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Abstract
Today, the development of new (bio-) chemical sensor concepts plays a major role because of the
increasing demand in industry, environmental monitoring, healthcare or chemical analysis.
Electrochemical sensors are thereby among the most widespread chemical sensors due to their
simplicity. Over the past years, nanotechnology played a major role in improving sensor designs and
techniques. In general, nanoscale phenomena require a comprehensive understanding before they can
be used in sensing applications. Complementary sensing concepts can thereby be highly attractive for
identifying the relevant mechanisms. They can also gain additional information in practical sensor
applications. Nowadays, optical and electrical sensing techniques represent by far the most popular
concepts in research and industry. Especially electrochemical sensors are well suited for combination
with optical methods. In addition, such nanotechnology based systems can be easily miniaturized.
Today, most electrical sensing systems rely on semiconductors. Since metals are typically used as
electrodes, transduction mechanisms based on metals provide a logical extension for electrochemical
platforms. When approaching the nanoscale at least in one dimension, the resistance of the electrodes
becomes immediately sensitive to surface perturbations. On the other hand, nanostructured metals
can also provide highly sensitive surface detection schemes based on plasmon resonances. Within this
thesis, an introduction to electrochemical sensors is given, and metal nanostructures are first reviewed
with respect to their electrical and optical sensing capabilities. In particular, thin metal films with short
range ordered nanoholes and metal nanowire arrays were chosen as the basis of this work to
investigate their sensing possibilities based on resistance change and Localized Surface Plasmon
Resonance (LSPR). With these structures, the development and application of a combined electrical
and optical measurement system, integrated into a microfluidic platform, is demonstrated.
Thin films with nanoholes were fabricated with colloidal lithography, whereas Extreme Ultraviolet
Interference Lithography (EUV-IL) was used for the production of nanowire arrays. It is shown how
these structures were integrated into a custom-made flow cell meeting the special requirements for
simultaneous electrical and optical detection. A modular design with a reusable flow cell and an
exchangeable sensor unit was chosen which included nine sensor elements, each individually
addressable via fluid injection.
A theoretical treatment based on numerical simulations of the most relevant physical phenomena,
including the electrical double layer, is given to enable a deeper understanding of electrochemical
measurement data. Existing extensions of dilute solution theory were therefore used and
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implemented into a finite element simulation framework based on the Poisson-Nernst-Planck (PNP)
equations. In particular, unequal ion radii were included using different planes of closest approach at
the solid-liquid interface. Furthermore, finite ion size was accounted for the effect of steric hindrance
in solutions of higher concentrations and specific ion adsorption was implemented. With these
extensions, the weaknesses of simple dilute solution theory were demonstrated and for the first time
all of them were combined to simulations of typical electrochemical methods such as cyclic
voltammetry or impedance spectroscopy.
The sensor system was developed with applications in physiological and environmental fluids in mind.
These fluids often have a high salt concentration and contain ions that specifically adsorb onto the
electrode. It is demonstrated that the developed measurement system is both, electrically and
optically, highly sensitive to these adsorption effects. Therefore, it is a well suited platform for ion
analysis. Resistance measurements of thin metal films were synchronized with cyclic voltammetry and
different ion species were compared. The most dominant ion of physiological fluids, Cl-, was then used
in combined resistance and LSPR measurements with thin films with nanoholes. The measurements
revealed exceptional high resistance changes of 26 % during potential cycling between ±0.7 V.
Corresponding LSPR resonance peak shifts of 7 nm were observed. In addition, an ideal linear
relationship was found between the resistance change and the LSPR peak shift. This confirmed that
the peak shift entirely originates from specific ion adsorption, as previously suggested with optical
measurements only. Nanowire arrays showed a similar behavior and were in detail compared with thin
films.
Finally, a simple and low cost sensing device is presented for the concentration analysis of the
physiological relevant iodide. It is based on iodide induced electrochemical etching of ultrathin gold
films. The underlying mechanism is demonstrated by simultaneous cyclic voltammetry experiments
and resistance change measurements in buffer solution. Limits of detection with resistance-based
measurements have been achieved in the range of 1 μM (127 μg L-1) for buffer solutions and 2 μM
(254 μg L-1) for lake water experiments. In addition, thin films with nanoholes were also tested for their
suitability for optical iodide sensing based on LSPR.

Zusammenfassung
Heutzutage spielt die Entwicklung von neuen (bio-) chemischen Sensorkonzepten aufgrund des
steigenden Bedarfs in der Industrie, in der Erfassung von Umweltdaten, im Gesundheitswesen oder
der chemischen Analyse eine grosse Rolle. Dabei sind elektrochemische Sensoren wegen ihrer
Einfachheit die am meisten verbreiteten chemischen Sensoren. Die Nanotechnologie hat in den letzten
Jahren viel zur Verbesserung der Sensortechnik und deren Design beigetragen. Generell müssen NanoPhänomene umfassend verstanden werden, bevor sie in Sensoren Anwendung finden können.
Komplementäre Sensorkonzepte eignen sich dabei bestens zur Identifizierung relevanter
Mechanismen. Auch in der praktischen Sensoranwendung können sie zusätzliche Informationen
liefern. Heutzutage basieren die gängigsten Sensor-Konzepte in Forschung und Industrie auf optischen
und elektrischen Verfahren. Gerade elektrochemische Sensoren eignen sich besonders für eine
Kombination mit optischen Methoden. Zusätzlich können Nanotechnologie-basierte Systeme leicht
miniaturisiert werden. Heutzutage basieren die meisten elektrischen Sensorsysteme auf Halbleitern.
Da Metalle

typischerweise

auch

als

Elektroden

benutzt

werden,

sind

Metall-basierte

Transduktionsmechanismen eine logische Erweiterung für elektrochemische Plattformen. Nähert man
zumindest eine Dimension der Elektroden dem Nanobereich an, reagiert der Widerstand sofort
sensitiv auf Oberflächen-Phänomene. Nanostrukturierte Metalle bieten auch Oberflächen-sensitive
Detektionsverfahren, basierend auf Plasmonenresonanz. Im Rahmen dieser Arbeit wird zuerst ein
Überblick über elektrochemische Sensoren gegeben und dann das Potential metallischer
Nanostrukturen als elektrische und optische Sensoren herausgearbeitet. Im Speziellen wurden dünne
Metallfilme mit nahgeordneten Nanolöchern und metallische Nanodraht-Arrays als Basis für diese
Arbeit ausgewