an absolute scale versus
the vacuum level and on the conventional electrochemistry scale versus the SHE.

The energy level, Er req0x, Of a redox system is not an electronic but a thermodynamic en-
ergy level and used to describe equilibrium conditions. It reflects differences in not only the
electronic energy but in the total energy involved in an electron transfer reaction, including for
instance the reorganization energy of the hydration shell after an electron transfer.

The electronic energy states in solution are described in the following section in terms of the
Gerischer model [Gerischer, 1960], [Gerischer, 1961], [Memming, 2001].
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Figure 5.3.: Total energy of a redox system in its reduced or oxidized state. The fast occuring electron
transfer processes lead to excited redox states (M, and M, ,), still surrounded by the
solvation shell of the initial form. The energy differences are electronic energies.

The Gerischer Model of Electronic States in Solution

In an electrolyte containing the univalent redox system Mo, (aq)/M;cq(aq), My.q(aq) repre-
sents the occupied and M,, (ag) the unoccupied electronic state. The interaction of the ions
with the surrounding solvation shell differs for the reduced and oxidized ionic species and,
therefore, the energy levels involved in electron transfer are different from the thermodynamic
level EF ,eqox. The energy level of the occupied electronic state is the required work E?ed
to transfer an electron form the M,.4(aq) ion to the vacuum level. The energy level of an
unoccupied electronic state is the work E9_ gained if an electron from the vacuum is captured

by the M, (aq) ion.

A quantitative estimation of the difference between the electronic energy levels involved in elec-
tron transfer and the thermodynamic level E £ ,cq0x can be made by considering the following
reaction cycle, starting form the M, .4(aq) redox ion in its reduced form:

Myei(aq) = Mox(aq) + ey, (5.18)

Moy (aq) + Chac = M, eqa(aq) (5.19)

The schematic diagram of the energetic states involved in the reaction cycle is given in Fig-
ure 5.3. Initially, the redox system is in its reduced from, and surrounded by the solvation
shell of its reduced form, specified as M,.;. During an electron transfer, this solvation shell is
regarded as unchanged, as the transfer of electrons is fast compared to the thermal movement
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Figure 5.4.: Electron energies (a) and energy distributions (b) of a redox system in the occupied and
unoccupied state. The electronic energy levels are the differences of the total energies (see
Figure 5.3).

and reorganization of the molecules in the solvation shell (Franck-Condon principle). Reorga-
nization of the solvation shell occurs when the electron transfer is completed.

Transferring an electron form the M,.; state into the vacuum requires the energy E,(,)e , and
leads to the oxidized excited form M, of the ion, still surrounded by the typical solvation
shell of the reduced form. After the electron transfer, the solvent shell reorganizes until the
equilibrium conditions for the shell of the oxidized species M,, are reached. The free energy
change during this relaxation process is the reorganization energy A,,. In the reverse process,
an electron is captured by the oxidized species M,,, resulting in the reduced excited form M, ;,
still surrounded by the solvation shell of the oxidized form. Thereby, the energy £, is gained.
The free energy change during the relaxation to the initial state M, .4 is A,¢4. Summation of the
energies around the redox-cycle yields

Eged - lox = E((;)x + j~red = Eg*,redox (520)

which can also be deduced from Figure 5.4, in which the electronic energies of the cycle are
plotted versus the vacuum level. Within the experimental accuracy, the reorganization energies
for reduced and oxidized species 4,4 and A,y can be regarded as equal (4 = 4,00 = Aox),
simplifying Eq. (5.20) to

E°, —E =2 (5.21)
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and yielding |
0 0 0
EF,redox = E(Ered + on)' (5-22)

However, the derived values E° , and EY, are only the mean values for the electronic en-
ergy states in solvents. Thermal fluctuations of the solvation shell lead to a broadening
of the electronic energy levels and result in a Gaussian distribution of the solvation states
[Gerischer, 1960]. Considering that the density of electronic states is proportional to the con-
centration ¢,.qg and ¢,y of the reduced or oxidized species of the redox system, the total density
of states is given by

Dyea(E) Cred (E — E;(f)ed)z (5.23)
re ey ———— - - .
¢ Jaakr P 4KT )
nd Do (E) Cox ( (E - ng)Z) (5.24)
0X = —— - ex - - .
Jawr CP\TT akr)

for the occupied and unoccupied energy levels in solution, respectively. The density distribu-
tions of the solvation states are illustrated in Figure 5.4 for equal concentrations. For typical
reorganization energies A of about 1 eV, the half-width of the density distributions is of the
order of 0.5 eV [Morrison, 1977].

5.1.3. Potential and Charge Distribution at the Semiconductor /Electrolyte
Interface

After immersion of a solid into an aqueous solution, charge is exchanged between the solid
surface and the electrolyte and charged layers are built up in both, the solid and the adjacent
liquid. The resulting space charge region in the solid is discussed in detail for the case of
semiconductors in Appendix A.3.

In the Gouy-Chapman-Stern model [Stern, 1924], [Bard & Faulkner, 2001], the solution side of
the solid/liquid interface is divided into two regions. First, the Helmholtz layer is formed by ions
which are adsorbed electrostatically or chemically to the solid surface. Next to the Helmholtz
layer, solvated ions form a diffuse space charge region in which an excess of positive or negative
ions exists. This region is called the Gouy-Chapman layer.

In the following sections, the electrical properties of the Helmholtz layer, the Gouy-Chapman
layer, the semiconductor space charge layer, as well as the potential distribution at the semicon-
ductor/electrolyte interface will be discussed.
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Figure 5.5.: Charge distribution and potential decay at a metal electrode surface, described in the
extended Stern model.

The Helmholtz Double Layer

The Helmholtz double layer plays a major role in most electrochemical processes at solid state
electrodes. Most models for the Helmholtz layer at all kinds of solid surfaces are modifica-
tions or extensions of the basic model which Stern proposed in 1924 for the description of
mercury/electrolyte interfaces [Stern, 1924]. In Figure 5.5, a schematic picture of the extended
Stern model is presented. The surface has a charge of ¢ and an electrical potential of ¢g. At
the inner Helmholtz plane (IHP), only unsolvated ions are specifically bound to the surface.
Due to their solvation shell, solvated ions cannot approach the surface closer than a certain
distance d. The plane of closest approach for solvated ions is called the outer Helmholtz plane
(OHP). Electrically, the regions between the surface and the inner Helmholtz plane and the
region between the inner and the outer Helmholtz plane can be approximated as capacitors,
with the capacitances C| and C», respectively. In most electrical experiments it is impossible
to separate the contributions of the capacitances C and Cj3, thus they are mostly described as a
single Helmholtz capacitance, Cy.
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The potential difference between the potential, ¢ , at the solid surface and the potential, ¢ ;5 p,
at the OHP defines the Helmholtz double layer voltage V',

Vi = ¢s—doup- (5.25)

The mercury and silver iodide surfaces, for which the Helmholtz double layers have been exten-
sively studied in experiment and theory, are examples for the two classes of surface/electrolyte
interfaces: polarizable interfaces and reversible interfaces [Stumm, 1970]. For polarizable
interfaces, the potential drop V' across the double layer is determined by an externally ap-
plied voltage or the redox level in the electrolyte. At a reversible interface, adsorption and
desorption of the potential determining ionic species from the solution at the surface determine
the double layer potential V7. The double layer characteristics for the two classes of interfaces
are very similar, differing mainly in the reason for the potential difference over the double layer.
In some text books and throughout this work, the expression "polarizable interface" is used to
describe interfaces where the application of an external potential does not lead to an electron
transfer over the interface. Conversely, at ideal nonpolarizable interfaces electron transfer is
easily possible (see e.g. [Bockris & Reddy, 1970]).

Graham has given a detailed review on the mercury/solution interface and the dependence
of the double layer capacitance on the applied potential and the chemical composition of the
electrolyte [Grahame, 1947]. For mercury/solution interfaces, the surface charge is given by
the electronic charge on the mercury. For negatively polarized electrodes, cations are pre-
dominant at the IHP and Cy is of the order of 20 uF cm™2. For positive polarizations, the
IHP is populated mainly by anions and Cy is of the order of 40 uF cm™2 [Stumm, 1970]. At
the reversible silver iodide/solution interface, the surface charge o g is exclusively determined
by the adsorbed potential-determining Ag™ and 1~ ions [Lyklema & Overbeek, 1961]. In the
case of zero surface charge and an ionic strength of 0.1 M, the double layer capacitance Cpy
is about 30 uF cm™2 for most electrolyte compositions, sharply increasing for positive po-
larizations and slightly decreasing for negative polarizations. In most models, the interface
between an oxide surface and an electrolyte is considered as a reversible interface, similar
to the Agl surface [Yates, 1974], [Davis, 1978]. The surface charge is formed by the poten-
tial determining ions H* and OH™. Additionally, specific adsorption of electrolyte ions is
considered in the formation of ion pairs or surface complexes at charged surface sites with
counterions [ Yates, 1974], [Davis, 1978]. A more detailed description of the specific adsorption
reaction and the charge and potential distribution at oxide/electrolyte interfaces is given in
Section 5.4.2, where the site-binding model of Yates et al. is described. The double layer
capacitance and surface charge density of many oxide/solution interfaces is much larger than
for the mercury and silver iodide surfaces described above. Typical values reported for Cy are
of the order of 40 uF cm ™2 for 5—MnO», 90 uF cm—2 for y —Al;03, 250 uF cm—2 for L—MnO;
[Stumm, 1970], and 70 uF cm™2 for TiO, [Stumm, 1970], [Westall & Hohl, 1980]. However,
the differential double layer capacitances obtained from experiments depend significantly on the
electrostatic model applied for the oxide/solution interface. A comparison of different models
is given by Westall et al. [Westall & Hohl, 1980]. They have determined the free parameters for
different models like dissociation constants, reaction constants for the formation of ion pairs,
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and double layer capacitances by fitting the experimental acid-base titration data for Al;O3 and
TiO; surfaces. They concluded that no model is preferable for the accurate physical description
of the interface, as all models could represent the experimental data equally well, resulting
in different values for the corresponding free parameters in the different models. However,
minimum Helmholtz capacitances of 57 uF cm~2 for y —Al,03 and 53 uF cm~2 for TiO, were
obtained for the different models.

The spatial extension of the Helmholtz double layer can be estimated assuming the double layer
capacitance Cy to be independent of the applied potential
EHED

Cr=—7r. (5.26)

The dielectric constant € of the medium, consisting of strongly polarized water molecules
is not clear and assumed to have values between 5 and 20 in the literature [Morrison, 1980],
[Memming, 2001]. Considering the dielectric constant €7 &~ 5.9 for fully oriented water and
measured values for the Helmholtz capacitance on mercury of around 20 uF cm™2, this leads to
an approximated thickness d of a few Angstroms for the Helmholtz double layer.

In the following, the origin of the Helmholtz double layer voltage Vy under open circuit
conditions is discussed for different electrode materials.

Metals In the case of metals, the Helmholtz double layer voltage ¥ is defined mainly by
electron exchange between the metal and redox ions in solution. An initial difference in the
Fermi levels Er of the metal and E £ ,cq0x Of the electrolyte leads to electron transfer and the
formation of a double layer. At equilibrium, the double layer potential is adjusted to equalize
the Fermi levels £ of the metal and E r ¢q0x Of the solution. Surface adsorption of ions plays
only a minor role in the built-up of the Helmholtz potential, as most of the surface charge arises
in the metal.

Ihsulators For insulators, the charge on the surface results only from ions or dipoles ad-
sorbed from the liquid, as there is no exchange of free carriers. The Helmholtz potential is,
therefore, controlled by adsorption and desorption processes (reversible interface) and not by
adjustment of the electrochemical potential for electrons of the two contacting phases. In most
cases, a few sorts of ions dominate the surface charge, and Vg adjusts itself to equalize the
adsorption and desorption rate for these so-called potential-determining ions (PDI). As a con-
sequence, the Helmholtz potential is strongly dependent on the concentration of the potential-
determining ions in the bulk solution. The Helmholtz potential of oxidic surfaces is defined
mainly by adsorption and desorption of protons and hydroxide ions and depends on the pH of
the solution, as described in detail by the site-binding model in Section 5.4.2.

Semiconductors The Helmholtz double layer potential at a semiconductor/liquid interface
can be either determined by adsorption/desorption processes or by electron or hole transfer
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reactions to appropriate redox levels in electrolyte. For non-degenerate semiconductors, Vi
is found to be controlled mainly by adsorption/desorption processes, as the charge in the
space charge region of the semiconductor due to electron exchange with redox ions is much
smaller than the ionic charge involved in adsorption at the surface of the semiconductor
[Madou & Morrison, 1989]. Furthermore, the ionic surface coverage changes only slightly
with the externally applied voltage, as most of the potential drop occurs in the semiconductor
space charge region, as discussed in Section 5.1.3. An intermediate case between metals and
insulators exists for degenerate semiconductors, for which redox processes as well as adsorp-
tion/desorption reactions influence V.

For the description of the semiconductor/electrolyte junction, many authors follow the early
interpretations by Gerischer [Gerischer, 1961], were equilibration of the Fermi level in the
semiconductor and of an electrolyte containing a redox couple is achieved by electron exchange
at the interface. Adsorption of ions still dominates the Helmholtz potential in this model, and
the potential drop in the space charge region of the semiconductor is adjusted so that the total
potential difference equalizes the initial difference in Fermi energies. However, as redox levels
can be located in the bandgap region, the exchange current rates at semiconductor/electrolyte in-
terfaces can be extremely low. Particularly for wide bandgap semiconductors, a thermodynamic
equilibrium with respect to charge transfer can seldom be assumed [Morrison, 1977].

The Gouy-Chapman Layer

Particularly for solutions with low ionic concentrations, the charge of the solid surface is not
completely counterbalanced by the ionic charge accumulated at the outer Helmholtz plane.
Therefore, a diffuse layer of charge extending from the OHP into the solution is introduced in
the Gouy-Chapman model, in which an excess of ions of one charge exists. The electrostatic
attraction of the ions in this layer to the charged surface is counterbalanced by the random
thermal motion. Thus, the local ion density at a distance x from the surface can be described by
the Boltzmann equation:
—zjeg(x)

ni(x) = n? -exp ( T ) , (5.27)

where n? and n; (x) are the densities of the ionic species i in the bulk solution and at a distance
x, respectively, z; is the charge of the ions 7, and ¢(x) is the potential at a distance x with
respect to the bulk solution potential. The potential ¢(x) is related to the charge density p(x)
by the one-dimensional Poisson equation:

(5.28)

Combination of Egs. (5.27) and (5.28) yields the Poisson-Boltzmann equation, describing the
potential and charge distribution in the diffuse layer. In the Gouy-Chapman layer, the dielectric
constant of "free" water (¢ = 80) can be assumed for the electrolyte [Bockris & Reddy, 1970].
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Figure 5.6.: Potential distribution through the diffuse layer according to the Gouy-Chapman model,
calculated for a 50 mM univalent electrolyte and different values of the potential ¢, at the
OHP.

For a symmetric electrolyte (equal concentrations of cations and anions) the potential profile in
the Gouy-Chapman layer is given by

tanh(zeg/4kT)
= — 5.29
tanh(zepp/4kT) exp(=rx) (5.29)
with
2nYz2¢2
= 5.30
* ceokT ( )

where ¢, is the potential at the OHP, n° the bulk density of each ion and ze the ionic charge. In
Figure 5.6, potential profiles calculated for a 50 mM univalent electrolyte (z = 1) and different
values of ¢, are presented. For small ¢ 5, an asymptotic exponential form

¢ = ¢pexp(—kx) (5.31)

for the potential decay is approached. The extension of the diffuse layer, x~!, is the De-
bye screening length in the electrolyte. In the Debye-Hiickel theory, this value describes
a characteristic length for the spatial decay of potentials in diluted electrolyte solutions
[Bockris & Reddy, 1970]. It is an important parameter for potentiometric biochemical sensors,
as it allows an estimation of the maximum distance from the transducer surface where a change
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Figure 5.7.: Debye screening length for an univalent electrolyte with ionic concentrations ranging from
I mM to 1 M.

in charge is still detectable and not completely screened by a surrounding ionic cloud. Figure 5.7
illustrates the decrease of the Debye screening length with increasing ionic concentration for a
univalent electrolyte.

According to the Gouy-Chapman theory, the diffuse layer charge per unit area in the diffuse
layer is given by the modified Graham equation:

1/2
op = — (SkTssonO) sinh (22657]?) . (5.32)

By taking the derivative of Eq. (5.32) with respect to ¢ p, the differential capacitance of the
Gouy-Chapman layer can be obtained:

2z%eggon® 172 zedp
Cp=\—7—7"F— h . 533
b ( kT ) o8 ( 2kT ) (533)

In Figure 5.8, the capacitance of the diffuse layer is illustrated for different ion concentrations
versus the potential ¢ , at the OHP. High potentials ¢, or high ion concentrations 1 lead to a
strong accumulation of ions in the diffuse layer and cause an increase in the capacitance Cp.
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Figure 5.8.: Differential capacitance of the diffuse layer calculated according to the Gouy-Chapman
model for different ionic concentrations of a monovalent electrolyte.

The Gouy-Chapman-Stem Model of the Solid /Electrolyte Interface

In the previous sections, a physical description of the Helmholtz and the Gouy-Chapman layer
was given. According to the Gouy-Chapman-Stern model, they form the electrical double layer
at the solid/solution interface, the so-called Gouy-Chapman-Stern (GCS) layer. In Figure 5.9,
an illustration of the Gouy-Chapman-Stern model is presented. The charge of the surface
o s is formed by the potential determining ions, which are HT and OH™ for oxidic surfaces.
The counter charge o p is located at the OHP and the adjacent diffuse space charge region.
Regarding Eq. (5.32), the potential of the solid surface ¢ relative to the bulk electrolyte is

given by
2kT
ps = _Ib F = sinh™! ol 7 | (5.34)
(8kTeeon®)

The total capacitance Cgcs of the electrical double layer can be described as a serial capacitance
of the Helmholtz capacitance Cy and the capacitance of the diffuse layer Cp:

L1
Cécs Cu  Cp’

(5.35)
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Figure 5.9.: Illustration of the electrical double layer at the solid/electrolyte interface as described by
the Gouy-Chapman-Stern model.

For small values of o p or high ionic concentrations of the electrolyte, the capacitance Cp (Eq.
5.33) can be linearized and the total double layer capacitance Cgcy is given by

1/2
1 ! (k—T) . (5.36)

-+
Cocs Cq 2z2e2ggon0

In case of concentrated solutions, the thickness of the Gouy-Chapman layer becomes negligibly
small and almost all charge of the diffuse layer is located at the OHP. Under such conditions,
the Gouy-Chapman layer is indistinguishable from the Helmholtz double layer and the total
capacitance, Cgcg, is given by the Helmholtz capacitance, Cy. For the experiments described
in this work, electrolytes with high ionic concentrations > 50 mM have been used. Even
for zero potential (¢, = 0), the diffuse capacitance Cp is of the order of 50 uF cm~2 for
these concentrations, and increases strongly for small positive or negative potentials. Hence,
a contribution of the Gouy-Chapman layer can be neglected, and the whole potential drop
and capacitance of the solution side are attributed to the potential V' and capacitance Cpy
of the dominating Helmbholtz layer, respectively. For low ionic concentrations, the diffuse
capacitance Cp is of the order of or even smaller than the Helmholtz capacitance Cy and
cannot be neglected.

Potential Distribution at the Semiconductor /Electrolyte Interface

The electrical properties of an ideal semiconductor/electrolyte interface can be approximated as
a serial connection of the semiconductor space charge capacitance, Cs., on the solid side, and
the capacitances of the Helmholtz layer, Cy, and the Gouy-Chapman layer, Cp, on the solution

side.
S . (5.37)
Ct N Csc CH CD '
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Figure 5.10.: Schematic view of the potential distribution at a semiconductor/electrolyte interface for
the approximation of high ion concentrations and with an external bias voltage Vp;,s
applied between the semiconductor electrode and a reference electrode in the solution.

Here, the electrical contribution of semiconductor surface states and Faradaic processes at
the semiconductor surface, which are accompanied by charge transfer over the interface, are
neglected. The total capacitive contributions of the electrical double layer at the solution side
have already been discussed in Section 5.1.3 and can be summarized in Cgcs. A detailed
discussion of the semiconductor space charge layer and its capacitance Cs. can be found in
Appendix A.3.

Figure 5.10 gives a schematic view of the potential distribution at the n-type semiconduc-
tor/electrolyte interface for the approximation of high ion concentrations and with an external
bias voltage Vs applied between the semiconductor electrode and a reference electrode in

the solution. As a reference potential, the redox level qﬁ(}ﬁ I of the H/H; redox couple at

standard conditions (SHE) is used. From the figure, a relation between the applied external
voltage and the internal potentials of the junction can be derived

u - eVgC + eVH - e¢},«ef = eVbiaS (5.38)

with:

Vse = ¢s — @31 11» the band bending in the semiconductor
Ve = ¢5 — ¢opp, the potential drop over the Helmholtz layer

(b? of electrochemical potential of the reference electrode
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Vbias = Ppyir — Prer = —(EF — EF rer)/e, the external bias potential applied to the
semiconductor electrode versus the reference electrode

u = Ec — EF, the energy difference between the conduction band and Fermi level of the
semiconductor in the bulk.

As pand ¢, are constants and independent of the external bias, Eq. (5.38) can be rewritten as

const —eVse +eVy = eVpias (5.39)

A change in the external potential is distributed among a change in the potential differences
over the semiconductor space charge layer and the Helmholtz layer, respectively.

_5Vsc + 5VH = 5Vbias (540)

Under the approximation that the density of adsorbed ions at the semiconductor surface does
not depend on the external potential, a change of the electrode potential results in a change of
the charge densities in the semiconductor space charge layer and at the OHP according to

50—SC == _5VSC ¢ CSC (5.41)
doogp = —0Vy-Cg (5.42)
and oo = —do o p. Thus, the potential changes 0V and 6V can be related to the capaci-
tances Cs. and Cy by
4 C
LA (5.43)
—oVy Cqe

i.e. the distribution of the potential change is given by the inverse ratio of the capacitances.

For a moderately doped semiconductor (Np 4 ~ 10> — 10”cm=3) in depletion, because
of Csc <K Cp changes in the external potential mainly appear across the space charge
layer of the semiconductor rather than across the Helmholtz layer, and the space charge
layer capacitance Cy. dominates the measurable electrode capacitance C; [Pleskov, 1980],
[Nozik & Memming, 1996]. As a consequence, the band edges at the surface of the semicon-
ductor, Ec s and Ey g, can be regarded as fixed relative to the redox levels in the electrolyte.
The surface band edges do not shift with a change in the semiconductor Fermi level relative
to the electrolyte redox levels, whereas the band edges in the bulk and the band bending do.
However, changes in the ionic composition of the electrolyte can alter V', and the surface
band edges are shifted with V7 [Nozik, 1978], [Bard & Faulkner, 2001]. This is an important
difference to the properties of metal/electrolyte interfaces. In the metal, no space charge
layer is developed due to the high density of free carriers and the charge on the solid side is
localized at the surface. Hence, the potential drop appears exclusively over the Helmholtz layer
on the solution side and the measured capacitance corresponds to the Helmholtz capacitance
Cy. At ametal electrode, the redox levels in solution are shifted with applied external potential
relative to the metal Fermi level [Morrison, 1977]. Under accumulation or inversion conditions,
the capacitance of a semiconductor space charge layer strongly increases and the assumption
that a potential change develops only across the space charge layer must be abandoned.
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The semiconductor electrodes used in this work were exclusively operated in depletion, and
space charge layer capacitances Cs. of up to 1 puFcm™2 have been obtained for the elec-
trodes with highest carrier concentration. Assuming a Helmholtz capacitance not less than
20 uF cm™2, the externally applied voltage appears mainly across the semiconductor depletion
layer.

A particularly important reference potential for semiconductor electrodes is the value of the
external potential Vs under flatband conditions, V5, when there is no band bending and
hence no space charge region or potential drop in the semiconductor. Under flatband conditions,
Eq. (5.38) can be simplified to:

W+ eV —ep..r = eVyp. (5.44)

By means of Eq. 5.44, the relation between the external potential V;,s and the potential drop
Vsc in the semiconductor electrode is generally given by

Vie = _(Vbias - Vfb) (545)

Note that the Helmholtz voltage Vy, and therefore just as well the flatband voltage Vy are
dependent on the ionic composition of the electrolyte. In electrochemistry, the external bias
voltage is defined as the potential of the electrode versus a reference electrode (Vpias = ¢, —
$rer). As a consequence, the external bias and the potential decay in the semiconductor
(Vse = ¢s — ¢5,11)» which is defined as the potential of the surface with respect to the bulk
semiconductor, have different signs. For the unique specification of a semiconductor flatband
potential, the electrolyte composition and reference electrode used during the experiment must
be given.

Under the assumption that any potential variation occurs across the semiconductor space charge
layer, the Mott-Schottky Eq. (A.8) for an n-type semiconductor capacitor in depletion can be

rewritten to Eq. (5.46):
1 2 kT
—_ = — Viias — Vp) — — | . 5.46

CSZC (eNDgscgo) |:( bias fb) o ] ( )

From the slope of the 1/ CSZC vs. Vpias plot, the donor concentration in a depth W (Vp;45) (see
Eq. A.9) can be calculated. For uniform doping, a straight line is observed. An extrapolation
of the Mott-Schottky plotto 1/C Szc = 0, yields Vyp = Vpias — %T, and the flatband voltage V),

can be obtained from the intercept with the potential axis by accounting for %T

The measurement of the flatband voltage Vs, allows the determination of the semiconductor
conduction and valence band edge in dependence of the electrolyte composition with respect to
the hydrogen redox level. Combining Eq. (5.38) and Eq. (5.44), the semiconductor conduction
and valence band edge at the surface are given by

Ecs=—eVspp+u— €¢5,,ef (5.47)
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and
Eys=—eVip+ 1 —ep,.r (5.48)

respectively, with u* = Er — Ep, the energy difference between the Fermi level and the valence
band edge of the semiconductor in the bulk.

5.1.4. Charge Transfer Processes

According to the Gerischer model [Gerischer, 1960], [Gerischer, 1961], [Memming, 2001],
charge transfer between a semiconductor electrode and a redox system in solution occurs
isoenergetically (Franck-Condon principle, see Section 5.1.2) between occupied and unoc-
cupied energy levels at both sides of the interface. The charge transfer rate is proportional
to the density of occupied and unoccupied isoenergetic energy levels. At an ideal interface
without surface states, a charge transfer must occur via the conduction or valence band of the
semiconductor. The charge transfer processes via the conduction band are illustrated for an
n-type semiconductor in Figure 5.11.

Considering the reduction of an oxidizing agent in solution by electron capture from the con-
duction band, the transfer rate and the cathodic current density j depend on the electron
density, ng, at the semiconductor surface and the density of oxidized redox states in solution
with energy levels corresponding to the conduction band (see Figure 5.11 (a)):

o0

jc_o</nsD0x(E)dE. (5.49)
Ec

Under the assumption that electron transfer occurs mainly within k7" of the conduction band
edge, Eq. 5.49 can be simplified to

Jo xXngDox(Ec,s). (5.50)

According to Eq. (A.2), the electron density, n;, at the semiconductor surface depends expo-
nentially on the band bending. The relative position of the conduction band at the surface, Ec_g,
and the oxidizing level in solution, ng, on the other hand, are fixed under external bias, and
the density of available oxidizing states at an energy level Ec s remains constant (see Figure
5.11 (a) and (d)). Providing that an external potential change appears exclusively over the

semiconductor, and inserting Egs. (A.2) and (5.45) in Eq. (5.50), one obtains

—e(Vpias — Vfb))

(5.51)

Jo X Dox(EC,S)nOexP ( kT

for the dependence of the cathodic current on the externally applied bias voltage. Thus, the
cathodic current density at an n-type semiconductor electrode at room temperature should
change by one order of magnitude for every 60 mV variation of the electrode potential Vp; ;.
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For the oxidation of a reduced species by an electron transfer from a reduced redox ion to the
conduction band of the semiconductor (see Figure 5.11 (b)), the anodic current j density,
using the same approximations as above, is given by

Jj& o< NeDyea(Ec,s). (5.52)

The anodic current is therefore independent of the electrode potential and the band bending in
the semiconductor.

Similar expressions are obtained for the valence band of a semiconductor and a hole transfer
into (anodic current j ; ) or from (cathodic current ;) a redox level in solution.

cathodic current anodic current
EC—// 0 EC—//
EF _________________ EF,redox EF _________________
n-semiconductor redox system (l) n-semiconductor redox system (I)
E— @ DE) “distance (b) D(E)

n-semiconductor

‘distance

n-semiconductor redox system (l)

>

(C) :diStanCG (d) D(E)

Figure 5.11.: Energy-band diagram and density of occupied and unoccupied redox states for an n-type
semiconductor in contact with a redox electrolyte. (a) and (b) illustrate the cathodic
and anodic charge transfer processes via the conduction band. Equilibrium between
the semiconductor Fermi level and the redox level in the solution is assumed. (c) The
densities of occupied and empty redox states available for isoenergetic charge transfer
depend on the electrochemical potential of the redox system. (d) External bias changes
only the band bending in the semiconductor, but not the energetic position of the band
energies Ec s, Ey s at the surface realtive to the redox levels E 0 E fe 4 in solution.

ox?°
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Figure 5.12.: [llumination of an n-type Schottky barrier results in the generation of electron hole pairs.
Free charge carriers generated in the depletion layer (x < W) are separated and contribute
to the photocurrent. The contribution of carriers generated outside of the depletion region
(x > W) is neglected.

For n-type semiconductors, the conduction band processes described above are majority carrier
processes and dominate charge transfer and electrode reactions in the dark. Under illumination,
minority carriers may be generated and the rate of electrode reactions and charge transfer in-
volving minority carriers may change significantly, as described to some extent in the following
section.

5.1.5. Rlumination of the Semiconductor /Electrolyte Junction

In the following, the basic principles of a semiconductor/electrolyte junction under illumi-
nation are discussed as far as they are essential for the determination of the flatband volt-
age by the photocurrent method (Section 5.3.2). The semiconductor/electrolyte junction can
be treated as a Schottky barrier in that case. A more general and detailed discussion of
the semiconductor photoelectrochemistry can be found for example in [Gerischer, 1966] or
[Gurevich & Pleskov, 1986].

[llumination of a semiconductor electrode with light of a photon energy larger than the bandgap
results in the generation of electron-hole pairs in the region close to the surface corresponding
to the absorption length a~!. In the case of an illuminated Schottky-barrier, the electrons and
holes that are generated in the depletion region are separated by the present electric field, and
a photocurrent which depends on the width W of the depletion layer is observed (Figure 5.12).
If the photo-generation rate is constant throughout the space charge layer, which is the case
for aW << 1, a linear relation between the photocurrent j,; and the depletion width W is
obtained.
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According to Girtner, the photoinduced generation rate of electron-hole pairs is given by

gx) = (I = R)ngoa - exp(—ax), (5.53)

where R is the reflection, # the quantum efficiency, ¢ the photon flux rate and x the distance
from the semiconductor surface. For the following considerations, a quantum efficiency of
n = 1 is assumed and reflection is neglected (R = 0) [Gértner, 1959]. Both parameters have no
influence on the determination of the flatband voltage from photocurrent measurements.

Under the further assumptions that (i) all photogenerated electrons and holes contribute to the
photocurrent, and (i1) that contributions from carriers generated outside of the space charge re-
gion that reach the depletion layer by diffusion can be neglected [Butler, 1977], the photocurrent
density is described by:

w

Jph = e/g(x)dx = —eQ, [exp(—a W) — 1] . (5.54)
0

The dependence of the depletion layer width 7 of the semiconductor on the applied bias voltage
Viias 1S obtained by combining the Eq. (A.9) from Appendix A.3 and Eq. (5.45):

285060
W = / e;\;D | Vbias — Vsb| (5.55)

If the space charge layer width ¥ is small compared to the absorption length o ~!, expression
(5.54) for the photocurrent density j,; can be approximated by a Taylor expansion around
W =0, yielding

2e5c80€

Jph = epoa W = (/)006\/ | Voias — Vb| - (5.56)
In a plot of j;h versus Vp;qs the flatband voltage Vyp, can be extracted from the intersection of
an extrapolation of the linear photocurrent region to the V-axis.

5.1.6. Surface States

In the previous sections, the influence of surface states on the electrical properties of semi-
conductor/electrolyte interfaces has been neglected. However, for some semiconductor elec-
trodes surface states may have a major influence. They originate either from the discontinuity
of the crystal lattice (Tamm states) or from adsorbed atoms at the surface (Shockley states)
[Mjamlin & Pleskov, 1967]. Of special interest are surface states with corresponding energy
levels Eg¢ within the band gap. Their occupation probability can be described by the Fermi
function. The relaxation time constant z for the equilibration of a surface state with the bands
of the semiconductor is an important parameter for the electrical contribution of surface states
in experiments with sweeping potentials.
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A high density Ny, of surface states with an energy Es can lead to a pinning of the surface
Fermi level at the energy Ej,, as described by the Bardeen model [Cowley & Sze, 1965] for
the dependence of the Schottky-barrier height at a metal/semiconductor junction on the work
function of the metal. Generally, more ionic semiconductors show less tendency to Fermi level
pinning than more covalent semiconductors [Bard & Faulkner, 2001]. In the Bardeen limit, the
variation of an external potential only varies the occupation of the surface states but not the
charge and band bending in the semiconductor space charge layer.

The interfaces of n-GaAs, p-GaAs, and n-Si to aqueous electrolytes exhibit a strong Fermi level
pinning [Bard & Faulkner, 2001]. The surface states contribute considerably to the potential
drop in the Helmholtz layer and the control of the band bending is limited. However, for many
semiconductors (e.g. Ge) the density of surface states observed in aqueous solutions is much
smaller than expected and an interaction with water molecules is proposed to rationalize these
almost perfect surfaces [Nozik & Memming, 1996].

5.1.7. Electrochemical Reactions at the GaN /Electrolyte Ihterface

At the interface between a semiconductor and an electrolyte, there is a change in the conduction
mechanism. Whereas electrons and holes are responsible for the charge transport in the semi-
conductor, ionic conduction is predominant in the electrolyte. Thus, a charge transfer over the
interface is always accompanied by a electrochemical reaction in which an electron or hole is
accepted or emitted by the semiconducting electrode.

In aqueous electrolytes, the generation of hydrogen and oxygen are major reactions occurring
at the semiconductor electrode. They proceed according to the basic equations for water
electrolysis:

2HY 427 - HH 1 (5.57)

and
A40H™ +4h™ - 2H,0 + 0, 1. (5.58)

The redox potentials of these halfcell reactions versus the SHE at 25 °C are given by
¢H+/H2 = —0.059V x pH (VS. SHE) (559)

and
bou-0, = +1.229V —0.059V x pH (vs. SHE) (5.60)

[Beach, 2003]. The halfcell reaction (5.57) at pH 0 defines the redox potential of the SHE and
shows a Nernstian dependence on the pH of the solution, pHy,;.

Whereas in the electrolysis reactions the electrode is not part of the reaction and stays un-
changed, the electrode surface is chemically modified in other processes, accompanying charge
transfer over the interface. For GaN electrodes, oxidation of the surface is of major importance.
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A proposed mechanism for the electrochemical oxidation of GaN, described for example in
[Rotter, 2000], [Nowak, 2001], is

2GaN 4+ 6h" +60H™ — GayO3 +3H,0 + N> 1. (5.61)

If the reaction takes place in basic aqueous solutions, the generated Ga;O3 can be chemically
dissolved by hydroxide ions

Gay03 + 60H™ — 2Ga03™ +3H,0 (5.62)

and the GaN surface is etched. The given equations are the overall reactions of several sub-
sequent reaction steps involving the interplay between the aqueous solvent and the hydroxide
[Peng, 1998a], [Peng, 1998b]. Both processes consume high amounts of OH™ and strongly
depend on the solution pH, being limited by the diffusion of OH™ to the surface [Rotter, 2000].

The presence of holes at the interface is crucial for the progress of the GaN surface oxidation.
As in n-type GaN holes are minority carriers, this material is usually oxidized photoanodically
by UV-irradiation. The generated holes are accumulated at the interface by a suitable band
bending that is adjusted by the external bias voltage V3;,s [Rotter, 2000], [Nowak, 2001]. In
strong basic solutions, the built oxide is dissolved by OH™ and the GaN is photoanodically
etched [Peng, 1998a], [Nowak, 2001].

In acidic solutions (1M H,SO4), the following photoelectrochemical etching reaction was
proposed by Huygens and co-workers [Huygens, 2000]:

2GaN + 6ht = 2Ga*>T + N, 1. (5.63)

5.2. Chemical Characterization of the GaN Surface

The chemical composition of native as well as thermally oxidized GaN surfaces was discussed
in theory and experiment by various groups. Even at room temperature, GaN was found
to form a native oxide layer when exposed to atmosphere [Prabhakaran, 1996], [Lin, 2000],
[Hashizume, 2001], [Shalish, 2001]. Various reports address the interaction of oxygen with
GaN at room temperature, studied by selective exposition of clean and ordered GaN (0001)
surfaces to oxygen atmosphere [Bermudez, 1996], [Janzen, 1999], [Watkins, 1999]. However,
somewhat different results have been reported. Watkins et al. have observed an increase in
the oxygen surface coverage with increasing oxygen exposure, which saturated at an oxygen
coverage of ®,, = 0.9 ML at an O»-exposure of 103 L [Watkins, 1999]. Bermudez has found
a saturation of the oxygen coverage already at an exposure of 200L and ®,, = 0.4ML
[Bermudez, 1996]. A plateau in the oxygen coverage at ®,, = 0.4 ML was observed by
Janzen and co-workers starting at around 103 L. The surface coverage further increased for
exposures exceeding 10° L [Janzen, 1999]. According to density-functional theory calculations
by Zywietz et al., adsorption of oxygen on (0001) GaN is exothermic for coverages up to
O, = 0.8 ML [Zywietz, 1999]. Both, experiments and theoretical calculations have indicated a
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Figure 5.13.: Ols XPS spectral data and fit (left), and deconvolution (right) for MBE grown (0001)
GaN after growth and exposure to laboratory air for (a) 30 s and (b) several days and after
dry thermal oxidation for 2 h at (c) 600 °C, (d) 700 °C and (e) 800 °C. Data analysis by
nonlinear least square optimization motivated the deconvolution into two peaks centred
around 531.8 eV and 533.2 eV (dashed lines). For (a), a deconvolution was not reasonable
due to the low Ols signal intensity.

binding of the oxygen to the Ga atoms. No binding of oxygen to the N atom could be observed.
Reports in the literature about the thermal oxidation of GaN compare wet and dry oxidation
atmosphere as well as oxidation temperatures ranging from 450 °C up to 900 °C [Wolter, 1997],
[Readinger, 1999], [Wolter, 2000]. Wet as well as dry thermal oxidation at 900 °C lead to the
formation of monoclinic £-Ga;03, as identified by XRD. According to Readinger et al., wet
oxidation leads to higher oxidation rates, but results in more irregular oxide formation and poor
electrical oxide quality [Readinger, 1999].

The chemical composition of as-grown GaN (0001) surfaces exposed to atmosphere was ana-
lyzed by XPS measurements and compared to GaN that was dry thermally oxidized at different
temperatures between 600 °C and 800°C. Due to their different kinetic energies, electrons
emitted from different core levels vary in their inelastic mean free paths 4,, in solids, which
determine the surface sensitivity. The analyzed Ga2p;3,;, Ols, and Nls core level spectra
recorded with the Mg K, line exhibit a 4,, of 4, 9 and 10 ML, respectively.
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Figure 5.14.: Ols spectral data for MBE-grown (0001) GaN after dry thermal oxidation at 700 °C, for
(a) 2h, and (b) 6h. Deconvolution of the spectra revealed two peaks centred around
531.8eV and 533.2 eV (dashed lines).

In Figure 5.13 the Ols spectra of MBE-grown GaN, after growth and exposure to atmosphere
and after dry thermal oxidation are presented. Figure 5.15 shows the Ga2p3,, spectra for the
same set of samples. Already after an exposure of the as-grown surface to laboratory air for
only 30s, a clear Ols peak is observable. Because of the comparably low signal intensity, a
deconvolution in various contributions is not reasonable. After several days at atmosphere, two
distinct peaks can be found in the Ols spectra, centered around binding energies of 531.8 eV
and 533.2eV. Whereas the peak intensity at higher binding energies remains more or less
constant after dry thermal oxidation between 600 °C and 800 °C, the contribution at lower
binding energies significantly increases with oxidation temperature. The binding energy scale
was referred to the Au 417/, peak position at 84.0 eV, as described in Section 2.1.1.

The observation of two contributing peaks to the Ols spectra is in accordance with various
reports in the literature. For untreated GaN surfaces, Shalish and co-workers have observed two
peaks at 531.6 eV and 532.8 eV [Shalish, 2001]. The low energy peak was completely removed
by etching in HCl. Prabhakaran et al. have found two contributions at binding energies of
531.3eV and 532.7 eV. The high energy contribution was significantly reduced by an overnight
annealing in vacuum at 230 °C [Prabhakaran, 1996]. King et al. have observed a single broad
Ols peak centered at 532.4 — 532.7eV for native GaN surfaces, and the development of a
pronounced peak at 531.5eV by UV/ozone treatment, which was attributed to the possible
formation of stoichiometric Ga;O3 [King, 1998]. In conclusion, the low Ols energy peak
observed in Figure 5.13 around 531.8 eV can be assigned to the Ga-O bond of a gallium oxide
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Figure 5.15.: Ga2ps,, spectra of MBE-grown (0001) GaN after growth and exposure to laboratory air
for (a) 30s and (b) several days, and after dry thermal oxidation for 2h at (c) 600 °C,
(d) 700 °C and (e) 800°C. The peaks obtained by deconvolution are attributed to GaN
(1118.2eV), gallium oxide (1119.6eV), and an intermediate phase (1118.85¢eV).

or oxynitride formed at the surface. For the thermodynamically most stable monoclinic f-
Gay03 phase, Ga-O binding energies ranging from 531.1eV to 531.85¢eV are reported in the
literature [Mizokawa, 1988], [Carin, 1990], [Hollinger, 1994]. This assumption is supported by
the Ga2ps3,, spectral data shown in Figure 5.15 and a comparison of the Ols core level spectra
of GaN surfaces dry oxidized at 700 °C for 2h and 6 h presented in Figure 5.14. Whereas
the low energy contribution at 531.8 eV nearly doubled in intensity, the intensity of the peak
around 533.2 eV remained unchanged. Thus, the O1s peak at higher energies is not influenced
by the oxide growth but originates from an oxide containing adsorbate. The high binding energy
component around 533.2 eV is most probably caused by the adsorption of a thin water film on
the GaN surface and the formation of O-H bonds, explaining the independence of the peak
intensity on the oxidation temperature and the intensity reduction by overnight annealing in
vacuum. The Ols spectral energies for HyO and O-H bonds are given as 533.3eV and 533.1 ¢V,
respectively [Moulder & Chastain, 1992], [Lin, 2000].

For a consistent interpretation of the more surface sensitive Ga2ps3,, spectra, a deconvolution
in three peaks centred around 1118.2¢eV, 1118.85eV and 1119.6€V is necessary. After the
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Figure 5.16.: The N1s spectra for MBE grown (0001) GaN (a) before oxidation, and after dry thermal
oxidation for 2 h at (b) 600 °C, (c) 700 °C, and (d) 800 °C.

exposure of an as grown GaN surface to laboratory air for 30s, the signal is dominated by
the low energy peak, which can be attributed to the Ga-N bond of GaN in accordance with
Ref. [Wolter, 1997]. A second peak at higher binding energies is already observable. After an
exposure of several days to atmosphere, the peak at 1118.85eV is significantly increased. At
the same time the contribution of the Ga-N bond is reduced and a third peak at 1119.6eV
becomes visible. Dry thermal oxidation resulted in a shift of the spectral intensity to the
peaks at higher binding energies. With increasing oxidation temperature, the peak at 1119.6 eV
becomes more and more pronounced, and is therefore ascribed to the Ga-O bond. This is in
close agreement to observations of Wolter et al., who reported a shift in the Ga2p core level
binding energy from Ga-N to Ga-O type bonding of 1.3 eV [Wolter, 1997]. The contribution
of the Ga-N bond vanished almost completely at higher oxidation temperatures. However,
after oxidation at 800 °C, still a significant peak at the intermediate energy of 1118.85eV was
present, and attributed to an intermediate chemical bonding state between Ga-N and Ga-O.
The formation of an intermediate chemical bonding state between Ga-N and Ga-O was also
observed by means of the Ga3d spectra for GaN dry thermally oxidized at 800 °C and 900 °C,
as described in Ref. [Wolter, 2000]. As all core levels of an atom experience the same binding
energy shift [Briggs & Grant, 2003], the results can be adopted for the Ga2p core level spectra.
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The intermediate chemical bonding state was explained by the formation of an intermediate
phase between GaN and gallium oxide. The authors speculated about the initial formation of a
continuous gallium oxynitride layer on the GaN surface after 1 h of dry oxidation at 800 °C,
followed by an island growth of gallium oxide, preferentially above threading dislocations
[Wolter, 2000]. For oxidation at 850 °C, the formation of an intermediate oxynitride layer at
the GaN/oxide interface was confirmed by Auger depth profiles [Kim, 2001]. Even for the 2 h
thermal oxidation at 800 °C, no closed oxide layer was formed, as (i) a significant N1s peak
was observable (Figure 5.16), and (ii) the highly surface sensitive Ga2p spectra still showed the
significant contribution of an intermediate phase.

For GaN surfaces treated wet chemically by a HySO4/H>O; 3:1 mixture as described in Section
3.2.2, no change in the contributions to the Ga2p3 /> or Ols core levels was observed (data not
shown), leading to the conclusion of a chemically unchanged surface. However, as described
in Section 3.2.2, a significant reduction of the Cls peak intensity was found, indicating the
removal of organic surface adsorbates.

In conclusion, as grown GaN surfaces show the immediate formation of a native oxide or oxyni-
tride layer after exposure to atmosphere. For dry thermal oxidation, the formation of a gallium
oxide was observed, concluded from characteristic peaks increasing with the oxidation tem-
perature in the Ols and Ga2p3,, spectra around 531.8 eV and 1119.6 ¢V, respectively. Island
growth of gallium oxide, preferentially at threading dislocations was assumed and confirmed by
cross sectional transmission electron microscopy micrographs for a 2 h dry oxidation at 700 °C
in Ref. [Weidemann, 2005].

5.3. Electrochemical and Photoelectrochemical Characterization

A basic electrochemical investigation of GaN electrodes and the GaN/electrolyte interface was
performed by cyclic voltammetry and impedance spectroscopy. Of special interest was the
determination of the flatband voltage V', as it allows the calculation of the energetic position
of the conduction and valance band edges Ec s and Ey, g at the interface relative to the redox
level of the reference electrode. The band levels at the interface are fixed with respect to the
electrolyte redox levels (q.v. Section 5.1.3) for most semiconductors, and charge transfer does
only occur isoenergetically. Thus, knowledge of the relative energetic levels is essential for
a comprehension of the electrochemical processes at the interface and a possible utilization
of the semiconductor electrode in photoelectrochemical cells for solar energy conversion or
photocatalysis. Furthermore, knowledge of Vr; allows the determination of the concentration
of charge carriers available for charge transfer at the semiconductor surface from the bulk
concentration, as Vias — Vyp represents the band bending in the semiconductor under the
assumption that any potential change occurs exclusively in the depletion region (Eq. (5.45)).

Flatband potentials are usually obtained by measurement of the photocurrent or the interfacial
capacitance of the semiconducting electrode. In both methods, a physical property depending
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on the space charge layer width is observed over a range of applied potentials and extrapo-
lated to flatband conditions. In this work, the flatband voltage was mainly estimated from the
capacitance-voltage relation of the GaN electrodes. For that, the capacitance of the semiconduc-
tor depletion region, Cy., was extracted from impedance spectroscopy data by equivalent circuit
models. For comparison, flatband voltages of GaN-electrodes were determined from photocur-
rent measurements. The obtained results and the limitations of the measurement methods are
discussed with respect to the results reported by other groups.

Charge transfer processes over the GaN/electrolyte interface have been investigated for elec-
trolytes with and without redox couples by cyclic voltammetry.

The pH response of native and thermally oxidized GaN surfaces was measured with different
transistor devices, and the cross sensitivity towards Na™, K*, and Ca®* was analyzed.

5.3.1. Impedance Spectroscopy Analysis of GaN Electrodes and Determination
of the Flatband Voltage

The electrochemical characterization of GaN electrodes was performed by the setup described
in Section 2.2.1. The bias voltage was applied versus an Ag/AgCl (3 M KCl) reference elec-
trode. If not particularly stated, all electrochemical measurements were performed in standard
PBS buffer at pH 7. Reproducible cyclic voltammograms between —0.5 V and 2.5V over time
verify the stability of the investigated GaN electrodes in the ambient electrolyte and the specified
potential window. The onset of an exponential increase of the cathodic current was observed
at —0.5V, which is discussed in detail in Section 5.3.7. During the impedance analysis, no
spectra were taken at voltages below —0.5V, in order to avoid large cathodic currents over the
GaN/electrolyte interface. In Figure 5.17, the impedance spectra of a MOCVD grown n-type
GaN electrode recorded sequentially at different bias voltages in a frequency range between
50mHz and 50 kHz are presented. For bias voltages above —(0.2 V the spectra can be interpreted
by the serial connection of a resistance R.,; dominating at high frequencies (> 1kHz) and the
interface capacitance C;, dominating the medium and low frequency range. This corresponds
to the equivalent circuit model (a) discussed in Section 2.2.3, describing an ideal polarizable
interface without any Faradaic processes present. Figure 5.18 shows the impedance spectrum
taken at Vj;,s = 1.8V and fitted by the circuit model (a). The serial resistance R.,; includes
the resistance of the electrolyte, the bulk semiconductor, the contacts and connections, and
is dominated by the 750 Q resistor connected in series with the working electrode. Spectra
recorded at Vp;,s < —0.2'V show the indication of an additional resistance R; in parallel to the
capacitance C; of the interface in the low frequency range (< 1 Hz). Circuit model (b) exhibits
a good approximation of the impedance data at low bias voltages, as shown in Figure 5.19 for
Viias = —0.3 V.

As discussed in Section 5.1.3, the extracted interface capacitance C; is a serial connection of the
capacitances Cp and Cy of the Gouy-Chapman and the Helmholtz layer, and the capacitance
Cs. of the semiconductor space charge region. Under the existing measurement conditions
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Figure 5.17.: Impedance spectra of an n-type GaN electrode recorded at different bias voltages between
2.5V and —0.5V applied versus an Ag/AgCl reference electrode. The electrode was
immersed into the standard PBS buffer at pH 7.

of concentrated electrolytes (50 mM) and a moderately doped semiconductor in depletion, the
capacitive contribution of the electrochemical double layer is negligible in the serial connection
(Cp > 50uF cm™2, Cy > 20 uF cm~2, Cyr < 1 uF cm_z), and the interface capacitance
C; can be interpreted as the capacitance of the semiconductor space charge region Cs.. The
dependence of the extracted capacitance C,. and the interface resistance R; on the bias potential
is presented in Figure 5.20 in the potential range between —0.5 V and 2.5 V. The corresponding
impedance spectra have been taken in steps of 100 mV.

As for bias voltages Vpizs > —0.2V no indication of a parallel resistance is visible in the
impedance spectra, the interface resistance exceeds 50 MQcm? in this potential range. For
more negative voltages, an interface resistance decreasing rapidly with more negative potential
can be extracted from the impedance data. The onset of this decrease of the interface resistance
R; varied between —0.1 V and —0.4 V for the different GaN electrodes investigated.

The extracted capacitance Cy. exhibits the voltage dependence of the depletion layer capaci-
tance of an n-type semiconductor with homogeneous distribution of donors and can be approx-
imated by the Mott-Schottky equation (A.8) discussed in Section A.3.

The flatband potential can be estimated from the Mott-Schottky plot shown in Figure 5.21,
where 1/C SZC is plotted versus the external bias voltage V};,s. For a semiconductor in depletion
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Figure 5.18.: Impedance spectrum recorded at Vp;,s = +1.8V (vs. Ag/AgCl). The interface capac-
itance can be extracted to C; = 0.28 uFcm™2 by approximation with the equivalent
circuit model (a) (solid line).

with uniform n-type doping, a straight line is expected according to equation
1 2 kT
— =— Voias = Vip) — — |, 5.64
Cfc (eNDSSCSO) |:( bias fb) e ] ( )

as derived in Appendix A.3. The flatband voltage Vs can be obtained from the intersection of
the linear extrapolation with the x-axis (1/C SZC = 0). From the slope of the Mott-Schottky plot,
the concentration of ionized donors Np can be calculated.

According to a detailed discussion by Gomes and Cardon [Cardon & Gomes, 1978],
[Gomes & Cardon, 1982], the flatband voltage V5, and the ionized donor density Np can only
be correctly extracted from the Mott-Schottky relationship under the following assumptions of
an ideal Schottky barrier:

(1) The bulk semiconductor and the electrolyte have zero resistance.

(i1) The barrier has perfectly blocking properties.

(ii1) The capacitance of the Helmholtz layer and of other possible surface layers is sufficiently
large to be neglected.

(iv) No surface states are present.
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Figure 5.19.: Impedance spectrum recorded at V;,; = —0.3V (vs. Ag/AgCl). At low frequencies,
the contribution of an additional resistance R; parallel to C; is visible. The solid line
corresponds to a fit by circuit model (b) (C; = 0.53 uFcm™2, R, ~ 4MQ cm?).

(v) The spatial distribution of donors is homogeneous.

In the following sections, the results obtained by the described method for GaN electrodes are
discussed with respect to the requirements of an ideal Schottky barrier of Gomes & Cardon. All
considerations and equations are given for an n-type semiconductor.

(i) Nonnegligible series resistance The series resistance arising from the bulk semi-
conductor, the contacts, or the electrolyte are considered in the external serial resistance Ry, of
the circuit model for data extraction.

(ii) Inperfectly blocking barmier Faradaic currents flowing over the GaN/electrolyte in-
terface are accounted for in the equivalent circuit model by an interface resistance R; in parallel
to the capacitance of the interface C; (circuit (b)). This is particularly important for voltages
near the flatband potential.

(iii) Additional surface layers In Section 5.1.3, the Mott-Schottky relationship has been
derived under the assumption that the capacitance of any additional surface layer (e.g. the
Helmbholtz-layer) is sufficiently large to be neglected (C;, >> Ci.), and any potential drop
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Figure 5.20.: Interface capacitance, C;, and resistance, R;, extracted by the circuit models (a) (Vpiqs >
—0.2V) and (b) (Vpias < 0.2V) as a function of the applied bias voltage, Vj;.s. The
solid line represents the fit of the capacitance C; by the Mott-Schottky equation for ideal
Schottky barriers using Eq. (5.64).

occurs mainly in the depletion region of the semiconductor (}¢sc| >> }qﬁ I |). Especially for
highly doped semiconductors and dielectric layers like oxides or organic functionalizations,
these requirements are not met and there is a notable potential drop over the surface layer. De
Gryse et al. have calculated the relationship between the observable C;~ 2 and the external bias
Viias for the general case of an additional surface layer with a voltage-independant capacitance,
Cr [De Gryse, 1975]. The linear dependence of C; 2 on Vyias 18 still maintained, but the
intersection ¥y with the voltage axis is shifted according to

kT  eNpeseep

Vo=V —_—— 5.65
0 fb+e 22 (5.65)

However, the slope of the Mott-Schottky plot is not affected by the additional capacitance C,
and the density of ionized donors Np can still be extracted correctly. Thus, the following
conclusions can be drawn:

e [t cannot be concluded from a linear Mott-Schottky dependence that the potential drop
over additional surface layers is negligible, as often assumed in the literature.

e A non-linearity in the Mott-Schottky relation cannot be caused by additional layers with
voltage-independant capacitances covering the surface .
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Figure 5.21.: Mott-Schottky plot of the space charge capacitance, Cy.. The intersection of the linear
extrapolation with the x-axis (1/C2 = 0) yields the flatband voltage of V', = —1.18V".
From the slope, Np can be calculated to Np = 3.2 - 10"8cm =3,

e The Mott-Schottky plot does not allow the correct determination of ¥y unless Cy is
known. However, the shift or error in V', depends linearly on the doping ratio corre-

sponding to —% and becomes marginal for weakly doped semiconductors.
L

(iv) Capacitive contribution of surface states and Fermi level pinning The physi-
cal nature of surface states has been already discussed in Section 5.1.6. According to Nicollian
and Goetzberger, their capacitive contribution can be considered by a series connection of
the surface state capacitance, Cs,, and resistance, Ry, in parallel to the space charge layer
capacitance [Nicollian & Goetzberger, 1967]. Both, C¢ and Ry, are frequency independent
but depend strongly on the relative position of the electronic level of the surface state Egg to
the Fermi level Er. As Cj, results from a change in charge of the surface states, it is only
significant under the condition that the Fermi level at the surface is near the surface state level
Ess.

The contribution of the surface states to the system impedance can also be considered by a
frequency dependent parallel capacitance and conductance, and the total capacitance of the
interface is then described by

CSS

Ci = Cye+ —=—,
1 SC+1+C{)2[2

(5.66)

85



5. Physical Chemistry of the GaN /Electrolyte Interface

where 7 is the characteristic time constant of the surface state defined by the product of Cyg and
R [Nicollian & Goetzberger, 1965]. Thus, the capacitive contribution of the surface states is
only relevant at (i) low frequencies (w < 1/7), and (ii) for a small range of applied bias voltage
when EF is close to Ej;.

For high surface state densities, Ny, the surface states further contribute considerably to the
potential drop in the Helmholtz layer. A pinning of the surface Fermi level is observed for Er
being close to E; and the control of the band bending in the semiconductor by an external
potential is limited (q.v. Section 5.1.6).

The capacitive contribution of surface states can often be separated from Cj, by their influence
on the impedance spectra at low frequencies. If no separation is possible, a deviation in the
otherwise linear C; 2 versus Vjiqs plot is observed over the small voltage range corresponding
to £ r being close to Eg,. Surface states showing a distribution in energy may contribute over a
wider potential region to the interface capacitance and no linear dependence of C;~ 2 on Viias 18
expected.

For GaN and AlGaN surfaces, surface donor states have been proposed by various groups
to explain the 2DEG formation in GaN/AlGaN/GaN and AlGaN/GaN heterostructures
[Ibbetson, 2000], [Jogai, 2003], [Koley & Spencer, 2005]. Either a single surface donor with
discrete ionization energy (Ec — Egs = 1.65eV) or a distribution of states (E¢c — Egs =
1.0 — 1.8 eV) was suggested to explain the 2DEG carrier densities obtained for AIGaN barriers
of different thickness [Ibbetson, 2000], [Koley & Spencer, 2005]. However, according to Ref.
[Shockley & Read, 1952], the characteristic time constants 7 for the exchange of electrons with
the conduction band are very large for such deep surface states. Hence, a capacitive contribution
is not expected.

No indication of an electrical contribution of the surface states is noticed in the impedance
spectra and the Mott-Schottky plots are perfectly linear. Hence, a contribution of the surface
states to the interface capacitance is excluded for the investigated GaN and AlGaN/electrolyte
interfaces.

(v) Non-uniform distribution of donors A considerable variation of the donor den-
sity perpendicular to the surface results in a non-linear Mott-Schottky relation, as the slope
d(1/C2)/dVpias for a certain potential is depending on the donor concentration in a depth
corresponding to the width of the depletion layer W (Vpiqs) [Sze, 1981]. Furthermore, no
flatband conditions can be established near the surface. For a non-uniform distribution of
donors parallel to the surface, a simple linear Mott-Schottky relation is not expected either
[Gomes & Cardon, 1982]. As the Mott-Schottky plot 5.21 shows a perfect linear relation, a
uniform distribution of donors can be assumed.

In conclusion, most deviations from the ideal Schottky barrier approximation required for a cor-
rect extraction of V' and Np from Mott-Schottky plots can be ruled out or easily accounted for
by adequate equivalent circuits for the conducted experiments with GaN electrodes. However,
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Figure 5.22.: Current density, ;, over the interface to the electrolyte for an n-type and a p-type MBE
grown GaN electrode versus the applied bias voltage V. [Zaus, 2004]. The arrows a and
b denote the photo-activated contribution for the n-type and p-type electrode, respectively.

the influence of additional surface layers for the determination of the flatband voltage V7 from
capacitance measurements can never be excluded.

5.3.2. Photoelectrochemical Characterization of GaN Electrodes

In this section, the electrochemical characterization of GaN electrodes under UV illumination
is described. The main objective was the determination of the flatband voltage of n- and p-type
GaN surfaces by the photocurrent method. A 0.5M KOH solution at pH 13.6 was used as an
electrolyte. A high-pressure xenon lamp was utilized for UV illumination. In Figure 5.22, the
current over the interface of an n-type and p-type GaN electrode to the electrolyte is shown for
different external bias voltages, V3,45, and current densities with and without UV illumination
are compared. For the n-type GaN electrode, an anodic photocurrent is observed. At anodic bias
potentials the semiconductor is in depletion. Holes that are photo-generated in the depletion
region are driven to the GaN/electrolyte interface by the band bending and consumed at the
interface to the electrolyte by one of two possible reactions: production of oxygen or oxidation
of the GaN to Ga0O3, as described by Egs. (5.58) and (5.61), respectively. At cathodic bias
voltages close to flatband conditions, the electron density at the interface increases and the
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Figure 5.23.: Photocurrent of a Mg-doped p-type GaN-electrode (n;, = 2 x 10'¥ cm™). A flatband-
voltage of Vy;, = 1.31V £0.02V is extracted from the extrapolation of the linear region
of the j;h VS Vpias plot.

production of hydrogen is observed. In alkaline solutions, the hydrogen production is better
described by
2H,0 +2¢” - 20H + H 1. (5.67)

As electrons are the majority carriers in n-type semiconductors, this process is more or less
independent of the density of photogenerated electron-hole pairs and can be observed with and
without UV illumination. For p-type GaN, holes are the majority carriers and the dependence on
UV illumination is inverted. Whereas the cathodic production of hydrogen is strongly depend-
ing on the amount of photo-generated electrons, the anodic surface reactions are independent of
the UV illumination.

As discussed in Section 5.1.5, a linear dependence of j; 5 ON Vpigs exists for conditions close to
the flatband situation. From this linear region, the flatband voltage V), can be extracted by lin-
ear extrapolation from the intersection with the V-axis. Figure 5.23 shows the photocurrent data
for a Mg-doped p-type GaN electrode. The hole density was determined by Hall-measurements
to ny = 2 x 10" cm™3 at room temperature. A flatband voltage of Vip =131V £0.02V
relative to the Ag/AgCl reference electrode was extracted from the data.

The relation of the photocurrent and the applied bias voltage for an n-type GaN electrode
(ne =~ 5 x 10'® cm™3) is shown in Figure 5.24. A flatband voltage of Vip =—=1.02V £0.02V
is obtained from the plot.
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Figure 5.24.: Photocurrent of a Si-doped n-type GaN-electrode (7, = 5 x 10'® cm™3). The determined

flatband voltage is Vy;, =-1.02V £ 0.02V.

It should be noted that the given values for Vs, have been measured in an alkaline solution at pH
13.6. A direct comparison with the V', obtained from the impedance spectroscopy experiments
at pH 7 is not possible, as ¥y, is strongly depending on the pH of the solution.

In the following, the main requirements for a correct determination of the flatband voltage from
photocurrent measurements are summarized:

(i)

(i)

The photo-generation rate must be constant throughout the depletion layer to ensure the
linear relation between the photocurrent and the depletion layer width. This requirement
can be assumed as met if the depletion width ¥ is much smaller than the absorption length
a~! (a W << 1) for the irradiated spectrum. For ‘Vbias — Vfb} < 0.4V, which corre-

sponds to the linear region of the j [% 4 V8. Vpias plots in Figures 5.23 and 5.24, the width of

the depletion layer for a doping of 2 x 10'® cm™3 is smaller than 15 nm. As the absorption

length a~! in GaN for photons with an energy larger than the bandgap is around 100 nm
and slowly decreasing for smaller wavelengths [Muth, 1997], the condition a W << 1
holds.

All electrons and holes that are photo-generated in the depletion layer contribute to the
photocurrent. The photo-generation of the electron-hole pairs is the current-limiting
process. All contributions from carriers generated outside of the depletion layer can be
neglected.
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Figure 5.25.: Mott-Schottky plots of MOCVD and PAMBE grown n-type GaN-electrodes with differ-
ent donor concentrations.

(ii1) The applied external bias voltage drops mainly over the semiconductor depletion layer. If
this is not the case, the depletion width # does not follow the square root dependence on
Vpias as given in Eq. (5.55).

In Section 5.3.4, the results for the flatband voltage of n- and p-type GaN electrodes ob-
tained from photocurrent measurements are discussed together with the values extracted from
impedance measurements and results reported in the literature.

5.3.3. Comparison of MOCVD and PAMBE Grown GaN Electrodes
with Different Doping Densities

GaN electrodes with different densities of Si-donors were grown either by MOCVD or by
PAMBE and were characterized electrochemically according to Section 5.3.1. Prior to the
measurements, the GaN surfaces were wet chemically treated in a 3:1 mixture of HySO4/H;0,
to remove organic contaminants, as described in Section 3.2.2. An exemplary Mott-Schottky
plot for the n-type GaN electrodes prepared from different samples is presented in Figure 5.25.
All Mott-Schottky plots allowed excellent linear fits and the extracted flatband voltages and
doping densities are given in Table 5.1. All examined GaN-surfaces exhibit comparable flatband
voltages. However, some small discrepancies depending on the growth method and doping
densities are obtained. Regarding the MOCVD grown GaN electrodes, a more negative flatband
voltage is extracted for higher Si-concentrations, as can be seen in Figure 5.26, where Vyp is
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sample | growth method donor density Np [em™3] flatband voltage Vep [ V]

TG212G| MOCVD (1.16 £0.1) x 10" —1.30+0.01
TG212K | MOCVD (1.23+£0.1) x 10" —1.294+0.01
TG 221 E MOCVD (2.740.1) x 10'8 —1.144+0.01
TG221L MOCVD (3.14+0.1) x 10'8 —1.18 £0.01
TG 354 B MOCVD (3.5+0.1) x 10'® —1.17 £0.01
TG 354 E MOCVD (3.2+0.1) x 10'® —1.18 £ 0.01
E 586 PAMBE (4.8 +£0.1) x 107 —1.09 +0.01
E 587 PAMBE (1.940.1) x 10'8 —1.2740.01
E 588 PAMBE (1.5+£0.1) x 10'® —1.27 £0.01

Table 5.1.: Flatband voltage V', and donor density Np for MOCVD and PAMBE grown n-type GaN
electrodes extracted from Mott-Schottky plots. The given errors are only corresponding to
the accuracy of serial measurements. No systematic errors of the measurement technique or
setup are included.

plotted versus Np. This trend could be caused by either (i) a different surface chemistry - but
it is very unlikely that Si concentrations even as high as 10!° cm™3 have an influence on the
surface reactions, or (ii) additional surface layers. From XPS analysis of GaN it is known, that
a thin native oxide layer is present on the surface (q.v. Section 5.2). As mentioned in Section
5.3.1, the influence of an additional surface layer on the extracted flatband voltage cannot be
prevented and a shift between the real Vr%al and the extracted V]?-’,;’ towards more negative Vyj,
is obtained. This shift depends on the doping density according to

eNpéege€o

pext — Vreal _
=T T

, (5.68)
were C is the serial capacitance of the surface oxide layer. Under the assumption of identical
surface chemistry and an equal oxide layer for the examined MOCVD GaN electrodes, the
real flatband voltage Vy, and the capacitance of the oxide C; can be obtained by a linear
fit of VJ?Z‘ vs. Np. From the data presented in Figure 5.26, a corrected flatband voltage of
Vip = —1.12 £ 0.02V can be calculated. The corrected V', is utilized for n-type GaN in all
further discussions. The capacitance, C, of the surface oxide is derived to C; = 2.2 uF cm™2.
The thickness of the native surface oxide layer on MOCVD-grown GaN was determined in Ref.
[Baur, 2005] by X-ray reflectivity measurements to 10 & 2 A. Assuming the dielectric constant
of f-Ga;03 (eG4,0, = 3.57 [Rebien, 2002]), a comparable capacitance of 3.1 puF cm™? s
obtained. As only three different PAMBE samples have been analyzed, similar estimations
of C, and a corrected Vyp are not really meaningful for PAMBE GaN. Assuming an equal V),
for MOCVD and PAMBE GaN, a thicker native surface oxide is obtained on PAMBE grown
GaN-surfaces.
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Figure 5.26.: Flatband voltages V', for n-GaN extracted from Mott-Schottky plots versus the doping
ratio Np. From the linear fit, areal V', of —1.12 & 0.02 V can be obtained for MOCVD
GaN.

5.3.4. Determination of the Energetic Levels of the Band Edges
at the GaN /Electrolyte Interface

As described in Section 5.1.3, the conduction band and valence band edges of a semiconductor
at the interface to an electrolyte, Ec s and Ey g, can be obtained from measurement of the
flatband potential in relation to the energetic level of a reference electrode, according to Eq.
(5.47) and Eq. (5.48), respectively. For that, the assumption of fixed energetic positions at
the interface relative to the electrolyte redox levels has to be fulfilled. If Ec g and Ey, s are
determined independently for an n- and p-type electrode, the bandgap, £, of the semiconduc-
tor can be determined under the assumption that both samples exhibit similar chemical surface
behavior. In Figure 5.27 Mott-Schottky plots for an n- and p-type GaN electrode immersed into
standard PBS buffer at pH 7 are shown. The capacitance C;. of the Mg-doped p-type GaN was
extracted from impedance spectroscopy data.

In the previous section, a flatband voltage of Vy, = —1.12 &£ 0.02V versus an Ag/AgCl
reference electrode has been derived for n-type GaN. The used Ag/AgCl reference electrode
is filled with 3M KCI and has an electrochemical potential of U,.r = 210mV versus the
SHE. For a Si-doping level between 10'® cm™3 and 10'° cm™3, the Fermi level is close to the
conduction band and p = E¢ — EF can be neglected within the accuracy of the experiment.
With Eq. (5.47), the energetic position of the conduction band edge, Ec s, at the interface to the
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Figure 5.27.: Mott-Schottky plot for the space charge capacitance C;. of n-type and p-type GaN. For
p-type GaN, a flatbandvoltage of Vs, ~ —2.27 £ 0.2V and a density of ionized acceptor
atoms of Ny =~ 5 - 10'8¢m ™3 is determined.

electrolyte is calculated to Ec g = 0.91 £ 0.02¢eV (vs. SHE) at pH 7 in standard PBS buffer.
Note that E¢ g is strongly influenced by the ionic composition of the electrolyte.

From the Mott-Schottky plot of p-type GaN, a density of ionized acceptors of Ny &~ 5 x
10'8 cm™3 was derived and the flatband voltage was determined to Vip = 227 £0.2V.
However, the capacitive contribution of an oxide layer that may be present on the surface cannot
be excluded and the corresponding shift in ¥y, is considered in the given experimental error.
The energy difference between the Fermi level and the valence band W* = Er — E'y is estimated
to Wt = 210mV from the ionization energy of the Mg-acceptors [Gotz, 1999]. By means of
these results, the energetic position of the valence band edge Ey s can be derived with Eq.
(5.48)to Ey,s = —2.69 £ 0.2¢V (vs. SHE) at pH 7. In Figure 5.28 the determined conduction
and valence band edges at the interface are shown versus the SHE. From the obtained relative
energetic positions of band edges, the bandgap of GaN can be calculated to Eg = 3.60+0.2eV.
This result is in good agreement with the bandgap of Eg = 3.39eV measured by optical
absorption [Maruska & Tietjen, 1969].

The results for the flatband voltage Vs, and the energetic position of the electronic levels of
GaN, Ec s and Ey g, that have been obtained by the impedance measurements are in good
agreement with the findings published by other groups for GaN and acquired by an equivalent
method. For the energetic position of the conduction band E¢ s at pH 7, Kocha et al. have found
a value of Ec s = 0.89eV [Kocha, 1995], Huygens and co-workers reported Ec g = 0.96eV
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Figure 5.28.: Energetic position of the conduction band edge E. ; and valence band edge E, ; at the
interface to the electrolyte relative to the redox level of the SHE.

[Huygens, 2000], and Beach et al. determined a value of Ec g = 0.94eV [Beach, 2003]. The
energies are given relative to the redox level of the SHE. The quoted literature results have
all been obtained from n-type GaN electrodes by impedance measurements, and the published
valence band position were calculated from Ec ¢ and E. No results obtained by impedance
spectroscopy from p-type GaN electrodes have been published so far. Furthermore, the possible
influence of a surface oxide layer on the determined Vy; is not discussed in the literature for
GaN electrodes.

However, a strong influence of the measurement method on the obtained flatband voltage was
found. In Section 5.3.2, the flatband voltage of an n—type and p-type GaN electrode at pH
13.6 was determined by photocurrent based measurements to —1.02'V and 1.31V versus the
Ag/AgClreference electrode, respectively. With a dependence of the surface potential on the pH
concentration of 56 mV/pH , which is anticipated from Section 5.4, the band edges obtained
from photocurrent experiments can be calculated to Ec ¢ = 0.44eV and Ey g = —2.12eV
vs. SHE at pH 7 by the procedure described above. Thus, a large discrepancy to the results
obtained from impedance spectroscopy exists. Whereas the Ec g obtained from n-type GaN
electrodes is around half an electron volt lower in energy if determined from photocurrent
measurements, the valence band edge Ey s, which is determined from p-type electrodes, is
around half an eV higher compared to impedance results. The bandgap calculated from the
band edges is Eg = 2.57 eV and around 1 eV smaller than the value obtained from impedance
measurements. A similar trend has been observed by Beach et al., who reported energetic
positions of Ec s = 0.62eV and Ey s = —2.12¢eV (vs. SHE at pH 7) determined from n- and
p-GaN electrodes by the photocurrent method.
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The observed discrepancy can originate from slow charge transfer kinetics at the interface
between the semiconducting electrode and the electrolyte. If more minority carriers reach the
interface as are consumed in the surface reactions, minority carriers are accumulated at the
interface and the flatband potential is shifted. In case of an n-type semiconductor, the bias
voltages Vp;,s are shifted to more positive values, in case of a p-type semiconductor to more
negative values. Similar observations have been reported by Bansal and Turner for p-GalnP,
electrodes [Bansal & Turner, 2000]. Furthermore, the photocurrent for the n-GaN electrode is
related either to the production of oxygen or the oxidation of the GaN surface. The surface
oxidation is in some equilibrium with the solvation of the built oxide by the hydroxide ions
of the strong basic environment. V7, can only be determined correctly if the thickness of the
surface oxide remains small and the surface composition and chemistry remain constant during
the experiment.

In conclusion, the determination of the energetic position of the conduction band edge Ec s
from impedance measurements at n-type GaN was possible and the observed results are com-
parable to values reported in the literature. In addition, the surface level of the valence band
edge, Ey s, was successfully extracted for Mg-doped p-type GaN electrodes, and the calculated
bandgap E is close to reported values from optical absorption spectroscopy. Thus, the Mg-
doped p-type and Si-doped n-type GaN electrodes exhibit similar chemical surface behavior
under the measurement conditions applied. Care must be taken when band edge levels are
obtained from photocurrent measurements, as slow charge transfer kinetics can cause interface
charging, resulting in a significant shift of the obtained energy levels. Hence, band edge levels
at the interface of GaN to an electrolyte determined by impedance spectroscopy and Mott-
Schottky evaluation show a much higher accuracy. Still a shift is observed in the evaluated V),
due to the influence of additional surface layers, but their contribution is negligible for weakly
doped electrodes.

At pH 7, the redox levels for the reduction of H* to Hy (¢ -+ /1, = —0.413 V) and the oxidation
of OH™ to Oz (Pon-,0, = 0.816V) are located between the obtained energetic positions of
the band edges Ec s and Ey g at the interface (see Figure 5.28). Thus, GaN electrodes are
suitable for the electrolysis of water in electrochemical cells, and photoelectrolysis with n-type
GaN electrodes should be possible without an external bias voltage. The anodic overpotential
for the oxygen evolution reaction 17, = —eEy, s — ¢ o -0, Was determined to 7, = 1.87V at
pH 7.

Like most other semiconductors that meet the requirements for an application in photoelectrol-
ysis or electrochemical photovoltaics, which are mainly oxide semiconductors with bandgaps
larger than 3 eV [Nozik & Memming, 1996], GaN shows only a poor absorption of the so-
lar spectrum, and GalnN might be a more suitable candidate for solar energy conversion
[Beach, 2003].

In Figure 5.29, the energetic band edge positions at the interface to an aqueous electrolyte are
shown for various semiconductors in comparison to the investigated GaN electrodes and the
redox levels for photoelectrolysis at pH 7.
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Figure 5.29.: Energetic position of the conduction band and valence band edge of different semicon-
ductors in contact with an electrolytic solution at pH 7. The electronic positions are given
versus the vacuum scale (right axis) and on the electrochemical scale versus the SHE (left
axis).

5.3.5. Energetic Position of the Band Edges at the AlGaN /Electrolyte Interface

In addition to the discussed GaN electrodes, MBE-grown n-type Al,Gaj_,N-electrodes with
Al concentrations of x4 = 0.35 and 0.5 have been analyzed by electrochemical impedance
spectroscopy in standard PBS buffer at pH 7. Fitting with the equivalent circuit model (b)
produced excellent approximations of the measured data. The interface capacitance C; extracted
from this model is interpreted as the capacitance of the semiconductor space charge layer Ci,.
Any contribution of additional surface layers is neglected, as it cannot be separated from the
dominant space charge layer contribution. The extracted data for 1/C2, of the AlGaN electrodes
versus Vpiqs 1 presented in Figure 5.30 along with the data for GaN, and good agreement with
the behavior of an ideal semiconductor space charge region is found. lonized donor densities of
Np = 1.3x10” cm™3 and Np = 1.5%x 10!? cm™3 were extracted for Al-contents of x 5 = 0.35
and 0.5, respectively.

A linear extrapolation of the Mott-Schottky plots yield a flatband voltage of V}b:ms =—-1.87V

for an Al-concentration of x = 0.35 and V;bzo.s = —2.32V for x = 0.5. For GaN, the value
of Vyp = —1.12'V established in Section 5.3.3 is used in the following discussion. By means
of Eq. (5.47), the energetic position of the conduction band at the AlGaN/electrolyte interface
Ec,s is obtained from Vy, relative to the redox potential of the SHE. Again, p = Ec — EF
can be assumed to be negligible within the experimental accuracy. The results for E¢ g are
summarized in Table 5.2. The position of the valence band edge Ey s is then calculated
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Figure 5.30.: Mott-Schottky plots for AlGaN-electrodes with different Al content x. By linear extrap-
olation, flatband voltages of V}?bzo‘” = —1.87V for x = 0.35 and and V}c‘l):o‘s =-232V
for x = 0.5 are obtained.

from Ec ¢ with knowledge of the bandgap E¢ of the semiconductor. The required bandgap
EG. a16an of the ternary Al,Ga;—N alloy in wurtzite structure has been experimentally shown
to obey a quadratic dependence on the Al molar fraction x given by

EG a1GaNn(x) =x - Egun+ (1 —x)-EG.gan —b - x (5.69)

with a bowing parameter b [Koide, 1987], [Brunner, 1997]. For the evaluation of the E¢_4/Gan,
values of Eg q4n = 6.2eV [Yim, 1973] and Eg,gan = 3.39eV [Maruska & Tietjen, 1969]
have been used for the bandgap of AIN and GaN, respectively, and a bowing parameter of
b = 1.0eV was assumed [Koide, 1987]. The calculated Eg_ 4164~ and Ey s for the different
Al concentrations can be found in Table 5.2. An illustration of the energetic position of

x4 | flatband voltage Vs, [V] Eg[eV] Ecsvs.SHE[V] Eyp gvs. SHE[V]

0 —1.12£0.02 3.39 0.91 —2.48
0.35 —1.87£0.05 4.15 1.66 -2.49
0.5 —2.32+£0.05 4.55 2.11 —2.44

Table 5.2.: Flatband voltage, V5, and energetic positions Ec s and Ey s of AlGaN electrodes with
different Al molar fraction, x. The position of Ey g is calculated directly from Ec g by
subtracting the bandgap energy, £g.
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Figure 5.31.: Illustration of the conduction and valence band edge for Al,Ga;_, N alloys with different
Al-content. The electronic positions are given versus the vacuum scale (right axis) and
on the electrochemical scale versus the SHE (left axis).

the band edges is given in Figure 5.31 with respect to the SHE potential and the vacuum
level. The observed locations of the valence band maxima agree fairly well and seem to
be independent of the Al molar fraction x of the examined electrode. Similar observations
have been reported in the literature, for example for the Schottky barrier height of Au on
III-V and II-VI semiconductors. McCaldin and co-workers have reported that the energy
difference between the valence band edge and the Fermi level of Au is independent of the
cation and depends primarily on the particular anion for a large number of cubic and hexagonal
II-V and II-VI semiconductors. Furthermore, a clear relation between the position of the
valence band edge and the Pauling electronegativity of the semiconductor anion is observed
[McCaldin, 1976a], [McCaldin, 1976b]. An analogous observation was reported by Swank for
the solid-vacuum interface of different II-VI semiconductors, where the photoelectric threshold
voltage is defined mainly by the chalcogen, and a linear dependence of the photoelectric
threshold voltage on the chalcogen electronegativity was found [Swank, 1967].

The valence band offset between GaN and AIN has been experimentally determined by different
methods like XPS and photoluminescence, and widely varying values ranging from 0.15eV to
1.4eV have been reported [Rizzi, 1999], [Waldrop & Grant, 1996], [Westmeyer, 2006]. Vur-
gaftham and co-workers recently reviewed the experimental results of various groups for the
conduction band offset between GaN and AIN. The large differences among the reported val-
ues were ascribed to differences in strain, defect density, and film stoichiometry among the
investigated samples [Vurgaftman & Meyer, 2003]. Satpathy et al. have derived the Al-content
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dependence of the valence band offset between GaN and Al,Ga;_,N by ab initio density-
functional calculations, and magnitudes of 0.60eV and 0.77eV were given for x4 = 0.35
and 0.5, respectively [Satpathy, 2004]. The reported relation between the valence band offset
and Al-concentration is not confirmed by the measurements presented here. However, it should
be noted that the results reported here present the first data obtained by impedance spectroscopy
measurements.

In contrast to the valence band edge position, no clear relation can be obtained between the
electronegativity of the anion and the position of the valence band edge at the semiconduc-
tor/electrolyte interface for the series GaN, GaP, GaAs. The relative position of the band edges
for these semiconductors at pH 7 are shown in Figure 5.29. The Pauling electronegativities of
the anions N, P and As are 3.04, 2.19 and 2.18, respectively. However, the measured flatband
voltage and thereby the position of the band edges is strongly dependent on the chemical
equilibrium reactions at the semiconductor surface that affect the Helmholtz-voltage V7, but
the surface chemistry of GaN, GaP and GaAs is not expected to be similar.

5.3.6. Ihfluence of Different Buffer Solutions and Redox Jons on the Flatband
Voltage

The influence of the buffer solution on the energetic band position at the solid/electrolyte
interface was analyzed by means of impedance experiments and extraction of the corresponding
flatband voltage. The utilized buffers are described as PBS, HEPES, and TRIS standard bufter
solutions in Section 2.2.2. Each had a buffer concentration of 10 mM and was adjusted to a
total ionic strength of 50 mM with sodium chloride. No influence of the buffer solution on the
extracted Vs, was notable within the accuracy of the experiment, hence it is assumed that the
various buffers do not react chemically with the GaN surface.

In addition, the influence of different redox couples on V', and the open circuit potential (ocp)
were examined. For that purpose, 2 mM of iron-cyanide or of nicotinamide adenine dinucleotide
phosphate (NADP™) were added to the standard PBS buffer at p H 7. Therewith, the redox level
of the electrolyte was determined either by

Fe''I(CN);™ +e™ 2 Fe! l(CN)YE, ¢2yor = 0.36V (5.70)
or
NADPT + HT 4+2¢~ = NADPH, ¢°,,,. = —0.324 V. (5.71)

The energetic position of the redox levels relative to the GaN band edges is given in Figure 5.32.

Only a slight difference in Vs, was observed between the pure PBS buffer (Vy, = —1.18 V) and
the buffers containing iron cyanide (¥, = —1.19 V) or NADP*/ NADPH (V7 = —1.20V).
Thus, no influence of the electrolyte redox level on the Vs, was obtained within the accuracy
of the measurement. This is an important issue for the application of GaN gate layers in the
ISFET devices discussed in Section 5.4.1, as the surface potential should only be determined
by the concentration of the ion of interest and not by the redox potential of the electrolyte
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Figure 5.32.: Redox levels of the iron cyanide and the NADP*/ NADPH redox couple versus the GaN
band edges at the interface to the electrolyte.

in ion-sensitive applications. Analogous results have been reported by Huygens et al., who
observed no change in Vs, upon the addition of the iron cyanide redox couple to the electrolyte
[Huygens, 2000]. However, the Gerischer model assumes an equilibration of the semiconductor
and the electrolyte Fermi levels by charge transfer over the interface and, therefore, a depen-
dence of the ocp on the electrolyte redox level. Hence, the potential difference between the
electrolyte Fermi level defined by the redox couple and the level of the reference electrode
should be measured as the ocp of a semiconductor electrode. This assumption could not be
confirmed for the measurements of the ocp at GaN electrodes. Comparable ocp were determined
for iron cyanide (ocp = —0.17 vs. Ag/AgCl) and NADP*/ NADPH (ocp = —0.18 vs.
Ag/AgCl) redox ions. As remarked by Morrison and discussed in Section 5.1.3, equilibrium due
to charge transfer cannot always be assumed at the semiconductor/electrolyte interfaces, since
the charge exchange rates can be extremely low, especially for wide bandgap semiconductors
[Morrison, 1977]. It should be noted that this result of a non-equilibrium at the GaN/electrolyte
interface regarding charge transfer has no consequence for measurements where an external
voltage is applied.

5.3.7. Charge Transfer over the GaN /Electrolyte Interface

In Section 5.3.2, photocurrent measurements of GaN electrodes in basic solution (0.5 M KOH,
pH 13.6) have already been discussed. Under UV illumination, current contributions from
minority carriers are of major importance. Here, cyclic voltammetry was employed to study
the charge transfer without illumination, which, for a wide-bandgap semiconductor at room
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Figure 5.33.: Cyclic voltammogram of a MOCVD-grown GaN-electrode that has been chemically
oxidized. The data were recorded with a scan speed of 25mV/s. The cathodic current
density showed the exponential behavior of a Schottky diode with an ideality factor of
n=1."7.

temperature, is restricted to majority carrier processes only. The experiments were performed in
pure standard PBS buffer (pH 7) and with 2 mM of the iron-cyanide redox couple (Fe/// (CN)~
/ Fel! (CN)g_) added (redox buffer).

Cyclic Voltammetry in Standard PBS Buffer

In Figure 5.33, the cyclic voltammogram for a piranha-treated MOCVD-grown n-type GaN
electrode is shown. For potentials larger than —0.6 V no current flow is observed, and the
electrode can be considered as ideally polarizable. It should be noted that the current density
for the charging and discharging of the semiconductor/electrolyte interface is of the order of
25nA cm™? for the maximum capacitance of 1 uF cm™2 and cannot be resolved in the cyclic
voltammetry experiment, as the peak-to-peak background noise is of the order of 200 nA cm™2.
At a bias potential below —0.6 V, the cathodic current increases exponentially, as predicted by
the Gerischer model, and H* is reduced to H; by the electrons transferred into the electrolyte
according to Eq. (5.57) and forms hydrogen gas. The experimental values of the cathodic
current density do not follow exactly the ideal behavior given by Eq. (5.51) of the Gerischer
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model, but can be expressed as for the thermionic-emission current of a real Schottky-contact

by
Jo 0<exp( ° b””), (5.72)

nkT

where 7 is the ideality factor [Sze, 1981]. A fit of the data presented in Figure 5.33 between 0 V
and the lower switching potential of —0.85 V reveals an ideality factor of n = 1.7. The analysis
of a set of MOCVD and PAMBE grown n-type GaN electrodes mostly revealed ideality factors
around n = 2, but exceptions with values up to n = 4 have been found. No influence of
the growth method was notable. For comparison, ideality factors ranging from n = 1.04 to
2.6 have been reported for metal Schottky contacts on n-type GaN surfaces [Schmitz, 1996],
[Kampen & Monch, 1997], [Weidemann, 2005].

From the Gerischer model, n = 1 is expected and the cathodic current density should change
by one order of magnitude for a bias voltage variation of 60 mV. For a variety of semiconduc-
tor/electrolyte junctions the cathodic current increases exponentially with the electrode potential
Viias, but ideality factors much larger than n = 1 are frequently found. This deviation from
theory is mostly explained by electron transfer via surface states, but a clear understanding of
the processes is still missing [Nozik & Memming, 1996]. Only a few systems obtaining n = 1
have been reported in the literature, for example the junction of ZnO to a 10 mM solution of
KMnOyj at pH 8.7 [Morrison, 1969].

A detailed discussion of effects beyond the thermionic-emission model that, hence, lead to
ideality factors n > 1, can be found for example in Refs. [Rhoderick & Williams, 1988] or
[Tung, 2001]. Recombination of electrons and holes in the semiconductor depletion region
causes an additional recombination current, provided that enough minority carriers are avail-
able. For n-type GaN/electrolyte contacts, holes have to be injected from the electrolyte into
the GaN valance band. As no appropriate redox ions were present for the discussed measure-
ments, recombination can be excluded as a reason for the increased ideality factors. Additional
surface layers lead to an increased ideality factor if a notable part of the applied bias potential
drops across that layer (e.g. Section 5.3.1). For an interface without surface states, a simplified
expression from Ref. [Rhoderick & Williams, 1988] yields

Csc ( Vbias)

n(Vpias) =1+ C,

(5.73)
As known from previous discussions in Sections 5.2 and 5.3.3, a native oxide layer is present
on the investigated MOCVD-grown GaN electrodes, which exhibits a capacitance C; of
about 2 uFcm™2. For bias voltages between —0.4V and —0.8 V, ideality factors between
n = 1.3 and 1.4 are calculated by means of Eq. (5.73). Nonuniform barrier hights along
the GaN/electrolyte interface might be a further reason for the high ideality factors obtained
[Tung, 2001], especially for a contact area as large as 0.128 cm?. For metal Schottky contacts on
n-type GaN, nonuniform barrier hights at the metal/GaN interface were suggested as the main
reason for the high ideality factors in Refs. [Kampen & Monch, 1997] and [ Weidemann, 2005].

102



5.3. Electrochemical and Photoelectrochemical Characterization

0 - 4‘
-20 with redox couple:
& — 5mVis
£ -40+ — 25mVis
= — 100 mV/s
c .80 250 mV/s
o 500 mV/s
3 -100+
— reference (25 mV/s)
-120 no redox couple
-140

I I
-1.0 -0.5 0.0 0.5 1.0
bias voltage (vs Ag/AgCl) [V]

Figure 5.34.: Cyclic voltagram of an n-type GaN-electrode in redox buffer. The data were recorded at
different scan speeds v. For comparison, a reference curve measured in standard buffer
is given (v = 25mV/s).

Cyclic Voltammetry in Redox Buffer

As described in Section 5.1.7, the current over the solid/liquid interface is always related to an
oxidation or reduction reaction in which an electron or hole is accepted or emitted by the solid
electrode. With the selective addition of a redox couple to the electrolyte, a reaction partner is
present in the solution, which accepts or donates electrons at a distinct redox level. Here, the
iron-cyanide redox couple with a redox level of ¢9 edox = 0.36'V was used in a concentration of
2 mM. In Figure 5.34, cyclic voltammograms of an n-type GaN electrode recorded at different
scan speeds, v, in redox buffer are presented. Four consecutive cycles are shown for each scan
speed. A cyclic voltammogram taken in standard buffer at v = 25mV (q.v. Figure 5.33) is

given as a reference.

For a potential sweep from 0V to —1V, an exponential increase in the cathodic current is
observed starting from —0.3 V, which peaks at around —0.6 V to —0.7 V. This increase results
from the increased number of electrons available at the electrode surface for the reduction of
Fe!//(CN)2™ to Fe!/(CN); . The reduction of Fe///(CN)?~ reduces its concentration at the
surface if the reaction rate exceeds the diffusive exchange with the bulk solution, and the current
during a potential sweep is reduced again after a peak. In the reverse scan direction, no peak
is visible, as no holes are available at the surface of the wide-bandgap semiconductor for the
oxidation of the redox species. The area under the reduction peak as well as the peak height
showed a clear dependence on the sweep rate, v, of the experiment. In Figure 5.35, the peak
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Figure 5.35.: Peak current of the measurements presented in Figure 5.34 versus the scan speed, v. The
square root dependence typical for diffusion-limited processes is observed.

height is plotted versus the scan speed v. The peak height increases with the square root of the
scan speed v, which is typical for a diffusion limited reaction [Finklea, 1988].

538 Summary

In conclusion, n-GaN electrodes have been found to exhibit an ideally polarizable interface
for Vpias — Vyp > 1V and can be described electrically by the equivalent circuit model
(a) for such external voltages. Closer to the flatband condition, Faradaic contributions have
been observed and model (b) gave a fair approximation of the electrical properties. The
extracted interface capacitance, C;, followed the behavior of an ideal semiconductor depletion
capacitance and no influence of surface states was noted. The band edges at the interface
are almost "pinned" with respect to the solution redox levels and have been determined to
Ecs=091eVand Ey g = —2.69 eV versus the HT/H; redox level from the flatband voltages
of Vyp = —1.12'V for an n-type and of V', = 2.27V for a p-type GaN electrode. The flatband
voltage was evaluated from the Mott-Schottky plots of the depletion layer capacitance extracted
from impedance spectroscopy measurements. The doping dependence of the determined V),
was attributed to the capacitive contribution of an additional surface layer (C; & 2 puF cm™?).
A correct determination of ¥y, from photocurrent measurements was not possible, presumably
due to a slow charge transfer kinetics across the interface. For AlGaN electrodes, the valence
band edge at the interface to the solution, Ey s, was found to be independent of the Al-
concentration for Al molar ratios, x, ranging from 0 to 0.5.
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The cathodic current of electrons reducing H* to Hj at n-type GaN electrodes showed an
exponential dependence on the applied external potential with an ideality factor of n =~ 2.
A considerable contribution of surface states to the charge transfer process is assumed. No
anodic current is observed due to the absence of holes at the semiconductor surface. Charge
transfer to an iron cyanide redox couple in solution showed a clear diffusion limited process.
Again, just the reduction peak of the redox reaction was observed, as no holes are available at
the semiconductor surface for the oxidation reaction.

54. Ibn-Sensitivity of GaN Surfaces

One important result of the discussion in Section 5.1.3 was that at the interface between a
moderately doped semiconductor and an electrolyte the energetic positions of the semicon-
ductor band edges are fixed relative to the redox levels in the electrolyte as far as variations
in the externally applied bias potential are concerned, but can shift for changes in the elec-
trolyte composition. The charge, o s, at the semiconductor surface is mainly determined by the
adsorbed potential-determinig ions (PDIs), and the potential, ¢ g, between the semiconductor
surface and the bulk electrolyte adjusts to equilibrate the adsorption and desorption reactions
for the respective bulk concentration of the PDIs. Thus, a finite dependence of ¢ ¢ on the PDI
concentration in the solution is expected, which directly influences the relative energetic levels
at the interface. For this reason, the electrolyte composition is always specified along with
results for Vyp, Ecs, and Ey g.

As a native oxide layer is present on the surface of GaN (q.v. Section 5.2), H* and OH™ are
expected to be the PDI at the GaN/electrolyte interface, and the surface potential, ¢, should
be influenced by the pH of the aqueous solution. Hence, determination of the pH sensitivity of
native GaN surfaces is of major interest in this context and will be compared to the response of
thermally oxidized GaN.

Determination of the GaN surface sensitivity towards HY and other ions involved in bio-
molecular processes is essential for the application of Ill-nitride based transducers in biosen-
sors or physiological research [Berman & Hébert, 1974], [Alberts, 2002]. The pH change
in the direct environment of a cell is a main observable in whole cell biosensors mon-
itoring the cell metabolism in response to an analyte [Parce, 1989], [McConnell, 1992],
[Owicki & Parce, 1992], [Baumann, 1999]. In enzyme-based biosensors, the analyte is cataly-
tically converted by enzymes, and the concentration of a reaction product, often HT, is measured
by the transducer [Caras & Janata, 1980], [Poghossian, 2001], [Pijanowska, 2003]. Moreover,
Nat, K*, and Ca’* are the main ions forming the action potentials of cells.

The dependence of the GaN surface potential, ¢g, on the pH of the electrolyte can be de-
termined for example by employing GaN electrodes, where changes in the surface potential
¢ are directly related to V', via Eq. (5.44) [Kocha, 1995], [Huygens, 2000], [Beach, 2003].
However, determination of Vy; is time consuming and therefore not an adequate method for
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transient pH measurements. In addition, deviations from the ideal Schottky barrier assump-
tion, like for example dielectric surface layers, can influence both, the observed interfacial
capacitance C;, and the assumed potential drop in the semiconductor depletion region, Vi,
(q.v. Section 5.3.1). Under ideal conditions, an accuracy of around 10 mV can be reached
[Madou & Morrison, 1989].

A faster technique for the determination of the pH response is the constant capacitance method.
In this case, the electrode is operated in depletion and the capacitance is measured. Upon
changes of the 1onic composition of the electrolyte, for instance the pH, the measured capac-
itance is kept constant by an external electronic control circuit that adjusts the bias potential
by AVias via the Ag/AgCl reference electrode and a potentiostat. Hence, the pH dependent
change in the surface potential, A¢g, is compensated by the bias potential variation, A Vp;gs,
yielding a direct measure for the potentiometric response of the surface. During the measure-
ment, the electronic conditions in the semiconductor electrode regarding the band bending,
Vse, or the charge in the semiconductor depletion layer, o,., are constant. Consequently,
the observed pH response is decoupled from the electronic conditions in the capacitive trans-
ducer. Deviations from the ideal semiconductor/electrolyte junction that affect the assumption
of potential variations occurring exclusively over the semiconductor depletion layer have no
influence on the measured response, but of course on the background noise and the drift of the
transducer.

If the investigated surface layer can be prepared as the gate layer of a SGFET device, the internal
signal transduction and amplification of the transistor can be utilized for the measurement of
the ionic surface response. Here, the channel current, /pg, of the transistor is kept constant
by an external circuit that adjusts the gate potential, Vgs. Bergveld was the first to report
in the early 70s about an ion—sensitive FET based on a Si p-channel transistor with a SiO,
gate layer, which responded to H™ and Na™ [Bergveld, 1970], [Bergveld, 1972]. However, the
response mechanism of these devices was not clear at the beginning. Some authors proposed
that the response was caused by a diffusion of H' ions and alkali metals through the oxide
to the Si-Si0; interface, changing the interface charge [Revesz, 1977], [Bergveld, 1978]. Fur-
ther investigations and comparison with layers that obtain a comparably low ionic diffusion
like SizN4 or Al,O3, revealed that ionic diffusion is not the primary response mechanism,
but most probably responsible for the drift and aging of the device [Siu & Cobbold, 1979],
[Madou & Morrison, 1989]. The main response arises from surface reactions in the Helmholtz-
layer at the oxide/electrolyte interface, as described in Section 5.1.3. As a simple combination
of the ideal Nernst characteristics and the general MOSFET equations could not explain the pH
response of ISFETs with a SiO, gate layer, and only give a first-order approximation for most
other oxides, the more detailed site-binding model was developed to describe the chemical
surface processes and the ionic response of the devices [Yates, 1974], [Siu & Cobbold, 1979],
[Bousse, 1983]. The site-binding model will be introduced in Section 5.4.2.

ISFETs based on SiO, gate layers show rather low response and poor stability. The application
of other inorganic gate materials such as SizN4, Al,O3, or Ta;Os resulted in a substantial im-
provement of both stability and sensitivity and lead to the development of commercially avail-
able ISFETs [Matsuo & Wise, 1974], [Esashi & Matsuo, 1978], [Abe, 1979], [Bousse, 1994].
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Figure 5.36.: Schematic layout of pH-sensitive SGFET devices based on (a) GaN/AlGaN/GaN and (b),
(c) GaN:Si/GaN:Mg heterostructures. The surface of sample (b) was thermally oxidized
at 700 °C for 2 h.

54.1. Dbn-Sensitivity of GaN Surfaces Measured by IIFNitride Based Field
Effect Transistors

In the course of this thesis, transistor structures based on GaN:Si/GaN:Mg double layers and
GaN/AlGaN/GaN heterostructures have been used to investigate the ion sensitivity of GaN
surfaces. The layout and processing of the devices has been discussed in Chapter 3. A schematic
layout of the different employed transistor structures is given in Figure 5.36. As-deposited
GaN surfaces with a native oxide were tested for GaN/AlGaN/GaN transistors. Comparative
measurements were made on the dry thermally oxidized GaN surface of a GaN:Si/GaN:Mg
transistor. The oxide was formed during a 2 h process in dry oxygen atmosphere at 700 °C.
These transistors exhibit a much smaller transconductance than the A1GaN/GaN HEMTs, but
can be thermally oxidized without a degradation of the device. Additional investigation of
the same device with an as-grown GaN surface allowed the comparison of similar surfaces on
different readout devices (structures (a) and (c) in Figure 5.36). In addition, the sensitivity
of native and thermally oxidized GaN surfaces could be compared on equal device structures
(structures (b) and (¢)).

All pH-sensitive measurements were performed at a constant temperature of 23 °C in the dark
with a three electrode setup. A potentiostat was employed to control the gate voltage Vi
relative to the reference electrode (q.v. Chapter 4). The pH of the solution was determined by
a pH glass electrode (WTW pH90) and adjusted by titration with dilute NaOH or HCI with a
background of 100 mM NaCl / 10 mM HEPES to define the overall ionic strength. The solution
was mechanically stirred to ensure homogeneous ion concentration and a constant flow to the
gate surface.
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Figure 5.37.: Variation of the surface potential, A¢g, for as grown and dry thermally oxidized GaN sur-
faces as a function of pH. As transducer devices, GaN/AlGaN/GaN and GaN:Mg/GaN:Si
SGFETS have been used. For clarity the datasets are shifted by a constant potential offset.

In Figure 5.37 the change in the surface potential, A¢g, as a function of the electrolyte pH is
shown for the different investigated surfaces and transducer devices. During the measurement,
all transistor devices were operated at Vps = 250 mV at a constant channel current /pg, which
was controlled by adjustment of the gate voltage, Vs, as described above. The change in
the surface potential, A¢g, corresponds to the negative gate voltage change, A Vgs. An almost
linear dependence was obtained for all three sample structures over the entire pH range between
pH 2 and pH 12. Identical native oxide surface layers on different device structures - the
GaN/AlGaN/GaN and the GaN:Si/GaN:Mg transistor - showed almost identical sensitivities
of 56.0mV/pH and 57.3mV/pH, respectively. The similar results of identical surfaces
on different transducers demonstrate that the pH sensitivity is primarily a surface effect. In
comparison to the native oxide on the as-grown GaN surfaces, the thermally oxidized GaN
surface showed an almost equal sensitivity of 56.6 mV/pH. Hence, the observed ¢¢ vs. pH
behavior, which was close to the linear Nernstian response of 58.7mV/p H at 23 °C is attributed
to the oxidic Ga,O,, surface according to the site-binding model as developed by Yates et al.
and described in Section 5.4.2.

Other groups have measured the pH sensitivity of GaN surfaces by determination of the
flatband-voltage, Vyp, of GaN electrodes at different pH values. The dependence of V¢, on
the electrolyte pH directly corresponds to the ¢ ¢ vs. pH behavior. Kocha et al. have obtained a
linear dependence of 55 mV/pH from the Mott-Schottky plots of impedance spectra recorded
for n-type GaN electrodes at pH 2, 5, 10, and 14 [Kocha, 1995]. In another publication, the
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Figure 5.38.: Transient behavior of the channel current, /pg , of an AIGaN/GaN SGFET with an as-
grown GaN cap-layer during changes of the electrolyte pH. Numbers correspond to the
pH values measured with a calibrated pH meter.

pH sensitivity was determined by the same method and at comparable n-GaN electrodes to
60mV/pH [Huygens, 2000]. However, only a few measurements in concentrated HC1, H,SO4,
and KOH solutions were performed. Beach and co-workers reported a Vi, vs. pH depen-
dence of 46 mV/pH from impedance measurements and of 47mV/pH from photocurrent
measurements at n-GaN electrodes between pH 2 and 12. In contrast, they obtained a value
of 63 mV/p H from photocurrent measurements at p-GaN electrodes [Beach, 2003].

These different groups have reported a linear and high sensitivity over the entire pH range,
in agreement with the results of this work. However, as discussed earlier in this section, the
determination of the pH sensitivity from measurements of V', is an imprecise method which
is subject to various sources of error. Furthermore, the sensitivities given in most publica-
tions are based on only a few data points. Special care must be taken in the interpretation
of results gained by photocurrent measurements, as the observed Vy, are shifted for GaN-
electrodes (Section 5.3.4). The size of the error is determined by the charge transfer kinetics
and therefore strongly influenced by the pH of the solution. Consequently, a large deviation is
reported for the sensitivities obtained for n-type and p-type GaN by the photocurrent method
[Beach, 2003]. To investigate the transient response of the GaN-based ISFET devices, time
resolved measurements of the drain-source current, /pg, were performed at Vpg = 250 mV
and Vg = 0V. The pH of the electrolyte was changed in steps between 0.1 and 0.3 pH
by titration with diluted NaOH every 30s. Records of the transient measurements performed
with two different GaN-based ISFET devices, the GaN/AlGaN/GaN transistor with an as-grown
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Figure 5.39.: Transient behavior of the source-drain current, /pg, of an GaN:Si-channel SGFET with
a dry thermally oxidized GaN surface during changes of the electrolyte pH. Numbers
correspond to the pH values measured with a calibrated pH meter.

GaN cap-layer and the GaN:Si/GaN:Mg FET with a dry thermal surface oxide, are presented
in Figures 5.38 and 5.39, respectively. Both devices showed an immediate response to changes
in the pH. Right after titration, small oscillations due to the mixing of the solution and a slight
drift are observable. In contrast, delay times of some seconds have been reported for Si0;
gate ISFETs [Fung, 1986]. As expected from the transconductance of the two devices at the
operation conditions, the change of channel current, Alpg, is larger for the GaN/AlGaN/GaN
HEMT structure (g,, = 38.4 uS) than for the GaN:Si channel device (g, = 1.6uS). A
resolution better than 0.02 pH for the HEMT structure and of 0.1 pH for the other device
is estimated. However, the investigated transistor structures have not yet been optimized for
ISFET applications and were also not operated at their point of maximal transconductance.
An enhanced transconductance due to a larger channel width to length ratio or optimization of
other important device parameters such as barrier thickness, doping concentration, and layer
thicknesses, is likely to further improve the device resolution.

In addition to the pH response, the surface sensitivity towards Nat, K+, Ca’*, and CI~
which are involved in the metabolism of cells and the formation of cell action potentials, was
investigated in the range between 107> M and 2 x 1073 M under physiological conditions at
pH 7. For this purpose, the Ag/AgCl reference electrode was replaced by a double chamber
reference electrode with a 1 M TRIS solution as an outer electrolyte. The electrolyte solution
was a S0mM HEPES buffer. Ion concentrations were measured by ion-selective electrodes
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(ISE) with glass (Metrohm Na™*-ISE 6.0501.100), crystal (Metrohm CI~-ISE 6.0502.120,) or
polymer membranes (Metrohm KT-ISE 6.0504.110, Ca®*-ISE 6.0504.110) and an ion meter
(Metrohm 781 pH/Ion Meter). Compared to the pH sensitivity, significantly lower responses
were measured for the other investigated ions. The results are summarized in Table 5.3.

ion A¢g / dec.
HT 56 —57mV

K+ <2mV
Nat < 5mV
Ca’t <2mV
CIm <2mV

Table 5.3.: lon-induced change of the GaN surface potential, Agg, per decade change in ion concen-
tration in a range between 107> M and 2 x 10> M.

The present results demonstrate that [II-nitride based ISFET devices with a GaN surface layer
are promising transducer devices for biochemical sensors where a transient in pH is monitored,
as they feature a high linear sensitivity, a fast response, and a low cross sensitivity to other
ions. The ISFET devices based on AlGaN/GaN heterostructures exhibit a superior resolution
compared to the GaN:Si channel devices, as they exhibit a much higher transconductance.

In some publications by Chaniotakis and co-workers, an anion sensitivity and selectivity has
been reported for GaN surfaces [Chaniotakis, 2004], [Alifragis, 2005], [Chaniotakis, 2005].
Their results are based on potentiometric measurements of the ocp, meaning that the bulk po-
tential of the GaN electrode was measured relative to an Ag/AgCl reference electrode by a high
impedance voltmeter. Potentiometric measurements are usually applied for metal electrodes,
which are often modified with ionselective membranes [Janata, 1989]. However, this measure-
ment method is not applicable to semiconductor electrodes. In contrast to metal electrodes,
the surface potential cannot be directly measured, as, except for the flatband situation, the
potential in the bulk semiconductor is not equal to the surface potential. For moderate doping,
potential variations mainly appear in the semiconductor space charge layer rather than across
the electrolytic double layer. It is evident from Figure 5.10 that under equilibrium conditions,
the obtained ocp is the difference between the Fermi level and the redox level of the reference
electrode and does not correspond to the surface potential ¢g. Any change in the surface
potential ¢ ¢ is compensated by a change in the semiconductor band bending. Only for highly
doped semiconductors, the change in ocp might reflect the change in the surface potential. As it
is explicitly stated in [Chaniotakis, 2004], [Alifragis, 2005] that undoped GaN electrodes have
been used, this possibility can be excluded. In the interpretation of the impedance measure-
ments supporting the arguments of the authors, a flatband situation was assumed for the GaN
electrodes under different ionic conditions and potential variations of several hundred mV.
This is certainly not the case [Chaniotakis, 2005] for the described type of electrodes.
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5.4.2. Site-Binding Model of the Oxide /Electrolyte Interface

The site-binding or site-dissociation model was formulated by Yates el al. in 1974 for the
description of the electrical double layer at the interface between an oxide and an aqueous
electrolyte [Yates, 1974]. As H and OH™ are the potential determining ions at oxidic surfaces,
the model considers the dependence of the surface charge and surface potential on the H
and OH™ concentration, hence, the pH of the solution. The model has been thoroughly dis-
cussed and extended to other surfaces in subsequent publications [Healy, 1977], [Davis, 1978]
and [Healy & White, 1978]. Siu and Cobbold first have applied the site—binding model to
explain the pH sensitive performance of silicon-based ISFETs with a SiO, gate surface layer
[Siu & Cobbold, 1979]. Their approach was further developed and used to describe the pH
response of ISFETs with Al,O3 or Ta;O5 gate layers by Bousse et al. [Bousse, 1983], Fung et
al. [Fung, 1986] and van Hal et al. [van Hal, 1995].

In the site-binding model, the formation of ionizable hydroxyl surface sites (4 — OH) is
assumed at an oxide surface exposed to an aqueous electrolyte. The hydroxyl sites exhibit
amphoteric character - they can become positively charged by protonation or negatively charged
by deprotonation, according to the following surface dissociation reactions:

A—OHf =2 A—-OH+H" (5.74)

A—OH=A—-0 +H" (5.75)

Furthermore, the site-binding model assumes an ideally polarizable interface between the solid
and the liquid. In Figure 5.40 (a) schematic illustration of the surface sites at an oxide/water
interface and their protonation is given for different pH values. The equilibrium between the
relative concentration of positive [4 — O H," ], neutral [4 — OH], and negative [4 — O]
surface sites and the proton concentration at the interface [H "'] ¢ 1s described by two effective
surface dissociation constants:

[4—OH]-[HY],

Ky = d 5.76
+ [A_OH;_] , an ( )

[4-07] - [H*];
[4— OH]

If no binding of other ions than the potential determining H* to the surface sites is considered,
the surface charge per unit is given by

K_ = (5.77)

os=e-([4—OHS]|-[4-07]), (5.78)
and the total density of sites at the interface Ny is

Ng=[A—OH]+[4—- OH}|+[4-07]. (5.79)
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Figure 5.40.: Amphoteric hydroxyl surface sites at an oxide/electrolyte interface. At the pH of the
point of zero charge, pH,.., the surface is electrically neutral. The surface obtains a
positive net charge for pH < pH,.. (left) and a negative net charge for pH < pH)..

(right).

For the relation of the surface concentration of protons [H +] g to the bulk value [H +] the
Boltzmann statistics is applied:

—e¢
[H]g=[HT]exp (—keTS ) (5.80)

By means of Egs. (5.74) to (5.80), a relation between the surface potential, ¢, the surface
charge, o 5, and the pH of the bulk electrolyte can be established. The corresponding derivation
is described in Appendix A.4 and yields

In[H*] =InyK_Ky + ekiTS +sinh™ (as/0) — In(1 — as), (5.81)
with the definitions of ag = :TSS and 6 = 2,/K_/K,. The parameter 6 was introduced in

Ref. [Healy & White, 1978] and characterizes the tendency of a surface site to diprotonate. For
most oxide surfaces, the 0 parameter is small [Healy & White, 1978], and the approximation
&? << 1 was made in the derivation of Eq. (5.81).

At the point of zero charge the number of positively charged surface sites [A - OH;r ] equals
the number of negatively charged surface sites [A — O‘]. The surface is electrically neutral
(as = 0)and ¢ g = 0. From Eq. (5.81) the pH at the point of zero charge, pH .., is deduced as

pH,.. = —log/K_Ky. (5.82)
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Introduction of pH . into Eq. (5.81) yields a relation between ¢, o5, and the difference of
the solution pH and the pH,..:

eps

= - +sinh” Yag/0) —In(1 — as) (5.83)

To obtain a direct dependence of the surface potential ¢ ¢ on the pH, the Gouy-Chapman-Stern
model described in Section 5.1.3 is adopted for the relation between the surface charge, o g, and
the surface potential, ¢ ¢, at a solid/electrolyte interface.

The charge at the surface of the semiconductor, o g5, and the charge in the semiconductor space
charge region 5. must be balanced by the counter charge o p in the electrolyte:

Osc t0s=—0p (5.84)

Under the assumption of high ionic concentrations - which was surely met under the experimen-
tal conditions - the surface potential ¢ is related to counter charge, o p, by ¢ = —op/Ch,
where Cp is the Helmholtz double layer capacitance. With Eq. (5.84) follows

bg = “C—J“”S (5.85)
H
As thoroughly discussed by Madou and Morrison [Madou & Morrison, 1989], the charge o
in the space charge region of a nondegenerated semiconductor is usually by far smaller than the
ionic surface charge, o g, and can therefore be ignored in Eq. (5.85).

In general, the ionic charge at the oxide surface of a semiconductor or insulator is only de-
pendent on the surface chemistry represented by the dissociation constants. The comparably
small charge in the semiconductor or an externally applied potential only have a marginal
influence on the surface reactions (q.v. Section 5.1.3) and therewith the surface charge and
potential. In consequence, the surface chemistry that determines o 5 and ¢ is decoupled from
the semiconductor device beneath, and in particular is not influenced by the measurement or the
electronic conditions of the device.

Equation (5.83) describes a Nernstian variation of the surface potential, ¢, with the pH in-
cluding two correction terms. The second term describes the saturation of the pH response for a
high fraction of charged surface sites. The total number of surface sites is around 5 x 10'4 cm ™2
to 105 cm™2 for oxidic surfaces [Healy & White, 1978]. Under the assumption of a capa-
citance Cyy = 20 uF cm™2 for the dominant Helmholtz-layer and a Nernstian dependence of
59mV/pH for the surface potential, around 10'3 cm™? surface sites are charged for every pH
of divergence from pH,... Hence, even under extreme pH conditions only a small fraction of
the surface sites is charged and the second correction term in Eq. 5.83 can be neglected.

In total, the dependence of the surface potential, ¢ g, on pH under the assumptions discussed is
given by
e eps 1

2.303(pHype — pH S 4 sinh~' (£282 5.86
(pHyze = pH) = 75+ sin™ (G20, (5.86)
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Figure 5.41.: Relation between the surface potential, ¢, and the pH of an aqueous electrolyte for dif-
ferent sensitivity factors, . With increasing S, the relation approaches a linear Nernstian
pH- dependence.

where the sensitivity factor, S, is defined as

e2Ngo

ﬂ::chT'

(5.87)

The relevance of the remaining sinh~!-correction term for a linear Nernstian pH response is
mainly determined by the sensitivity factor, £. In Figure 5.41, ¢ ¢ is plotted versus the pH of the
electrolyte for oxide surfaces with different f. For a large sensitivity factor £, the correction
term can be ignored and a linear Nernstian pH dependence is observed. In case of small f,
the correction term has a severe influence and a S-shaped response curve with the point of zero
charge (pzc) as an inflection point is found. Around the pzc, when ¢¢ << %, the correction
term can be linearized and the ¢ ¢ vs. pH relation is linear according to

ps =2.303(pHpzc — pH)ij (%) : (5.88)
The sensitivity factor, £, mainly depends on the density of surface sites, Ng, which is more
or less equal for most oxide surfaces, and the introduced variable §, which is a measure for the
surface reactivity. The variable J as well as the pH ;. at which the surface is electrically neutral,
are determined by the two equilibrium constants, K_ and K, of the dissociation reactions,
and can be conveniently expressed by using their logarithms (pK+ = —log K+). The pH..
is given by the average of their logarithms: pH,.. = %(pK_ + pKy). Their difference,
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ApK = pK_ — pK., expresses the relative strength of the two surface acids 4 — 0H2+
and 4 — OH for proton dissociation leads to 0 = 2 x 10~27K/2_ Surfaces which obtain a
large difference, ApK, in the acidic strength of their surface sites have a low tendency two
associate or dissociate protons around pH,... J and accordingly the sensitivity factor, f, for
such surfaces is low and a sub-Nernstian behavior is observed. For oxide surfaces with smaller
ApK, the sensitivity factor increases and the ¢ ¢ vs. pH relation approaches a linear Nernstian
dependence.

The pK4 values of various oxides can be found for example in Refs. [Davis, 1978] or
[van Hal, 1995]. The best known example of an oxide surface with sub-Nernstian pH depen-
dence is Si0,, for which the site-binding model was successfully applied to describe the pH
response around the point of zero charge [Bousse, 1983]. A value of f = 0.14 was determined
for the sensitivity factor and the p /.. was determined to 2.2. The sensitivity factor for Al,O3
surfaces analyzed for comparison in the same paper was given as f# = 4.8 (pH,,=8.5).

Bayer et al. have modeled the pH sensitivity of the Ga,O, surface of an GaN/AlGaN/GaN
SGFET by the site-binding model, and the best agreement with the result presented in Figure
5.37 was found for dissociation constants of K_ ~ 107® and K, ~ 107° and a point of
zero charge of pH,.. = 6.8 [Bayer, 2005]. In the literature a pH . of 8.47 is reported for
Gay03 surfaces [Xu & Schoonen, 2000]. With a total density of surface sites at the interface
of Ns = 9 x 10 cm™2, a sensitivity factor # of around 50 is derived. Some analogies are
observed between the pH response of the investigated Ga,O,- and the Al,O3-surfaces often
used for ISFET devices. Both oxides exhibit a high and linear pH sensitivity, expressed by a
high £ value, show an immediate response to pH changes and a low cross sensitivity to other
ions such as KT and Na™ [Abe, 1979], [Bousse, 1983]. Dissociation constants of K_ ~ 1010
and K, ~ 107° are given for Al,O; in the literature [van Hal, 1995].

The pH-sensing properties of AIN films have been studied in the literature as well
[Chiang, 2001]. For the modeling, again hydroxyl groups at the surface were assumed and
the site-binding model was applied. Simulation and subsequent experimental studies yielded
pK_ ~ 8.86and pK, ~ 7.68, resulting in a pH .. of 8.24 and a f factor larger than 100.

The given surface dissociation constants for metal oxides were obtained from titration data by
the site-dissociation model, assuming a chemically homogeneous surface with only a single
type of surface site associated with one or two protons. However, the number of metal ions
coordinated to the surface oxygen can differ [Parfitt, 1975], resulting in various types of reactive
surface groups with proton affinities expected to differ considerably [Hiemstra, 1989]. The
multisite complexation (MUSIC) model developed by Hiemstra et al. considers singly, doubly
and triply metal-coordinated oxygen and allows - in contrast to the site-binding model - an
a priori estimation of the corresponding proton affinities from several physical parameters,
including the valence of the metal ion, the number of metal ions coordinated with a ligand and
the number of surrounding ligands [Hiemstra, 1989], [Hiemstra & Vanriemsdijk, 1991]. Van
Haal and co-workers have applied the MUSIC model to Al,O3, assuming the aluminum ions to
be in hexacoordination with six ligands [van Hal, 1996]. In their model, the formal charge of
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a protonized singly coordinated surface oxygen group (4/ — O H) is estimated as —1/2. The
proton dissociation reaction equations are given as

K,
Al — OH),* = Al — OH™'\? + H* (5.89)

for a singly coordinated oxygen, and

K,
Al — OH = Al — O~ + H* (5.90)
K.
Al — OHy = Al,— OH + H (5.91)

for a doubly coordinated oxygen. As in general no surface groups with a total charge higher
than one are present at a solid/liquid interface [van Hal, 1996], the second dissociation step for
singly coordinated oxygen has been neglected. In the normal pH range, the doubly coordinated
oxygen sites are neutral (K, = 12.3, K. = —1.5). The pH,.. and the total surface charge
are therefore determined by reaction (5.89), this means the dissociation of a singly coordinated
surface oxygen group (pH,.. =pK,) [van Hal, 1996].

Atomic hydrogen adsorption experiments monitored by high resolution electron energy loss
spectroscopy (HREELS), as already applied to clean GaN surfaces [Tautz, 1999], could con-
tribute to the identification of the H-adsorption sites on GaN surfaces with native and thermal
oxide.

A possible reason for the small cross sensitivity of highly pH-sensitive surfaces like Al,O3 or
Ga, O, towards other ions such as K, Na*, Ca?*, or Cl~ is given in Ref. [Morrison, 1980].
The specific adsorption of ions different from protons or hydroxide is hindered by the loss of the
solvation energy of the ion during the adsorption process as well as the hydroxylation energy of
the surface, which is considerable for most ionic materials. However, some influence of various
ions on the response of oxide surfaces was observed and considered in the site-binding model
by counter ion adsorption [Yates, 1974] or the formation of surface complexes [Davis, 1978].
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For an application of Ill-nitride-based transducer devices in biosensors or physiological re-
search, a functional interface between biomaterials and inorganic device surface has to be
established. Bioreceptors have to be immobilized without inhibiting their functionality or
degrading of the transducer surface. In this chapter, three types of organic functionalizations of
[II-nitrides are discussed:

(1) Artificial lipid bilayer cell membranes.
(1) Organic monolayers of silane molecules.

(111) Cardiac myocyte cell networks.

Optical and electrical analysis of the different types of biofunctionalization on GaN electrodes
and AlGaN/GaN SGFETs are presented.

6.1. Supported Lipid Bilayer Membranes

One of the crucial structural elements of living cells is their enclosing plasma membrane, sepa-
rating the interior of the cell from its outer environment. A schematic of the cell membrane is
shown in Figure 6.1. In the generally accepted fluid mosaic model of the plasma cell membrane,
introduced by Singer & Nicolson in 1972, it is described as a fluid bilayer matrix consisting
mainly of phospholipids and cholesterol [Singer & Nicolson, 1972]. The phospholipids in a cell
membrane are amphiphatic molecules composed of a hydrophilic polar phosphate containing
headgroup and two hydrophobic non-polar fatty acid-derived hydrocarbon tails. The plasma
membrane acts as a two-dimensional solvent for integral proteins and provides anchoring sites
for peripheral proteins. The spontaneous formation of lipid bilayers in aqueous environment
and the incorporation of integral proteins is driven by a self-organization process, as exclusion
of water during the aggregation of the hydrophobic alkyl chains of the lipid molecules leads
to a gain in free energy [Hoppe, 1983]. This hydrophobic interaction also induces the self-
healing of bilayer membranes, as lipids spontaneously rearrange to minimize the contact of
their hydrophobic tails to water, as caused by free edges and tears. Lipid membranes are
highly impermeable to ions and water-soluble molecules, as for instance sugars or amino acids.
Specialized transmembrane proteins such as carriers or channels mediate the exchange of these
species between the cytoplasm and the cell exterior for the cell metabolism and allow the
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Figure 6.1.: Schematic of the plasma membrane of a cell (from [Campbell, 1999]).

establishment of chemical or electrical gradients across the membrane. These gradients play
an important role in many cellular processes (e.g. ATP synthesis) as well as in cell signaling
processes in the intercellular communication [Alberts, 2002].

Phospholipid bilayers behave as two-dimensional crystals with two distinct phases. At tempera-
tures below the melting temperature of the lipid, 7}, the membrane is in the gel phase, a closely
packed crystalline array with highly ordered alkyl chains, little molecular motion and very slow
lateral diffusion. For temperatures above Tjs, the membrane is in the loosely packed liquid
crystalline phase with highly disordered alkyl chains and fast lateral diffusion. The melting
of a membrane is a sharp phase transition occurring over a temperature range of 1 — 2°C.
Alkyl chain length, unsaturation, as well as the type of headgroup have a significant influence
on the bilayer melting temperature 7),. Longer chains lead to higher melting temperatures
due to increased Van der Waals interaction. The cis double bond of unsaturated alkyl chains
produces a large drop in 7}, as the resulting kink in the unsaturated chain leads to less dense
packaging in the gel phase and, therefore, to reduced interaction. The fluidity of a bilayer is a
function of the ambient temperature and increasing with the temperature difference 7" — T)s to
the melting temperature. Membranes of living cells are always in the liquid crystalline phase
at physiological temperatures, as membrane fluidity is critical for the function of membrane
proteins. In mammalian cells, the fluidity is generally controlled by the cholesterol content in
membrane [Hoppe, 1983], [Alberts, 2002].

In order to investigate the electrical properties of membranes and membrane proteins, arti-
ficial membrane models such as spherical lipid vesicles [Sackmann, 1995], supported mem-
branes, and free standing black lipid membranes [Miiller & Rudin, 1968] have been established.
Supported membranes are formed on a planar solid substrate by a self-organization process
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Figure 6.2.: Biosensor designs based on a lipid bilayer membrane deposited on a semiconductor trans-
ducer device: (a) Switchable ion channels and measurement of membrane conductance, (b)
field-effect detection of the specific binding of charged ligands to membrane-incorporated
receptors, and (c) measurement of ionic concentration changes caused by active transport
proteins.

[Kalb, 1992], [Nollert, 1995] and exhibit better mechanical and thermodynamical stability, as
well as easier preparation compared to free standing membranes, while preserving the lateral
bilayer fluidity [Tamm & Mcconnell, 1985]. Supported planar bilayers are suitable model sys-
tems for the study of, e.g., cell-cell recognition in the immune system [McConnell, 1986], bind-
ing of ligands to membrane-incorporated receptors [Kalb, 1990], or the electrical properties of
membranes and ion-channels [Steinem, 1997], [Gritsch, 1998], [Raguse, 1998]. Further interest
in solid supported membranes is attributed to their potential application in biosensors based on
membrane incorporated receptors or selective ionophores [Kiefer, 1991], [Sackmann, 1996],
[Cornell, 1997]. Depending on the solid substrate, either electrical or optical readout is possible.

Different biosensor concepts based on bilayer membranes deposited on semiconductor
transducer devices have been proposed (Figure 6.2): (a) measurement of conductivity
changes associated with the transport of ions through a lipid bilayer membrane deposited
on a planar semiconductor electrode. The conductance of membrane transport proteins
can be switched by a recognition event, e.g. the inhibition of ion channels by toxins
[Cornell, 1997], [Sackmann & Tanaka, 2000]. (b) Potentiometric detection of the binding of
charged ligands to membrane-incorporated receptors by a field effect device [ Sackmann, 1996],
[Hillebrandt, 2002]. (c) Monitoring changes in ionic concentration in the cleft between lipid
membrane and solid surface, caused by active membrane transport proteins. Ottenbacher et al.
have realized a lactose biosensor based on the cotransport of lactose and H+ through a lipid
membrane containing lactose permease deposited on an ISFET-device. Changes in the lactose
concentration resulted in a change in the pH at the transducer surface [Ottenbacher, 1992].

An important prerequisite for the realization of a membrane-based biosensor is the deposition
of a fluid and stable lipid membrane on the surface of the transducer device. The lateral
mobility of lipids and proteins in the membrane must be sufficient to allow the self-healing
of defects and maintain the functionality of membrane-incorporated proteins. The bilayer must
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be free of defects to ensure the intrinsically high electrical resistance of lipid membranes, which
allows the built up of chemical and electrical gradients, as well as the detection of membrane
resistance changes due to specific reaction of membrane channel proteins with the analyte
[Tanaka & Sackmann, 2005]. Furthermore, defects act as strong binding sites for proteins and
result in nonspecific protein binding [Stelzle, 1993].

Apart from polymer supported bilayer membranes, where the lipid membrane is separated from
the solid surface by a hydrated polymer cushion or tethered polymer spacers [Raguse, 1998],
[Sackmann & Tanaka, 2000], [Tanaka & Sackmann, 2005], bilayers can be directly deposited
on hydrophilic surfaces [Tamm & Mcconnell, 1985]. In this case, the thickness of the water
film separating the lipid bilayer form the hydrophilic solid support was found to be approxi-
mately 20 A by analysis of the frictional coupling between the bilayer and the thin water film
[Merkel, 1989] and in nuclear magnetic resonance experiments [Bayerl & Bloom, 1990]. These
results were confirmed by neutron reflectivity measurements [Johnson, 1991].

Solid supported membranes have been deposited directly on indium tin oxide (ITO) and
p-type silicon electrodes and electrically characterized [Gritsch, 1998], [Wiegand, 2002],
[Purrucker, 2001]. Due to the optical transparency of the ITO substrates to visible light (1 >
400nm), a combined electrical and optical characterization of the membrane properties was
possible [Hillebrandt, 2002]. Membrane resistances up to 100kQ cm? were achieved. For
bilayers deposited on p-type silicon, even membrane resistances as high as 1 MQ cm? could be
reached, which is in the range of free standing black lipid membranes [Montal & Miiller, 1972].
Functional incorporation of gramicidin ion channels into supported membranes was demon-
strated for both, ITO and p-type silicon electrodes, and a quantitative measurement of selective
ion transport was shown [Gritsch, 1998], [Purrucker, 2001].

In this chapter, the realization of artificial cell membranes on hydrophilized group IlI-nitride
surfaces by vesicle fusion and solvent exchange methods is described. Deposition of homoge-
neous, void free lipid membranes is confirmed by fluorescence microscopy, while the lateral
diffusion of lipids is investigated by continuous bleaching analysis (see Section 2.3.2). Special
emphasis is placed on the influence of electrostatic interactions between the lipid and the solid
substrate on the lateral diffusion. Based on the results of the optical analysis, lipid bilayers and
bilayer formation on hydrophilic [II-nitride electrodes are electrically characterized by means of
impedance spectroscopy. A final discussion of the results with respect to possible improvements
concludes the chapter.

6.1.1. Preparation of Supported Membranes

For the deposition of lipid bilayers on Ill-nitride substrates two different methods
have been applied: vesicle fusion and solvent exchange [Brian & Mcconnell, 1984],
[Buboltz & Feigenson, 1999]. Both methods allow the formation of continuous, self-healing
membranes with sufficient lateral mobilities on hydrophilic surfaces. Hydrophilization of
the GaN-surface was obtained by means of thermal oxidation or wet chemical treatment in
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Figure 6.3.: Bilayer deposition by vesicle fusion on a hydrophilic substrate.

a HySO4/H0; 3:1 mixture directly before membrane deposition (q.v. Section 3.2). The
employed lipids and lipid compositions varied according to the particular experiment.

Vesicle Fusion

The formation of a lipid bilayer by vesicle fusion is generally accepted to occur in three steps:
(1) Vesicle adhesion, (ii) rupturing, and (iii) lateral spreading of the membrane patches and
formation of a homogenous layer [Kalb, 1992], [Réddler, 1995] (q.v. Figure 6.3). Usually, small
unilamellar vesicles in an aqueous solution are used. The method allows the suitable incorpora-
tion of membrane proteins into supported bilayers by the fusion of unilamellar vesicles, which
contain the protein. Suspensions of liquid vesicles in buffer solutions were prepared as follows:
An appropriate molar mixture of lipids was prepared form chloroform stock solutions in a glass
flask. Evaporation of the chloroform under nitrogen atmosphere resulted in the formation of
a thin lipid film on the walls of the glass flask. The flask was stored over night in vacuum to
remove any traces of chloroform. Then, the dried lipids were dissolved in standard HEPES or
PBS buffer to a total lipid concentration of 1 uM/ml, heated up to 70 °C and stored for 2h at
40 °C. The lipid dispersion of multilamellar vesicles was sonicated with a titanium tip sonifier
to obtain a clear suspension of unilamellar vesicles. The lipid suspension was centrifuged for
Smin at 5000 rpm to remove titanium particles from the tip sonifier. The resulting vesicle
solution was spread on the substrate and incubated for at least 15 min at room temperature
before thoroughly rinsing the surface with buffer solution to remove residual vesicles.

Solvent Exchange

In case of membrane deposition by solvent exchange, a lipid bilayer forms at the hydrophilic
substrate surface during the slow exchange of the solvent from alcohol to an aqueous solution
(lyothropic adsorption) [Buboltz & Feigenson, 1999].
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The appropriate amount of lipids from chloroform stock solutions were mixed in a glass flask,
evaporated under nitrogen flow and subsequently dried by storage of the flask in a vacuum
chamber over night. Isopropanol was added to obtain a total lipid concentration of about
1 uM/ml. The lipid suspension was then injected into the flow chamber. The isopropanol
was slowly exchanged by rinsing the flow chamber with degassed standard PBS buffer. After
approximately 2 h, the chamber was extensively rinsed with buffer solution to remove residual
lipids and isopropanol.

6.1.2. Optical Characterization of Supported Membranes on IIFNitrides

The functionality of solid supported artificial cell membranes regarding biosensor applications
or the study of membrane proteins is strongly determined by the lateral fluidity of the membrane.
The lateral diffusion of the lipids and proteins in the bilayer is (a) critical to the membrane
protein functionality and (b) required to enable the spreading of homogeneous bilayers and the
self-healing of membrane defects.

Some groups have reported about the important role of the electrostatic interaction between
the membrane and the substrate for the formation of highly resistive supported membranes.
Wiegand et al. have found a strong dependence of the bilayer resistance on the ratio of lipids
with charged headgroups [Wiegand, 2002]. Further reports claim the necessity of electrostatic
attraction between substrate and lipid for the formation of resistive bilayers on functionalized
gold [Steinem, 1996] and silicon substrates [Purrucker, 2001].

To investigate the impact of electrostatic interactions at the interface on the membrane fluidity
and homogeneity, diffusion constants of lipids with different net-charges of their polar head-
group were compared. For this purpose, bilayers of anionic, zwitterionic, and cationic lipids of
equal chain length have been deposited on AlGaN surfaces by vesicle fusion and examined by
fluorescence microscopy. The lateral diffusion constants of lipids were determined by the con-
tinuous bleaching technique (see Section 2.3.2). As buffer solution for the vesicle preparation
and the diffusion measurements, HEPES-buffer (10 mM HEPES, 50 mM NaCl) titrated to pH
7.5 was used. The chemical structure of the lipids at pH 7.5 is depicted in Figure 6.4. The head-
group of the anionic 1-stearoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (SOPS) consists of a
zwitterionic serine group and a negative phosphate in the headgroup, resulting in a total negative
charge. SOPS has one saturated and one unsaturated fatty acid. The zwitterionic headgroup
of the 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) comprises a positive choline
group and negative phosphate group. The lipid has one saturated and one unsaturated fatty
acid. The total positive charge of the 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
is attributed to the positive trimethylammonium group. Both fatty acids of the DOTAP are
unsaturated. The membranes were fluorescence labeled with NBD-PC (see Section 2.3.1). As
the described lipids are all in a fluid state at room temperature, an influence on the diffusion
properties from a phase transition could be excluded. All lipids were purchased from Avanti
Polar Lipids Inc. (Alabama, USA).
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Figure 6.4.: Lipids with differently charged headgroups used for the determinated of membrane diffu-
sion constants.
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GaN Al,,Ga, N AIN

Figure 6.5.: Fluorescence images of DOTAP membranes deposited on AlGaN surfaces with different
aluminum contents.

AlGaN-films with different crystal polarities (Ga-face and N-face) and varying aluminum con-
centration x (x = 0, 0.22, and 1) have been used for the optical investigations of the lipid bilayer
membranes and the interactions at the interface. The Ill-nitride films have been deposited on
double-side-polished sapphire substrates by PAMBE to enable optical access from the backside.
Prior to membrane deposition, the III-nitride surfaces have been hydrophilized by wet thermal
oxidation for 2h at 650 °C, which resulted in contact angles of water smaller than 10° and a
surface roughness of around 1 — 1.5 nm.

For all lipids, the formation of macroscopically large homogeneous membranes (typical area:
Smm x 5mm) was observed. Figure 6.5 shows fluorescence images of membranes containing
the cathodic lipid DOTAP deposited on AlGaN with varying aluminum content. No optical
difference was observable due to the underlying substrate. Continuous illumination at 460 nm
resulted in bleaching of the fluorescence dyes. In Figure 6.6, fluorescence images after pro-
longed illumination and the corresponding fluorescence intensity profiles of bilayer membranes
consisting of (a) cationic DOTAP, (b) zwitterionic SOPC, and (c) anionic SOPS deposited on
Alp22Gag 78N surfaces are depicted. Within the experimental error, the fluorescence profiles
appeared to be symmetric in arbitrary directions, indicating isotropic lateral diffusion of the
fluorescence labels. A comparison of the extracted intensity line profiles from the left edge for
the different lipids on Alg22Gag 78N surfaces, together with the monoexponential fits to derive
the decay length 4 is given in Figure 6.7. The calculated diffusion constants D of all investigated
lipid membranes on the different IlI-nitride surfaces are summarized in Table 6.1. The exact
determination of the low SOPS diffusion constant was limited by the measurement range of the
adopted bleaching technique and not possible for all substrates.

The anionic SOPS membranes exhibited significantly smaller diffusion constants than the other
lipids. In contrast, cationic DOTAP membranes yielded the largest diffusion constants. The
observed tendency (Dcatiom’c > Dzwitterionic > Danionic) was independent of the chemical
composition of the substrate. The supposition of a dominant role of electrostatic interactions
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Figure 6.6.: Continuous bleaching profiles and corresponding intensity profiles across the micro-
scope aperture for membranes of lipids with differently charged headgroups formed on
Alg2,Gag 73N surfaces.

between the bilayer and the oxidized AlGaN surface on the frictional membrane-substrate cou-
pling can be clearly rejected by measuring diffusion constants of cationic DOTAP on c-Al,O3
and SiO; substrates. Under the experimental conditions of pH 7.5, the SiO, surface with a
point of zero charge of pH,..=2.6 [Huang & Stumm, 1973] obtains a negative surface charge,
whereas the Al,O3 surface (pH,..=8.5) is positively charged [Bousse, 1983]. Nevertheless,
no significant difference in DOTAP diffusion has been obtained (see Table 6.1), contradicting
clearly the determination of the lateral membrane mobility by electrostatic interaction between
charged lipid headgroups and the surface charge on the substrate.

The diffusion constants of the zwitterionic SOPC on AlGaN surfaces are comparable to values
found in the literature of Dgppc = 3.8 um?s~! for SOPC membranes on glass substrates
with polymer cushions [Lee, 2002] or for the nearly identical 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC, see Appendix A.2) on quartz-slides Dpopc = 3.4 — 4.0 um?s~!
[Kalb, 1992].
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Figure 6.7.: Comparison of the intensity profiles and monoexponential fits for lipid membranes with
different net-charges on hydrophilized Aly,,Gag 73N surfaces after prolonged illumination.

In the case of anionic membranes (e.g. SOPS), the low diffusion constants compared to
SOPC cannot be explained by the slightly higher melting temperature (7° Ab:fOP 5 = 12°C,
T A‘f[OP € = 3°C) only. Diffusion constants for bilayer membranes in the fluid state above
the melting temperature of the lipid alkyl chains are generally of the order of um?s™!
[Tamm & Mcconnell, 1985]. There have been several reports postulating that traces of divalent
cations (Ca”*t) can cause not only strong ion bridges between the substrate and the proximal
lipid layer [Stelzle, 1992], but also lateral lipid clustering [Feigson, 1986], resulting in inhibited
diffusion.

Comparing the chemical structure of DOTAP and SOPC, not only the headgroups but also
the alkyl chains are differing, as DOTAP contains two unsaturated alkyl chains in con-
trast to SOPC with one saturated and one unsaturated alkyl chain. Additional unsaturated
chains lead to a significant drop in the membrane melting temperature (7" A? OTAP ~ —20°C)
and reduced interactions between the lipids. However, diffusion constants of 4.0 um?s™!
were found for the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) on oxidized silicon
[Tamm & Mcconnell, 1985]. DOPC and DOTAP have identical alkyl chains, but DOPC ob-
tains the same zwitterionic headgroup as SOPC. Thus, a dominating influence of the second
unsaturated alkyl chain on the increased DOTAP diffusion can be excluded. The fast lateral
diffusion is therefore attributed to the compact TAP-headgroups without the bulky phosphate
groups, which provide less sterical stress for lateral diffusion.
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DOTAP SOPC SOPS
charge + + /- —

AIN 7.8 4.2 <0.1

AlGaN 14.4 3.1 0.16

GaN (0001) 7.3 6.3 <0.1
GaN (0001) 9.4 3.9 1.1
c-AL O3 (pH )z 8.5) 6.8 — —
SiOz (pH 2 2.6) 9.9 — —

Table 6.1.: Diffusion constants in [um?s~!] of different lipids on oxidized AlGaN, c-Al,O; and SiO,
surfaces at pH 7.5, measured by continuous bleaching. The relative experimental error for
the determination of the diffusion constants is about 25%.

6.1.3. Electrical Characterization of Supported Membranes and Membrane
Formation on GaN

Formation of supported lipid membranes on GaN electrodes was observed by impedance
spectroscopy on both, MOCVD and PAMBE grown GaN films on sapphire substrates. The
electrical bilayer properties were quantified by means of equivalent circuits. Prior to membrane
deposition, the GaN surfaces were hydrophilized by either (a) wet thermal oxidation for 2 h at
650 °C, (b) wet chemical surface treatment in H>SO4/H>0O5 (3:1), or (c) oxidation in an oxygen
plasma at 500 °C for 2 h (Section 3.2). The bilayer deposition was carried out by the solvent
exchange or the vesicle fusion method.

The optical membrane characterization in Section 6.1.2 revealed high diffusion constants
for bilayers consisting of cationic or zwitterionic lipids, whereas anionic lipid membranes
exhibited significantly lower lateral mobility. Thus, positively charged and neutral lipids
(DHDAB, DOPC, DPPC, DPhPC, see Appendix A.2) were used for the studies of electri-
cal membrane characteristics. To obtain the lipid bilayers in their fluid liquid crystalline
phase at room temperature, they were mixed in different concentrations with cholesterol. In-
corporation of cholesterol, which is a main component of most membranes in living cells,
broadens or eventually eliminates the phase transition between the gel and liquid crystalline
phase of lipid bilayers. Additionally, cholesterol increases the orientational order of the alkyl
chains in fluid membranes and reduces their permeability to water and ions [Yeagle, 1985],
[McMullen & McElhaney, 1996]. The enhanced membrane barrier properties with cholesterol
incorporation, which go along with increased electrical membrane resistance, have been re-
ported for native cell membranes, such as the eucaryotic plasma membrane [Yeagle, 1985], as
well as for solid supported bilayer membranes on silicon or ITO substrates [Purrucker, 2001],
[Wiegand, 2002].
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Figure 6.8.: Chemical structure of (a) 1,2-dihexadecyl-dimethylammonium-bromide (DHDAB), and
(b) cholesterol.

The most promising results regarding membrane resistivity were obtained for the cathodic lipid
1,2-dihexadecyl-dimethylammonium-bromide (DHDAB) in a 1:1 molar mixture with choles-
terol. The chemical structures of both molecules are depicted in Figure 6.8. Experiments
with other lipids and lipid mixtures (DHDAB, DOPC DPPC, DPhPC) in varying ratios
with cholesterol were also performed and some bilayer formation could be observed by
impedance spectroscopy. However, the obtained electrical membrane resistances were in-
ferior to DHDAB/cholesterol mixtures by at least one order of magnitude. The electri-
cal membrane characterizations presented in this work were solely obtained from supported
DOTAP/cholesterol bilayers.

Membrane formation could be monitored in real time by sequential recording of impedance
spectra at Vo = 0V (vs. Ag/AgCl). Figure 6.9 shows the impedance spectra of a bare GaN
electrode and at different times after the bilayer deposition by vesicle fusion. The measurements
were started directly after the injection of the vesicle solution into the flow cell.

Electrical Models for Solid Supported Lipid Membranes

Supported bilayer membranes are separated form the hydrophilic substrate surface by a thin wa-
ter layer of approximately 20 A thickness [Merkel, 1989]. The resulting electrolyte-membrane-
electrolyte-semiconductor (EMES) system is depicted in Figure 6.10. In a simple model
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Figure 6.9.: Impedance spectra of a bare GaN electrode obtained at V};,, = 0V at different times after
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Schematic of an electrolyte-membrane-electrolyte-semiconductor (EMES) structure
(left). Equivalent circuit models representing an EMES structure. The membrane values
are extracted by applying an ideal R, C,, element in model (e) or an element of distributed
time constants in model (f). In the equivalent circuit model (g), the ideal element of the
membrane resistance was replaced by a constant phase element (right). An overview of
all equivalent circuit models empolyed for the evaluation of impedance data in this work
is given in Appendix A.5.
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consisting only of ideal circuit elements, the EMES-structure can be electrically represented
by an RC element accounting for the membrane, in series with the equivalent circuit of the
semiconductor/electrolyte junction. The corresponding equivalent circuit model (e), which
assumes the membrane as a homogeneous layer with low but finite conductance, is also given
in Figure 6.10. The dielectric bilayer properties are described in terms of a membrane capa-
citance C,, and a membrane resistance R,. In the following, a fit according to model (e) is
denoted as ideal element fit. Lateral membrane inhomogeneities such as defects or domains
can be considered in a parallel connection of multiple RC elements. However, this parallel
connection is electrically equivalent to a single RC element with averaged values for membrane
capacitance C,, and resistance R,. Wiegand et al. have introduced the model of distributed
time constants for supported bilayer membranes (distributed t fit) [Wiegand, 2002] to account
for electrical heterogeneities across the lipid membrane, as each leaflet of the bilayer membrane
can be divided into three layers with strongly varying dielectric properties: (i) the GCS-layer,
(i1) the polar hydrophilic lipid headgroups, and (iii) the nonpolar hydrophobic alkyl chains
[Sackmann, 1995]. Each layer is electrically represented by an independent RC element. The
resulting linear array of six RC elements is replaced by a distribution of time constants with an
average time constant ¢ = R,,,C,,, in order to reduce the number of free parameters (model (f)
in Figure 6.10). The impedance is then expressed by
R

ZRcoe = T Gor)’ (6.1)
where a ranges between 1 and 0, corresponding to an ideal RC element ( &« = 1) or an ideal
resistor (o = 0 ). In model (g), the resistance of the RC element representing the lipid bilayer
is replaced by a CPE (CPE fit) to test the ideality of model (e), in which the bilayer is described
by ideal elements only.

The fits of the different equivalent circuit models (e), (f) and (g) to the impedance spectra of
a supported bilayer membrane on a MOCVD GaN electrode after completed bilayer formation
are depicted in Figure 6.11 (a). All three models lead to a good agreement with the impedance
data. The respective values extracted by the different equivalent circuits are summarized in
Table 6.2. The residuals in logarithmic absolute impedance obtained by fitting with the three
models are presented in Figure 6.11 (b).

In contrast to the results of Wiegand et al. on ITO-electrodes [Wiegand, 2002], where substan-
tially smaller residuals were reported for the model (f) of distributed time constants compared
to the simple model (e) of ideal elements, only slightly smaller residuals were obtained by the
distributed 7 fit. Furthermore, the extracted value for the exponent o of 0.98 was much closer
to the ideal value of @ = 1 then the value of & = 0.89 found by [Wiegand, 2002], indicating
a more ideal dielectric membrane behavior. Thus, accounting for the electrical heterogeneities
along the axis of the lipid molecules by utilization of model (f) of distributed time constants
does not lead to a considerable improvement of the data fit in comparison to the simple model
(e). Apparently, the consideration of electrical heterogeneities in vertical membrane direction
is of minor importance.

Exchange of the bilayer resistance of model (e) with a CPE element reduced the residuals by
a factor of two, and the exponent o was estimated to 0.08. Due to the good accordance of
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the fit model (e) of ideal elements with the obtained impedance spectra and the only slight
improvement of the fit quality by the introduction of non-ideal elements, which goes along with
additional fit parameters, the equivalent circuit (e) was mainly used for the interpretation of the
impedance data of solid-supported membranes on IlI-nitride substrates.

membr. resistance R, membr. capacitance C,
model ) ) a
[ kQcm~] [ UFem™]
(e) - ideal element fit 0.73 £0.02 0.71 £0.01 —
(f) - distr. 7 fit 0.77 £0.03 0.74 £0.02 0.98 £0.01
(g) - CPE fit 1.3£0.1 0.67 £0.02 0.08 £ 0.01

Table 6.2.: Electrical properties of a supported bilayer membrane on a MOCVD GaN electrode ex-
tracted either by the ideal element fit model (e), the distributed 7z fit model (f), or the CPE
fit model (g).

A further prerequisite for the accurate determination of the dielectric membrane properties
from impedance data is the effective separation of various contributions to the total system
impedance. In the used experimental setup, described in Section 2.2.1, the contribution of
a bilayer with a capacitance between 0.5 — 1 uF cm™2 can only be resolved for membrane
resistances larger then 50 Q cm?. For membranes with a higher resistance, application of the
equivalent circuit model (e) provided an independent determination of the electrical parameters
of the membrane and the subjacent GaN electrode. Figure 6.12 (a) shows impedance spectra
of a GaN electrode before the membrane deposition and after completed bilayer formation,
each for different applied bias potentials. The dependence of the electrode capacitance on the
applied bias voltage, extracted by the equivalent circuit model (b) (e.g. Section 5.3.1) and (e)
before and after membrane formation, is shown in Figure 6.12 (b). The behavior of a nearly
ideal semiconductor depletion layer was found in both cases, and identical doping densities
were derived by fitting with the Mott-Schottky model (Eq. (A.8)). A small shift in flatband
voltage of 8 mV was obtained after the bilayer deposition. The described results clearly show
the possible independent analysis of the various dielectric layers by impedance spectroscopy
and fitting with the proposed equivalent circuit model.

Electrical Bilayer Properties and Membrane Formation

Figure 6.13 shows an impedance spectrum taken during the formation of a bilayer membrane
on a MOCVD GaN electrode hydrophilized by wet chemical surface treatment. The solid line
depicts a fit to the impedance data applying the ideal element fit. The self-healing process of the
membrane can be monitored by extraction of the membrane capacitance C,, and the membrane
resistance R, as a function of incubation time. In Figure 6.14 (a), the time dependence of C,,
and R,, obtained by the equivalent circuit (e) is shown. The extracted membrane resistance R,
increases over time up to a final value of around 730 Q cm?, whereas the membrane capacitance
C,, decreases to a constant value of approximately 0.7 uF cm™2. Both trends are discussed in
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Figure 6.11.: (a) Impedance data and corresponding fits for a supported lipid bilayer on a GaN elec-
trode. For fitting, the equivalent circuit models (e), (f), and (g) of Figure 6.10 have been
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the fitting with the different equivalent models (e), (f), and (g), respectively.
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according to the Mott-Schottky equation of an idealized semiconductor depletion layer
(Eq. (A.8)).
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Figure 6.13.: Impedance spectrum of a lipid membrane after an incubation time of 1 h. The solid lines
(—) represent the fit of the impedance data by the equivalent circuit model (e).

the following sections. Directly after deposition of the bilayer, a small drop in the extracted
capacitance of the GaN electrode Cy. is observable. Later during the bilayer growth, C;,
stays fairly constant at a value of 0.725 uF cm™2. The variations in the initial stage of the
membrane formation result from the fast change of the system during the recording of a single
impedance spectrum, which takes several minutes. The stability of the fitted capacitance of
the GaN electrode and the continuity of the extract membrane properties over time confirm
the accurate separation of the two time constants of the system, the time constant of the GaN
electrode and that of the lipid membrane. Fitting of the time dependent impedance spectra
with model (f) or (g) lead to different values for the extracted electrical parameters, but similar

transient behavior.

Bilayer Resistance and Membrane Defects

The continuous increase of the membrane resistance with increasing incubation time is a clear
indication for the self healing process of the lipid bilayers deposited directly on GaN surfaces.
However, the average final value for the membrane resistance of R,, &~ 1kQ cm? is far smaller
then those values reported for solid-supported membranes on other semiconductor materi-
als. On ITO and p-type silicon substrates, membrane resistances as high as 100kQ cm? and
1 MQ cm? were achieved by comparable lipid mixtures [Gritsch, 1998], [Purrucker, 2001]. For
bilayers deposited on gold surfaces functionalized by a SAM of mercaptopropionic acid, mem-
brane resistances of 0.46 MQ cm? have been reported [Steinem, 1997]. Even higher resistances
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as high as 1 — 5 MQ cm? and 7 MQ cm? have been reached for tethered lipid bilayer membranes
on gold electrodes by several groups [Raguse, 1998], [ Terrettaz, 2003]. A discussion of possible
reasons for the comparatively low membrane resistance reached here is given below.

Nevertheless, the membrane resistance of 1kQcm? is a clear indication for a bilayer with a
low defect density and therefore preserved self healing properties. A simple estimation of the
area ratio of the membrane defects can be made under the following assumptions: (i) The
resistance of a defect free planar lipid bilayer is around 10 MQ cm? [Montal & Miiller, 1972],
[Hanke & Schlue, 1993]. Hence, the conductance of a low resistive membrane is dominated by
bilayer defects. (i1)) The membrane defects are of cylindrical shape and filled with electrolyte.
The resistance of a defect is determined by the conductivity of the electrolyte o.;, which is
5.81 - 1073Q 'em™! for the 50mM NaCl solution used during the membrane deposition
experiments. Hence, the resistance of a defect is calculated as

o 1 d
T G Ager

(6.2)

with the membrane thickness d,,, and the defect area A4.r. The area normalized membrane

resistance is then given by

1 d
Ryem = — - —, (6.3)
O¢l X

with a defect area ratio x = %. For a membrane thickness of 30 — 40 A and a membrane
ges

resistance of around 1 kQ cm?, a defect area ratio lower than 10~ is derived.

Bilayer Capacitance and Estimated Bilayer Thickness

In this study, a decrease in the membrane capacitance with incubation time was observed, and
final values of approximately 0.7 uF cm™2 were extracted by the equivalent circuit model (e).
Comparable values of C,, = 0.71 uF cm™2 for an identical lipid composition of DHDAB and
cholesterol on p-type silicon substrates, which have been evaluated by the same equivalent
circuit, were reported by Purrucker et al. [Purrucker, 2001]. A similar trend for the reduction of
the membrane capacitance during membrane formation was observed. However, no explanation
was given for this behavior. The data obtained by Steinem et al. for a lipid monolayer
consisting only of DPPC, a phospholipid with identical alkyl chain length, show a DPPC
bilayer capacitance of 0.52 uF cm™2 [Steinem, 1996]. In general, membrane capacitances of
0.5 — 1 uF cm™2 have been reported for solvent-free solid supported lipid bilayers on different
substrates, depending on the lipid composition, the cholesterol content and the preparation
technique [Lang, 1994], [Steinem, 1996], [Gritsch, 1998], [Raguse, 1998], [Steinem, 1998],
[Purrucker, 2001], [Terrettaz, 2003].

The observed reduction of the membrane capacitance with incubation time cannot be explained
by the healing of membrane defects. As pointed out in Section 6.1.3, the capacitance contribu-
tion of the bilayer is only notable for membrane resistances larger then 50 Q cm?, which already
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corresponds to a relative defect area as low as 107, Accordingly, the electrode surface is almost
completely covered by a lipid bilayer already after several minutes of incubation, when the first
spectra with perceptible bilayer contribution to the total impedance are recorded. The healing of
membrane defects therefore has only a marginal influence on the total membrane capacitance.
On the other hand, for membranes with high cholesterol content homogenization can cause a
reduction of the membrane capacitance, as shown in the following.

The thickness d of the hydrophobic region of a lipid bilayer, which corresponds to the region
of the hydrocarbon chains, can be evaluated from the experimentally obtained capacitances

according to
€rég

d =
Cim

where C, is the capacitance per unit area and ¢, the dielectric permittivity of the alkyl
chains. Due to the considerably higher capacitance of the polar headgroup region of
approximately 30 uF cm™2 [Coster & Smith, 1974], their contribution to the total capaci-
tance is generally neglected [Requena & Haydon, 1975]. By assuming an average value of
2.2 for the dielectric coefficient, ¢,, of long-chain hydrocarbons [Montal & Miiller, 1972],
[Requena & Haydon, 1975], a dielectric thickness of around 28 A can be estimated for the mem-
brane hydrocarbon region. The assumption is justified by reports of Fettiplace et al., who found
that the membrane dielectric constant is not significantly changed in the presence of cholesterol
[Fettiplace, 1975]. Supposing all-trans conformation, the length of an unsaturated hydrocarbon
chain consisting of 16 carbon atoms can be calculated to 19 A, assuming a C-C bond length of
1.545 A and 110.5° for the sp>-hybrid bond angle. However, due to gauche defects the effective
alkyl chain length is markedly reduced depending on the temperature [Hoppe, 1983]. From the
average chain length of DMPC lipids obtained by NMR [Douliez, 1996], the average alkyl
chain length of DHDAP can be estimated to 14.6 A at 25 °C. Incorporation of cholesterol into
a bilayer membrane has been shown to increase the order of the hydrocarbon chains due to the
tendency to adopt more trans-configuration [ Yeagle, 1985]. In DMPC membranes, the average
number of gauche defects is reduced by about two gauche defects per chain (form ~ 3 to ~ 1)
by the presence of 30 mol % cholesterol, therefore increasing the average alkyl chain length
markedly by about 3.5 A per chain at 25°C [Douliez, 1996]. The resulting dielectric bilayer
thickness of 36 A assuming a lipid alkyl chain length of 16 and a cholesterol content of 30 mol %
is a bit larger than the derived dielectric membrane thickness of 28 A for a DHDAP/cholesterol
1 : 1 molar mixture, but still of the same order.

(6.4)

A slow homogenization of the cholesterol distribution in the bilayer during the membrane
formation process could partly explain the observed time dependence of the membrane ca-
pacitance. Depending on the experimental conditions, cholesterol-rich and cholesterol-poor
domains as well as the formation of pure cholesterol domains can be observed in bilayers
with high cholesterol contents [McMullen & McElhaney, 1996]. Incorporation of cholesterol
into the cholesterol-poor domains of a DHDAP would increase the bilayer thickness from
29.2 A to 36.2 A, resulting in a reduction of the membrane capacitance from 0.67 uF cm™2
to 0.52 uF cm™2.
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The obtained membrane capacitance of C,, = 0.71 uF cm™2 and the corresponding dielectric
thickness of 28 A strongly suggest a solvent free bilayer, as a significant decrease in membrane
capacitance to C,, = 0.4 uF cm~2 has been reported for the incorporation of an organic solvent
such as n-decane into the membrane, which had lead to an increased thickness of the hydropho-
bic region of lipid bilayers [Montal & Miiller, 1972]. Furthermore, the formation of a layered
arrangement of various bilayers or bilayer patches, which could also be responsible for the
increased membrane resistance can be excluded. A comparison of the obtained dielectric bilayer
thickness with the estimated hydrocarbon length suggests the formation of a single bilayer
membrane with increasing resistance due to the healing of membrane defects with incubation
time.

Supported Membranes on PAMBE GaN Electrodes and the Ihfluence of Surface
Roughness

In addition to the electrical characterization of supported membranes on MOCVD GaN elec-
trodes, bilayer formation could also be observed on GaN films grown by PAMBE on sapphire
substrates. Due to their higher doping levels of 3 x 10! cm™ — 1 x 10?° cm™3, the PAMBE
GaN electrodes exhibited a higher capacitance of approximately 1 — 3 uFcm™ at Vpjps = 0V
(vs. Ag/AgCl). The GaN layers deposited by the different growth methods and hydrophilized
either by thermal oxidation or wet chemical treatment showed a significant difference in their
surface morphology. The hydroxylated MOCVD surfaces exhibited a low roughness (< 0.5 nm
rms) and terraces typical for two-dimensional growth (Figure 6.15 (b)), whereas the surface
roughness of a thermally oxidized PAMBE surface as shown in Figure 6.15 (a) was signifi-
cantly larger (1.5 nm rms). Despite the significantly higher surface roughness, the formation of
bilayer membranes was also observed on PAMBE grown GaN films, and membrane resistances
comparable to the values on MOCVD GaN were achieved. The dielectric membrane properties
of a bilayer deposited by the vesicle fusion method on a PAMBE GaN electrode and calculated
by the equivalent circuits (e), (f), and (g) are given in Table 6.3.

membr. resistance R, membr. capacitance C,
[kQ cm?] [ uF cm™2] ’
(e) - ideal element fit 0.65 £ 0.04 0.86 £ 0.04 —
(f) - distr. 7 fit 0.83 £0.05 1.04 £ 0.06 0.88 +0.02
(g) - CPE fit 344+0.5 0.66 + 0.03 0.23 +0.02

Table 6.3.: Membrane resistance, R,,, and capacitance, C,,, for a lipid bilayer deposited by vesicle
fusion on PAMBE grown GaN films.

The main difference in comparison to the results on MOCVD GaN are the much larger devia-
tions of the distributed 7 and the CPE fit model with non-ideal elements from the fit by an ideal
element circuit, reflected in the exponent a. The value of o = 0.88 for the distributed z fit cor-
responds quite well to values of @ = 0.89 for ITO-electrodes reported in Ref. [Wiegand, 2002].
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Figure 6.15.: AFM images of (a) a thermally oxidized PAMBE GaN surface (2 h at 650 °C), and (b)
a hydroxylated MOCVD GaN surface, which exhibits the typical morphology due to
two-dimensional growth.

Wiegand et al. have attributed the deviation from the behavior of an ideal circuit to electrical
heterogeneities along the axis of the lipid molecules, caused by the different dielectric properties
of the membrane layers (see Section 6.1.3). However, the results obtained on GaN electrodes
strongly suggest a correlation of the ideality of the membrane reflected by the exponent a and
the roughness of the supporting solid substrate, as ITO-electrodes as well have been reported to
exhibit rough surfaces with a rms value as high as 2.5 nm [Hillebrandt, 2001]. This conclusion is
further corroborated by the results obtained by Purrucker et al. for supported bilayer membranes
on smooth oxidized silicon substrates, as the circuit model (e) of ideal elements showed a high
correlation with the recorded impedance data, and no introduction of non-ideal components was
necessary [Purrucker, 2001].

Furthermore, it can be concluded that the surface roughness is not the limiting factor for
the membrane resistance in the case of MOCVD grown GaN substrates, as equal membrane
resistances were found for PAMBE grown films with significantly higher surface roughness.

Membrane Deposition by Solvent Exchange

Membranes deposited by vesicle fusion and solvent exchange on PAMBE GaN electrodes
were compared by impedance spectroscopy. A bilayer formation was also observable after
a membrane preparation by solvent exchange, and the electrical parameters estimated by the
equivalent circuits (e) - (g) are summarized in Table 6.4. No significant differences in the mem-
brane capacitance due to the preparation method were obtained, and comparable membrane
resistances around 1 kQ cm? were reached. Therefore, it can be concluded that the electrical
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membr. resistance R, membr. capacitance C,
[kQ cm?] [ uF cm™2] ’
(e) - ideal element fit 0.75 £ 0.05 0.82 +0.03 —
(f) - distr. 7 fit 1.02 +0.08 0.98 +0.05 0.89 +0.02
(g) - CPE fit 44402 0.65 +0.01 0.23 +£0.01

Table 6.4.: Membrane resistance, R,,, and capacitance, C,,, for a lipid bilayer deposited by solvent
exchange on PAMBE grown GaN films.

membrane parameters, particularly the resistance are independent of the preparation method
but depend on the surface properties.

Dynamic Contact Angle Experiments

In the previous sections it has been shown that the formation of lipid bilayer membranes on
hydrophilized GaN surfaces is possible and membrane formation can be observed by impedance
spectroscopy. Whereas the extracted membrane capacitance, Cp,, is in good agreement with
bilayer capacitances published for other semiconductor electrodes, the determined membrane
resistance R,, is comparably small. A significant influence of the preparation method, either
vesicle fusion or solvent exchange, or the surface roughness on the achievable membrane
resistance was excluded. A possible explanation for this observation could be the formation
of an inhomogeneous oxide with local pinning centers during the surface oxidation procedures.

By dynamic contact angle measurements, information about the lateral homogeneity of the
oxidized surface and the wetting properties can be obtained. The contact angle of a liquid
droplet of increasing volume on the surface is dependent on the velocity of the advancing edge
of the droplet. Inhomogeneities lead to a local pinning of the droplet front, resulting in an
increase in the contact angle until the adhesive force at the pinning center is exceeded. The
described behavior results in a non-continuous increase of the wetted surface and excursive
variations of the contact angle.

Figure 6.16 shows the contact angle and diameter of a water droplet on a hydroxylated MOCVD
GaN surface for an increasing droplet volume. Abrupt rises of the droplet diameter, accompa-
nied by jumps in the contact angle with increasing droplet volume are observed, indicating
the stick-slip behavior described above for a pinning at local surface inhomogeneities. This
inhomogeneities could also cause local defects in the deposited bilayer membranes, resulting in
a significant reduction of its resistive properties.
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Figure 6.16.: Contact angle and diameter of a water droplet with increasing volume on the surface of a
hydroxylated MOCVD-grown GaN electrode with native oxide.

6.2 Organic Functionalization of GaN by Silane Monolayers

Organic functionalization of inorganic solid surfaces can be realized by deposition of self-
assembled monolayers of organic molecules. These layers can provide a stable basis for sub-
sequent coupling of functional biomolecules, like enzymes or specific receptors. Alkanethiol
monolayers on Au surfaces are an intensely studied example for the establishment of a well
controlled and stable organic/inorganic interface by covalent attachment of organic molecules
in a self-organized process [Schreiber, 2000].

First studies on the adsorption of organic molecules on GaN surfaces have been carried out
by Bermudez, who deposited anilines or octanethiols from the gas phase [Bermudez, 2003]. In
this section, the covalent functionalization of GaN surfaces by SAMs of organosilanes, which is
often simply referred to as silanization, is discussed with the main focus on their electrochemical
properties.

Silanization of glass or oxidized silicon surfaces has been thoroughly investigated and is dis-
cussed in various publications [Sagiv, 1980], [Parikh, 1994], [Bierbaum, 1995], [Rittner, 2005].
Linkage of biomolecules to silanized Si-based field-effect devices has been successfully used
for the electronic detection of enzyme activity and DNA hybridization [Kharitonov, 2000],
[Uslu, 2004]. For Ill-nitrides, a recent publication by the group of Pearton [Kang, 2005]
presented the immobilization of proteins to AIGaN/GaN transistors modified by aminopropyl-
triethoxysilane (APTES). However, neither formation of a monolayer, nor covalent immobiliza-
tion of the APTES molecules was proven.
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Figure 6.17.: Chemical structure of different alkylsilanes with a methyl, amino or thiol termination of
their alkyl chain: (a) octadecyltrimethoxysilane (ODTMS), (b) aminopropyltriethoxysi-
lane (APTES), and (c) (3-mercaptopropyl)trimethoxysilane (MP-TMS).

Alkylsilanes consist of a central Si atom surrounded by three active head groups and an unpolar
alkyl chain, which is in some cases terminated with a functional end group like a methyl-,
amino- or thiol-group. In Figure 6.17, the chemical structure of different alkylsilanes, ex-
hibiting methoxy- or ethoxy-head groups and different terminations is presented. Depending
on the nature of the functional end group, various strategies for the organic functionalization
of the solid surface can be followed. Modification of oxidic surfaces by alkylsilane SAMs
exhibiting a methyl termination, like octadecyltrimethoxysilane (ODTMS, Figure 6.17 (a)),
results in hydrophobic surface properties due to the unpolar nature of the end group. After
functionalization, these surfaces allow subsequent deposition of lipid monolayers [Lud, 2006],
or polymer supported lipid membranes [Sackmann, 1996]. Reactive end groups like amino-
or thiol-groups enable the linkage of biomolecules with corresponding terminations. Amino-
terminated proteins can be immobilized via a glutaraldehyde linker and Schift-base formation to
the amino end group of APTES (Figure 6.17 (b)), or other amino-terminated silanes. Carboxyl-
terminated molecules are attached to APTES via a peptide bond. Via a disulfide bridge, thiol-
terminated proteins can be linked to SAMs of organosilanes with a thiol end group (Figure 6.17
(c)). Consequently, the whole diversity of proteins with thiol-terminations designed for grafting
on Au surfaces [Schreiber, 2000] can be adopted to silanized GaN surfaces.

In the following section, an outline of the functionalization scheme for GaN surfaces by
organosilane SAMs is given.
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Figure 6.18.: Silanization of a hydroxylated surface by ODTMS. The Si of the silane molecules form
a covalent siloxyl bond with the OH-surface groups. During monolayer formation, the
silanes are crosslinked by formation of Si-O-Si bridges.

6.2.1. Silanization of GaN Surfaces

The silanes are solved in toluene and deposited on the hydroxylated GaN surface. By splitting
off one or more head groups to the solution, the Si of the silane molecules can form a covalent
siloxyl bond with the OH-surface group. Furthermore, the silanes are crosslinked by forma-
tion of Si-O-Si bonds, which is a basic requirement for the formation of a stable monolayer
[Sung, 1999]. A detailed description of the silanization process for GaN and AIN surfaces can
be found in [Baur, 2005].

For a self-assembly process, the entropy loss due to the ordered adsorption of molecules must
be compensated by a gain in energy. This energy gain is achieved by the reaction of the head
groups with the surface and the adjacent molecules, and the Van der Waals interaction between
adjoining alkyl chains.

Furthermore, the water content and the reaction temperature are of major importance for the
formation of a covalently bound monolayer. On the one hand, water in the organic solution
results in blocking of the surface OH-groups, on the other hand, water is required to hydrolyze
the surface groups to enable a reaction in the first place [Silberzan, 1991], [McGovern, 1994].
Depending on the alkyl chain length, the reaction temperature has to be thoroughly controlled.
For too high reaction temperatures, gauche rotations of the alkyl chains impede an ordered
assembly at the surfaces [Brzoska, 1992], [Parikh, 1994]. For a too low reaction temperature
however, the silane molecules crystallize already in the solution.

The formation of a hydrophobic GaN surface by ODTMS-silanization with contact angles
> 90° was shown by Baur et al. [Baur, 2005]. No conglomeration of silane molecules or
formation of several stacked silane layers was reported.
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Figure 6.19.: Impedance spectrum of an ODTMS-functionalized GaN electrode. Equivalent circuit
model (a) was employed for the data analysis.

6.22. Electrical Characterization of Silane Monolayers on GaN

The electrical properties of ODTMS monolayers on hydroxylated GaN electrodes were charac-
terized by impedance spectroscopy measurements. Impedance spectra were recorded directly
after the hydroxylation of the GaN electrode, after the silanization with ODTMS and repeated
over a time of 24 h, and after removal of the organosilane SAM by etching in diluted KOH and
piranha etch.

Figure 6.19 shows the impedance spectrum of an ODTMS-modified GaN electrode for an
applied bias voltage of Vp;,s = 0V.

Based on the results for bare GaN electrodes of Section 5.3.1, the equivalent circuit (d) can be
employed for modelling of a GaN electrode with an additional surface layer. The circuit model
consists of a resistance R,,; in series with the interface capacitance Cj,; representing the GaN
electrode, in series to a Randles circuit of C;, and R, representing the organic functionalization
layer. However, the interpretation of the individual circuit elements of the organic layer is
different from the interpretation used for lipid bilayers in Section 6.1.3. Between a lipid bilayer
and the electrode surface an intermediate layer of conducting electrolyte is present, resulting in
an uniform potential on the electrode surface. The alkylsilanes, however, are covalently bound
directly to the surface. As the alkylsilane layer is generally not conductive, the potential at
the electrode surface cannot be regarded as uniform. For this reason, model (d) was modified
according to Figure 6.20. The system is separated into parallel elements, each consisting of a
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Figure 6.20.: Equivalent circuit model of a semiconductor electrode modified with a SAM of covalently
bound alkylsilanes. Cj;zqne and Ry;jqqe represent the local resistivitiy and capacitance of
the silane layer, respectively.

space charge layer capacitance C;, in series with the parallel capacitance Cy;j,,. and resistance
Rgirane of the silane layer. For the ideal case of defect-free and homogeneous SAMs, both mo-
dels lead to identical results. However, significant differences are obtained for inhomogeneous
functionalization layers with local defects. In the case of lipid double layer membranes, the
membrane resistance is dominated by a few defects in an otherwise highly resistive membrane
and reduced by some orders of magnitude, whereas the membrane capacitance remains basically
unaffected. The total impedance of the Randles circuit representing the lipid double layer
becomes negligibly small and the total system impedance is determined mainly by the serial
capacitance of the space charge region, Cs.. For silane layers, local defects only reduce the
local impedance of the functionalization layer, that is the impedance of only one of the parallel
RsitaneCsilane-€lements. The total capacitance at this site is again determined by the space
charge capacitance Cy. of the electrode. All parallel elements that represent the defect free
regions remain unaffected. Hence, local defects only slightly change the total impedance of the
system.

As a first approximation, the influence of local defects on the impedance spectra can be ne-
glected for nearly closed silane layers due to their low surface area fraction. In practice, this
allows the utilization of circuit model (d) for data analysis. The resistance R, however, is
not interpreted as the total resistance of the functionalization layer, but the local microscopic
resistance Rg;iqne Of the defect free regions of the silane layer. The extracted capacitance Cy,
can be directly identified with the silane layer capacitance Cg;j4,.. This interpretation is not
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Figure 6.21.: Total capacitances, C,, versus bias voltage, extracted by the circuit model (a) from
impedance spectra of a GaN electrode recorded before and after deposition of an ODTMS
SAM and after removal of the monolayer.

valid for low surface coverage, as the surface area fraction of defects can no longer be neglected
in that case.

The impedance spectrum of the ODTMS-modified GaN electrode in Figure 6.19 shows no sig-
nature of a serial RC-element. However, a clear reduction of the system capacitance compared
to measurements directly before the silanization is observed.

For this reason, the equivalent circuit model (a) was employed for analysis of the impedance
spectra of both, hydroxylated and silanized GaN surfaces. Consequently, only one voltage de-
pendent capacitance C;(Vp;45) can be extracted from the impedance spectra, which corresponds
to the voltage dependent capacitance of the space charge region Cs.(Vp;4s) in series with the
voltage independent capacitance Cy;z4, Of the silane layer.

In the investigated frequency range between 50 mHz and 50 kHz, no signature of the RC-
element of the silane layer was observed. Under the assumption of a silane capacitance of
Csilane = 2 UF cm™2 (see Section 6.2.2), a lower limit of 1 MQ cm? can be estimated for the
local resistance Ryjzan. of the ODTMS monolayer.

Figure 6.21 shows the total capacitance C; extracted from the impedance spectra recorded at
different bias potentials before and after silanization and after removal of the organic functio-
nalization. The influence of the silane layer appears in the reduction of the total capacitance after
silanization. After removal of the organic monolayer, the C; — V};,s dependence approaches
the initial behavior of a hydroxylated GaN electrode.
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Figure 6.22.: Total capacitance, C;, of an ODTMS-modified GaN electrode at V};,; = 0V over a time
interval of 10 h.

Stability of the ODTMS Monolayer on GaN

The stability of the ODTMS functionalization on GaN electrodes in standard PBS buffer was
checked by consecutive recording of impedance spectra over 24 h. The total capacitance, C;,
was extracted by circuit model (a) for each spectrum. No notable difference was observed
between the C; — Vs dependence directly after silanization and after 24 h of continuous
measurement (Figure 6.21). Figure 6.22 shows the total capacitance C; obtained from spectra
recorded over several hours at V3, = 0V. The electrical properties of the ODTMS function-
alized GaN electrode showed no variation over the investigated time interval of 10 h.

Surface Coverage of the ODTMS Monolayer on GaN

One possible approach to obtain the surface coverage of a resistive monolayer by electrochemi-
cal methods is the comparison of the charge transfer to redox couples in the electrolyte for bare
and modified electrodes, either by impedance spectroscopy or cyclic voltammetry experiments.
Here, the following assumptions have to be made: (i) modification of the electrode surface by
a resistive monolayer passivates the electrode, and (ii) charge transfer reactions occur only at
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Figure 6.23.: Impedance spectrum of a hydroxylated GaN electrode before functionlization with a
monolayer of ODTMS. 2 mM of the iron-cyanide redox couple have been added to the
measurement electrolyte.

defects in the passivation layer on the electrode surface. In that case, the fractional coverage of
the electrode surface, 6, is given by

_ Rbare
b
Rsam

0=1 (6.5)
where Ry, and Rg 4y are the interface resistances for the bare electrode and after the deposi-
tion of the monolayer, respectively [Sabatani, 1993], [Janek, 1998]. Both interface resistances
have to be obtained at the same bias voltage Vp; 4.

Because of its much higher accuracy compared to cyclic voltammetry, impedance spectroscopy
is the preferable method for this purpose. For an increase of the charge transfer reactions
at the GaN/electrolyte interface, 2 mM of the iron-cyanide redox couple (see Section 5.3.7)
have been added to the standard PBS solution used for impedance spectroscopy experiments.
Figures 6.23 and 6.24 show the impedance spectra of a hydroxylated GaN electrode recorded
at Vpias = —0.3 'V, before and after modification with a monolayer of ODTMS, respectively. A
significant increase of the absolute impedance at low measurement frequencies can be observed.
The interface resistances R; extracted by the equivalent circuit model (b) are given in the
following table for the bare GaN electrode (Rpq) and after deposition of the silane SAM
(Rsam)-
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Figure 6.24.: Impedance spectrum of a hydroxylated GaN electrode after functionlization with a mono-
layer of ODTMS. 2 mM of the iron-cyanide redox couple have been added to the mea-
surement electrolyte.

Vbias[ V'] Rbare[Qcmz] RSAM[QcmZ] 0
—0.2 1.5 x 107 1.6 x 108 91%
—0.3 1.7 x 10° 2.8 x 107 94%

Although the obtained interface resistance varies about one order of magnitude between Vj;,s =
—0.2V and —0.3V, similar values for the surface coverage around 6 = 92% =+ 2% have
been extracted. The high defect area of about 10% justifies the assumption of charge transfer
occurring only at the defect sites.

Capacitance of the ODTMS Monolayer on GaN

As discussed above, the capacitances of the space charge region in the GaN electrode and
the ODTMS functionalization layer cannot be separated by the impedance measurements due
to their high parallel resistance. However, the additional capacitance of the silane layer can
be extracted from the C; — V' behavior by means of the shift in flatband voltage under the
following assumptions: (i) the SAM capacitance is voltage independent, (ii) the monolayer
is homogeneous, and (iii) the obtained shift in flatband voltage is exclusively evoked by the
additional serial capacitance of the ODTMS monolayer. Based on these assumptions, the
capacitance of the silane SAM Cj;;4,. can be calculated by means of Eq. (5.68).
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Under these assumptions, the additional serial capacitance Cg;;4,,. Was evaluated for ODTMS-
modified GaN electrodes with different doping densities 0f2.9x 10'® cm™3 and 1.1 x 10! cm™3
to 1.5 uF cm™2 and 2.4 uF cm™2, respectively.

In X-ray reflectivity measurements, an ODTMS-layer thickness on GaN of dpprys = 2.5nm
was obtained [Baur, 2005]. By evaluating the ODTMS-layer capacitance according to

£,€0

Coprms = (6.6)

—)
doprms

with the dielectric coefficient ¢, = 2.2 for long-chain hydrocarbons, Coprys = 0.78 uF cm™2
1S obtained.

Several reasons could be responsible for the difference in the capacitances evaluated either from
the measured layer thickness by Eq. (6.6) or from the impedance measurements:

e The dielectric coefficient of the silane monolayer differs from the approximated value
¢, for long-chain hydrocarbons. A higher dielectric constant could be caused by ions or
water molecules in the silane layer.

e The layer thickness obtained by X-ray reflectivity measurement is not correct. A mono-
layer thickness dprs = 1.08 nm was reported in [Rittner, 2005] for octadecyltrichlorosi-
lane (OTS) monolayers on oxidized silicon. As the Si is directly bound to the surface,
OTS and ODTMS SAMs have equal thicknesses, dors = doprus. A corresponding
capacitance of Coprayrs = 1.8 uF cm™2 can be calculated by Eq. (6.6).

e The shift in Vy;, caused by the additional serial capacitance of the monolayer is partly
compensated due to a change in the surface chemistry.

Conclusions

Hydroxylated GaN electrodes can be functionalized by organic monolayers of alkylsilanes
in a self-assembly process. For hydroxylated GaN surfaces silanized by ODTMS, a surface
coverage of 90 — 95% was evaluated by impedance spectroscopy with a redox electrolyte. The
capacitance of the SAM was determined to Coprys = 2 uF cm~2, with a local resistance
Rgitane exceeding 1 MQcm?.

6.3. The Cell-Transistor Hybrid System

Recording the electrical activity of cells with planar device arrays is a promising approach for
the study of biological networks as well as for the realization of whole-cell biosensors. A
prerequisite for the understanding of information processing in neuronal networks is a multisite
recording of cell signals at a cellular level [Fromherz, 1991]. In whole-cell biosensors, cells or
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cell networks cultured on the device surface act as the biological receptor unit [Parce, 1989],
[McConnell, 1992]. Such hybrid sensors benefit from the high sensitivity and selectivity of the
specific receptors in the cellular membrane and the signal amplification in second messenger
pathways of the cells. These cell-sensor hybrids are suitable for a variety of applications
such as drug discovery and screening in pharmacology, detection of toxins, and environmental
monitoring [Gross, 1985], [ Yeung, 2001].

Most of these applications require a long-term multi-site recording of electrophysiological cell
activity under physiological conditions. Intracellular recordings by the patch-clamp technique
[Neher & Sakmann, 1976] exhibit a very high signal-to-noise ratio and even the function of
single ion channels can be studied. However, this invasive method is not feasible for long-term
measurements as the cells are subjected to a high degree of stress. Further, the observations are
limited to only a few cells. The utilization of voltage sensitive dyes is also excluded, as they are
toxic on illumination [Gritsch, 1998].

Extracellular monitoring of electrical cell activity can be performed by micro-electrode arrays
[Thomas, 1972], [Gross, 1985], [Heer, 2004] or FET device arrays, as it was first reported for
muscle fibers and neuronal slices by Bergveld et al. [Bergveld, 1976]. In 1991, Fromherz and
co-workers succeeded in the recording of spontaneous and stimulated action potentials from the
single Retzius neuron of a leech. Later, the capacitive stimulation of individual neurons with
a silicon based integrated capacitor was shown to be possible [Fromherz & Stett, 1995], and a
bidirectional interface between neuron and silicon microstructure was developed [Stett, 1997].
Zeck et al. have established a hybrid circuit of synaptically connected snail neurons and a
silicon chip with noninvasive stimulation and recording [Zeck & Fromherz, 2001].

As a model cell system for the recording of action potentials with new transducer devices
or device structures, myogenic cells like cardiac myocytes are suitable as they exhibit spon-
taneous action potentials and make external stimulation unnecessary. Because of the me-
chanical contraction, the spontaneous cell activity can be verified optically [Israel, 1984]. In
this work, layers of heart muscle cells from embryonic E15 - E18 rats were used. Fur-
thermore, hybrid systems of cardiac myocytes and AlGaN/GaN SGFETs are interesting for
various sensor applications based on detection of changes in beating frequency and shape of
the extracellular signal [Offenhdusser & Knoll, 2001]. Dose-response curves of cardiac drugs
like the cardiac stimulants (e.g. isoproterenol) or relaxants (e.g. verapamil) can be measured
[Yeung, 2001], [Ingebrandt, 2001], and the detection of various channel blocking toxins was
possible [Pancrazio, 1998].

In the following sections, the cultivation of cardiac myocyte cells on AlGaN/GaN SGFET
devices and the subsequent recording of their spontaneous activity is described. The cell-
transistor coupling is discussed in the frame of the point-contact model.
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6.3.1. Preparation of Cardiac Myocyte Cells

The preparation of the cardiac myocytes cell culture was adapted from previously published
protocols [Denyer, 1999]. Briefly, hearts of embryonic Wistar rats (Charles River, Sulzbach,
Germany), day 17, were removed, gently washed three times with ice-cold HBSS and minced.
The chopped tissue was trypsinised for 8 min at 37 °C (0.5 g/ 1 trypsin, 0.2 g/ ml EDTA, Sigma-
Aldrich, Munich, Germany). The supernatant was discarded and the remaining tissue was
incubated at room temperature with 100 ul DNase II (10000 units/ ml, Sigma-Aldrich). After
3 min, 2.5 ml Trypsin-EDTA were added and the suspension was incubated for 8 min at 37 °C.
The supernatant was added to 4 ml blocking solution — Ham’s F10 containing 33% fetal calf
serum (FCS, Biochrom, Berlin, Germany) — to block the trypsinisation and kept on ice. The
dissociation was repeated twice with the remaining tissue.

The cell suspension was centrifuged for 10 min at 200g at 4°C. The resulting pellet was
resuspended in Ham’s F10 medium containing 5% (v/v) FCS, 1% (v/v) Penicillin-Streptomycin
(10000 units/ml penicillin and 10 mg/ ml streptomycin, Sigma-Aldrich) and 0.5% (v/v) ITS
(Sigma-Aldrich), adjusted to pH 7.2, and plated for 70 min on 35 mm dishes. During this
differential adhesion [Denyer, 1999], the myocyte to fibroblast ratio was increased because
fibroblasts have a higher adhesion rate than cardiomyocytes. Most of the fibroblasts adhered
to the dish and the supernatant with the cardiomyocytes was centrifuged for 10 min at 200 g and
room temperature. The pellet was resuspended in Ham’s F10 medium.

The AlGaN/GaN chips were cleaned for 30 min with 78% ethanol and coated for 30 min with
60 ul of 12.5 ng/ ml fibronectin (Sigma-Aldrich) in HBSS at 37 °C. The surfaces were rinsed
with PBS buffer solution (137 mM NaCl, 2.7 mM KCIl, 4.3 mM Na,HPOy4, 1.4 mM NaH,POyq,
pH 7.3) before plating the cells. The cells were plated onto the chips at densities of 5000—12000
cells per chip (effective surface: 6.2mm?). The chips were kept at 37°C and 5% CO; in a
humidified chamber. The medium was replaced several times. After 5 to 6 days in culture,
a confluent monolayer of cells (syncytium) developed on the sensor surface, which exhibited
spontaneous rhythmic activity. Figure 6.25 shows a cardiac myocyte syncytium on the device
surface of an AlGaN/GaN SGFET array.

6.3.2. Recording of Action Potentials

For recording of extracellular cell potentials, cardiac myocytes were cultivated as described
above on 4 x 4 AlGaN/GaN SGFET arrays. The preparation and characterization of the readout
devices is described in Section 3.3.2 and Chapter 4. For the recordings, the culture medium
was replaced by a solution containing 145 mM NaCl, 3 mM KCI, 2 mM MgCl,, 3 mM CaCl,,
10 mM HEPES, 8 mM glucose, and adjusted to pH 7.3 with NaOH as extracellular medium.
The setup used for transistor control, signal amplification, and data extraction during the
measurements is briefly described in Section 4.1. An Ag/AgCl wire was used as a reference
electrode.
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Figure 6.25.: Syncytium of cardiac myocyte cells cultivated on the device surface of an AlIGaN/GaN
SGFET array.

Measurements of the extracellular membrane voltage were performed with a confluent mono-
layer of rat heart muscle cells after 5 to 6 days in culture. The cells were beating spontaneously
with a stable frequency and the electrical activity of the cells was recorded by means of the
voltage V; in the junction area between cell and transistor gate. An extracted 10 s time sequence
of the measurement is shown in Figure 6.26.

The monitored transistor signals were 100 ms — 150 ms in duration, occurring with a stable
frequency of around 2 Hz for several minutes. Signal amplitudes between 1.2mV — 1.4mV
were recorded.

Action potentials of fully developed cultured cardiac cells are mainly generated by ionic fluxes
of sodium, calcium, and potassium across the cellular membrane. The initial fast-rising action
potential is triggered by an influx of sodium ions. The action potential is retarded by an inward
directed calcium flux leading to a plateau phase. The following potassium efflux repolarizes the
cell.

A first approximation to describe the coupling of an electrically active cell to a planar sensor is
the point contact model introduced by Regehr et al. for micro-electrode arrays [Regehr, 1989],
and later applied to transistors [Fromherz, 1991], [Sprossler, 1999]. Figure 6.27 shows the
schematic illustration of a cell-transistor junction including the idealized equivalent circuit.
The electrical contact between cell and transistor is approximated by a single contact point.
The cell is separated from the transistor gate by an extended cleft of electrolyte with a height of
60 — 110 nm, depending on the surface coating and type of cell [Braun & Fromherz, 1998]. The
cleft represents a seal resistor with a seal conductance g ;. The cell membrane has a capacitance
of ¢ M-

Mainly two contributions to the electrical signal have to be considered: First, changes of the
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Figure 6.26.: Extracellular potential of a spontaneously beating cardiac myocyte syncytium recorded
with an AIGaN/GaN SGFET. The cells were cultivated on the device surface.

intracellular potential V3, lead to capacitive currents across the attached part of the cellular
membrane into the contact point. Secondly, the ionic currents through ion channels in the
attached part of the membrane - which are summarized in i s, - have to be considered. Both
currents are forced to flow along the small cleft formed by the cellular membrane and the sensor
surface. This leads to a voltage change at the sensor surface and both contributions have to be
taken into account for the interpretation of the recorded signal shape. Under the assumption
V; << Vi, the extracellular voltage V; can be expressed by Kirchhoft’s law as

1 dV;
Vy=— (CM—M + iJM) . (6.7)
gJ dt

The signal shapes recorded by the AlGaN/GaN transistors seem to consist mainly out of the
potassium signal part [Sprossler, 1999], [Ingebrandt, 2001]. Based on the available measure-
ments, the exact origin of this signal shape could not be completely clarified. The shape resem-
bles the "B-type" signal described in Ref. [Sprossler, 1999] for a syncytium of comparable cells.
For the kind of cell-transistor junction resulting in "B-type" signals, the capacitive current is
negligible and the junction voltage Vs is mainly determined through the ratio R s/ R jjs between
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Figure 6.27.: Point contact model of the electrical coupling between a cell and a SGFET device.

the seal resistance Ry of the cleft and the membrane resistance R ;s at the junction. However,
the extracellular voltages reported for "B-type" signals in the literature are significantly larger
[Sprossler, 1999].

In conclusion, arrays of AlIGaN/GaN SGFET are suitable devices for the monitoring of extracel-
lular cell potentials, as demonstrated for the spontaneous action potentials of a confluent layer
of cardiac myocytes cultivated on the device surface. The presented data provide the first cell
action potentials recordings performed by a non-silicon-based FET. The optical transparency
of the substrate further permits optical analysis from the backside simultaneous to the elec-
trical measurements. Based on the presented cell-transistor hybrid system, the realization of
various whole-cell biosensor concepts for drug screening, detection of toxins, or environmental
monitoring is possible.
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In the present work, the application potential of the AlGaN alloy system in biochemical sensors
is evaluated. Biochemical sensors based on a biological recognition element and a semiconduc-
tor field-effect transducer are suitable devices for sensitive and specific analytical detection, and
can be integrated with electronic circuits for on-chip signal amplification and processing. As
biochemical sensors are operated in aqueous liquids, investigation of the physical chemistry of
GaN/electrolyte interfaces, including the charge- and potential distribution, charge transfer pro-
cesses, or the dependence of the interface potential on ionic concentrations was one of the main
aspects. Various methods for an organic functionalization of AlGaN surfaces were investigated,
and possible biosensor concepts are discussed. Furthermore, a novel device for recording of
extracellular cell signals based on AIGaN/GaN heterostructure transistors was developed, and
successfully applied to the recording of spontaneous action potentials of a cardiac myocyte
syncytium.

AlGaN/GaN solution-gate field-effect transistors and transistor arrays were implemented and
analyzed regarding an application as transducers in biochemical sensors. The transistor channel
current was controlled by the potential applied to the solution gate contact, analogous to a Schot-
tky metal gate contact. Stable operation with negligible leakage current over the electrolytic gate
was observed. To avoid excessive heat development at the gate surface, the transistors were
operated in the linear regime at Vpg < 0.5V, and a maximum transconductance of 0.2 mS was
obtained.

Measurements of the low-frequency noise between 1 Hz and 1 kHz exhibited a 1/f noise behav-
ior, and a Hooge parameter of 5 x 10™2 was determined. The equivalent gate input noise S Vs
showed a minimum for the gate voltage Vs of maximum transconductance, hence chosen
as the operation point for further sensor applications. However, strong variations in the low
frequency noise have been obtained, which are assumed to be caused by the non-optimized
ohmic contacts. The best tested devices exhibited a peak-to-peak noise level of 25 uV, which
is one order of magnitude smaller than for common silicon-based devices, and comparable to
buried-channel silicon SGFETs suitable for the recording of mammalian neuron activity.

The surface chemistry of native and thermally oxidized GaN was analyzed by XPS. As-grown
GaN surfaces show the immediate formation of a native oxide or oxynitride layer after exposure
to atmosphere. For dry thermal oxidation at temperatures between 600 °C and 800 °C, the
formation of a gallium oxide was observed. Island growth of gallium oxide, preferentially
at threading dislocations was confirmed by cross sectional transmission electron microscopy
micrographs for a 2 h dry oxidation at 700 °C in Ref. [Weidemann, 2005].
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Electrochemical analysis of the GaN/electrolyte interface was performed by impedance spec-
troscopy and cyclic voltammetry. For external potentials afar from the flatband voltage
(Vpias — Vyp > 1 V), n-type GaN electrodes exhibit an ideally polarizable interface, and can be
electrically described by a capacitance in series to a resistor. Closer to the flatband condition,
Faradaic contributions could be observed. An additional resistor in parallel to the capacitor
gave a fair approximation of the electrical properties. The extracted interface capacitance,
C;, followed the behavior of an ideal semiconductor depletion region. The band edges at the
interface are almost "pinned" with respect to the solution redox levels, and have been determined
to Ec,s = 091eVand Ey s = —2.69 ¢V relative to the H*/H, redox level from the flatband
voltages of Vyp = —1.12'V (vs. Ag/AgCl) for an n-type and of Vy, = 2.27V (vs. Ag/AgCl) for
a p-type GaN electrode. The flatband voltage was evaluated from the Mott-Schottky plots of the
depletion layer capacitance extracted from impedance spectroscopy measurements. The doping
dependence of the determined Vs, was attributed to the capacitive contribution of an additional
surface layer (C; = 2 uF cm™2). For the investigated AlGaN electrodes with Al molar ratios x
ranging from 0 to 0.5, the valence band edge at the interface to the solution, £y g, was found to
be independent of the Al-concentration.

GaN/AlGaN/GaN SGFETs with either native or dry thermal surface oxide exhibited a high
and linear pH sensitivity of & 56.0mV/pH, close to the theoretical Nernstian limit. The pH
sensitivity was discussed in terms of the site-dissociation model and the MUSIC-model. A
resolution better than 0.05 pH could already be reached without an optimization of the device
geometry and layer structure. Further, only a low cross sensitivity towards Na®, K+, Ca?*, and
Cl~ ions was observed in the range between 107> M and 2 x 1073 M at pH 7.

The deposition of fluid and stable lipid membranes on the surface of AlGaN electrodes was
demonstrated. The lateral mobility of lipids was analyzed by photobleaching experiments and
is sufficient to allow self-healing of defects during the membrane formation process and to
maintain the functionality of membrane-incorporated proteins. The anionic SOPS membranes
exhibited significantly smaller diffusion constants than the zwitterionic SOPC, or the cationic
DOTAP membranes. The observed tendency (Dcationic > D:zwitterionic > Danionic) Was
independent of the chemical composition of the substrate. An influence of the surface charge
on the lateral mobility was excluded by a comparison to sapphire and glass substrates, which
exhibit opposite surface charge at pH 7 .

Formation of supported lipid membranes - containing DHDAB in a 1:1 molar mixture with
cholesterol - on GaN electrodes was monitored by impedance spectroscopy. The parallel
connection of an ideal resistor and capacitor already provides a fair approximation of the
electrical membrane properties. A membrane resistance of around 1 kQ cm? was observed after
membrane formation, corresponding to a defect area ratio lower than 10~7. It was shown that
the observed decrease of the membrane capacitance, C,,, during membrane formation is likely
to be caused by a slow homogenization of the cholesterol concentration in the bilayer. Final
values of approximately 0.7 uF cm™2 were extracted by means of the equivalent circuit model,
comparable to values of C,,, = 0.71 uF cm™2 for an identical lipid composition on p-type silicon
substrates.

Thus, biosensors based on the potentiometric detection of the binding of charged ligands
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to membrane-incorporated receptors [Sackmann, 1996], [Hillebrandt, 2002] can be realized.
However, the attained membrane resistances of the order of 1kQcm? are not sufficient to
allow the formation of chemical and electrical gradients, or the detection of membrane re-
sistance changes due to the specific reaction of membrane channel proteins with the analyte
[Tanaka & Sackmann, 2005].

A possible explanation for this observation, which is supported by dynamic contact angle
measurements, is the presence of local pinning centers due to an inhomogeneous surface ox-
ide. Hence, further improvement of the GaN crystallinity and an improvement of the surface
oxidation is expected to reduce the defect density in deposited lipid membranes.

Functionalization of GaN by an ODTMS monolayer was shown [Baur, 2005], and the electrical
monolayer parameters were evaluated to Csjjgne = 2 UF cm~2 and Rgjjgpe > 1 MQcm? by
impedance spectroscopy. The silanization process resulted in a surface coverage of around
0 = 92% £+ 2%.

For the first time, the recording of electrophysiological cell signals with AlIGaN/GaN SGFET
arrays has been demonstrated in this work. The spontaneous action potentials of the examined
muscle cells of embryonic rat hearts could be detected with an amplitude in the range of 1 mV.
However, the analysis of neuronal networks usually requires the detection of considerably
smaller extracellular action potentials in the range of 100 uV [Vassanelli & Fromherz, 1998],
and only a few tested devices exhibited the required resolution. Optimization of the contact
technology is expected to generally reduce the low frequency noise, allowing the routinely
recording of mammalian neuron activity.

In conclusion, the suitability of AlGaN based transducer devices for biochemical sensor appli-
cations is demonstrated by the investigations performed on GaN electrodes and AlGaN/GaN
SGFETs. A wide range of chemical and biological applications is conceivable based on the
presented results.

As an example, functionalization with a monolayer of APTES or other amino-terminated silanes
enables the immobilization of amino-terminated proteins via a glutaraldehyde linker and Schift-
base formation. By means of this method, amino-terminated DNA single strands can be
immobilized at the surface of a IlI-nitride SGFET [Baur, 2005], and a label free detection of
DNA hybridization events by potentiometric detection of the intrinsic charge associated with
the target DNA is imaginable [Fritz, 2002], [Uslu, 2004], [Song, 2006].

The high and linear pH sensitivity of GaN/AlGaN/GaN SGFETs allows the realization of
EnFET devices, where the catalytic conversion of the analyte by enzymes immobilized at
the transistor surface results in a local change of the solution pH [Caras & Janata, 1980]. De-
pending on the enzyme, the analyte concentrations of e.g. urea, glucose, or penicillin can be
measured [Kharitonov, 2000], [Poghossian, 2001], [Pijanowska, 2003]. Immobilization of the
enzyme layer on the transistor surface is possible either by physisorption or covalent linkage via
Schiff-base formation. For the latter, the GaN transistor surface is modified with a monolayer of
APTES prior to enzyme linkage. After functionalization with APTES and glutaraldehyde, the
pH sensitivity is unchanged at & 56 mV /p H [Baur, 2006]. Based on the AlIGaN/GaN SGFETs
developed in this work, EnFET devices were realized by immobilizing penicillinase or urease
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Figure 7.1.: Transient response of an AlGaN/GaN EnFET with covalently linked penicillinase to
changes of the penicillin G concentration in the buffer solution, according to [Baur, 2006].

on the GaN gate area, and successfully applied to the measurement of analyte concentrations of
penicillin and urea [von Ribbeck, 2006], [Baur, 2006]. Figure 7.1 shows the transient response
of an AlGaN/GaN EnFET with covalently linked penicillinase enzymes to changes of the
penicillin G concentration in the buffer solution. The calibration curve of such a device towards
penicillin G is presented in Figure 7.2. Investigation of the penicillinase enzyme kinetics as
well as the influence of the immobilization process on the enzyme functionality by means of
AlGaN/GaN EnFETs are interesting topics of current research. By expanding the principle to
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Figure 7.2.: Calibration curve of an AlIGaN/GaN EnFET with covalently immobilized penicillinase
enzymes towards penicillin G, according to [Baur, 2006].
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other enzymes, sensor arrays sensitive and selective to a multitude of analytes can be realized
based on the presented devices.

Apart from the realization of field-effect transducer devices for biochemical sensors, AlGaN
is a suitable alloy system for the fabrication of optical transducers. Recently, efficient room-
temperature luminescence of self-assembled quantum dots (QD) in an AIN matrix has been
demonstrated [ Widmann, 1998], [Brown, 2001], [Gogneau, 2004]. The utilization of GaN QDs
for chemical sensors with optical readout, based on the recording of chemically induced changes
in the luminescence characteristics, is imaginable, and would take advantage of the optical
transparency of both, sapphire substrate and AIN. Investigation of these devices is a promising
and exciting topic for future research activities in the field of AlGaN based biochemical sensors.
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A.1. Abbreviations

2DEG two-dimensional electron gas

AFM atomic force microscope

APTES  aminopropyltriethoxysilane

CPE constant phase element

DHDAB  1,2-dihexadecyl-dimethylammonium-bromide
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOTAP  1,2-dioleoyl-3-trimethylammonium-propane
DPhPC 1,2-diphytanoyl-sn-glycero-3-phosphocholine
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
ELISA enzyme-linked immunosorbent assay

EMES electrolyte-membrane-electrolyte-semiconductor
EnFET enzyme-modified field-effect transistor
FWHM  full width at half maximum

FET field-effect transistor
GCS Gouy-Chapman-Stern
GOD glucose oxidase

HEMT high electron mobility transistor
HEPES  N-2-hydroxyethylpiperazine-N’-2—ethanesulfonic acid
HREEL  high resolution electron energy loss

IHP inner Helmholtz plane

ISFET ion-sensitive field-effect transistor
ISE ion-sensitive electrode

ML monolayer

MOCVD metal organic chemical vapor deposition
MP-TMS (3-mercaptopropyl)trimethoxysilane
MUSIC  multisite complexation

NADP nicotinamide adenine dinucleotide phosphate
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Abbreviations

NBD-PC

ocp
ODTMS
OHP
PBS
PDI
PAMBE
POPC
pzc
QCM
QD
SAM
SCE
SGFET
SHE
SOPC
SOPS
SPR
TRIS
XPS
XRD

1-oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]dodecanoyl]-sn-glycero-3-phosphocholine
open circuit potential
octadecyltrimethoxysilane
outer Helmholtz plane
phosphate buffered saline
potential determining ions
plasma-assisted molecular beam epitaxy
1-palmitoyl-2-pleoyl-sn-glycero-3-phosphocholine
point of zero charge
quartz crystal microbalance
quantum dot
self-assembled monolayer
standard calomel electrode
solution-gate field-effect transistor
standard hydrogen electrode
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-stearoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine]
surface plasmon resonance
tris(2-carboxyethyl)phosphine hydrochloride
X-ray photoelectron spectroscopy
X-ray diftraction
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A.2. Lipids
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Figure A.1.: Chemical structures of the used lipids, fluorescence dye tracers, and cholesterol.
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A.3. The Semiconductor Space Charge Layer

A semiconductor space charge layer is formed under most experimental conditions due to
several reasons:

e In vacuum, free electrons or holes from the semiconductor bulk are captured in surface
states and a space charge of uncompensated ionized donors or acceptors is built up in the
semiconductor.

e In contact with an electrolyte solution, free carriers of the semiconductor can additionally
be transferred to redox ions with appropriate energy levels in the solution to compensate
for an initial difference in the Fermi levels £ between the two phases.

e Application of an external bias voltage between the semiconductor and the electrolyte.

A detailed discussion of the theory of the semiconductor space charge layer can be found for
example in [Sze, 1981]. The potential and charge distribution, ¢(x) and p(x), in the space
charge layer are related by the Poisson equation (5.28), where &, is the permittivity of the
semiconductor, and x the distance from the surface. Assuming uniform doping, the absence of
surface states and complete ionization of the donor and acceptor atoms, the total charge density
is given by

p(x) = e[Np — N = n(x) + p(x)] (A1)

with the donor and acceptor densities Np and N 4, respectively. The electron and hole densities,
n(x) and p(x), depend on the potential at the distance x according to

n(x) = noexp (%) (A.2)
and
p) = mesp (%) (A3)

where ng and pg are the equilibrium densities of electrons and holes in the bulk of the semicon-
ductor. The potential ¢ at a distance x is measured with respect to the bulk potential (¢(c0) = 0)
and corresponds to the band bending at this point. Thus, the potential at the surface ¢(x = 0)
denotes the total potential drop across the space charge layer, ¢g. In the following, an n-type
semiconductor is considered. For p-type semiconductors, similar considerations can be made
by changing the polarity of the voltage.

Solving the Poisson equation, the total space charge per unit area in the space charge layer, o 4,
can be calculated to

1
2

Osc = Fv/2e5¢60kT Np |:5_(()) (e—ﬂgzﬁs +ﬂ¢S - 1) + (€ﬁ¢s - ﬁ¢S - 1):| (A4)
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Figure A.2.: Band diagrams for an n-type semiconductor under the following conditons: (a) accumula-
tion, (b) flatband condition, (c) depletion, and (d) inversion or deep depletion.

with positive sign for ¢ ¢ < 0 and negative sign for ¢¢ > 0. f is defined as

e

= —. A5

p== (A5)

From A.4 the differential capacitance C. of the space charge region is derived by differentia-
tion:

1

D (1 — e Pbs) 4 (ePhs — 1)‘

Cye = (ezNzi‘;‘fch)z - (A.6)
[5_3 (e=P%s + pps — 1)+ (ef9s — pps — 1)]2

Figure A.2 illustrates the typical band situations that can be obtained at an n-type semicon-
ductor surface depending on the surface potential ¢. The corresponding space charge layer
capacitance C;, is shown as a function of the surface potential in Figure A.3. For the following
discussion it is useful to introduce ¢, the potential difference between the Fermi level £ and
the intrinsic Fermi level E; (e¢, = Er — E;) in the bulk (see Figure A.2).

Accumulation

For positive surface potentials, ¢¢ > 0, the conduction band is bent downwards closer to
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Figure A.3.: Differential capacitance of the semiconductor space charge layer under different condi-
tions.

E r and the electron density at the surface ny becomes larger than the bulk electron density
no (Eq. (A.2)). Majority carriers are accumulated close to the surface. The capacitance
of the accumulation layer can be approximated by

1
5 1
e“Npéegeco\? 1
Coce = (T) (ef9s)2 (A7)
from Eq. (A.6) and increases exponentially with increasing surface potential (Figure A.3).
Flatband condition
The surface potential is zero, ¢ = 0. There is no band bending or voltage drop in the
semiconductor.
Depletion

For small negative surface potentials (¢, < ¢g < 0) the bands are bent upwards and
majority carriers are depleted from the surface region, resulting in a depletion region of
uncompensated ionized donors. The depletion layer capacitance can be approximated by
the Mott-Schottky equation,

1
2 2
d e“Npegeep _1
CiP = (—ZkT ) [—1 —,8ch] 2 (A.8)
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and a plot of 1/C2, vs. ¢ yields a straight line, whose slope is determined by the donor
concentration Np in the depletion region. Under the approximation that the potential drop
occurs completely over the depletion region and the charge density is equal to the donor
density in the depletion region (p(x < W) = Np) and zero elsewhere (p(x > W) = 0),
the depletion layer width /¥ and the total semiconductor space charge o, per unit area
are given by

E5CEQ 2e580 kT
W = gdep :\/ a (_¢S ——) (A.9)
Cos eNp e
and
osc =eNpW. (A.10)
hversion and deep depletion

For larger negative surface potentials (¢g < ¢;,), the equilibrium minority carrier (hole)
density at the surface becomes larger than the majority carrier (electron) density. Under
equilibrium conditions, a space charge layer of inversion carriers is formed close to the
surface and the capacitance increases exponentially with increasing negative ¢g. How-
ever, under experimental conditions an inversion layer is not always formed. Either, the
minority carrier generation time is large compared to the timescale of the experiment.
This is of particular importance for wide bandgap semiconductors, where the thermal
generation of minority carriers can almost be excluded. Or, generated minority carriers
that reach the inversion layer are immediately consumed in a redox reaction taking place
at the semiconductor surface. In both situations, the formation of an inversion layer is
inhibited and the non-equilibrium configuration of deep depletion is reached. Egs. (A.8)
to (A.10) hold as well for the deep depletion case.

A.4. Site-Binding Model

Under the assumptions made in Section 5.4.2 for the description of the electrical double layer at
the interface between an oxide and an aqueous electrolyte by the site-binding model, the relation
between the surface potential, ¢ g, the surface charge, o 5, and the pH of the bulk electrolyte can
be calculated based on the following equations:
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A.4. Site-Binding Model

kT

The fraction a 5 of the surface charge density o g relative to the total density of surface sites Ng
is given by:

(1], = [H+]exp (‘”S) (A.15)

_0s _ [4—O0H|-[4-07]
5= eNg [A4— OH]+[A— OH) |+ [4—07] (A.16)

Inserting the Egs. (A.11), (A.12), and (A.15) yields:

KI'-[4— OH][H")exp (—pps) — K—-[4— OH][HT] " exp (Bs)

= — _l 5
[4— OH]+K;'-[4— OH][H*]|exp (—Bbs) + K- -[4— OH][HT] eXp(j(ffﬁS))
17
with # = 5. Conversion and multiplication by [ ] leads to a quadratic equation in [ H]:

as

(a5 — DK exp (—Bgs) - [HT] +as - [HT]+ (as+ DK_exp (Bs) =0,  (A.18)

with the solutions

—as £ \Jok —4(e3 — DK_/K
[H+]1/2 = . (A.19)
2(as — 1) exp (—Bes) /K4
As negative concentrations are physically not reasonable, only the second solution is of physical
relevance. Together with the abbreviation 0 = 2,/K_/K introduced in Section 5.4.2, the
remaining solution is given by

a5 /6 + J(as/0f - (1= %) + 1
1 —ag

(A.20)

[H] = VK_Kyexp (Bs)

According to [Bousse, 1983] 6> << 1 can be assumed for oxidic surfaces. Thus, taking the
logarithm yields

log[H"]| = log/JK_K4 + p¢s + sinh ™! (as/5) — log(1 — as). (A.21)

sinh™!(a5/0) = logas/d + +/ (as/0)> + 1. (A.22)

Note that
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A.5. Equivalent Circuits

R,
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Figure A.4.: Equivalent circuit models utilized for the analysis of the impedance spectra in this work.
Model (a) - (e) consist of ideal elements only. Model (d) - (g) are suitable circuits to
describe an electrode with additional surface layer. The electrical properties of the surface
layer are described either by a Randles circuit (model (d) and (¢)), an element of distributed
time constants with Zgce« = H(IE#)Q and r = R,,C,, (model (f)), or a capacitor in parallel
to a constant phase element (CPE) with Z¢pp(w) = K - (iw)™* (model (g)).
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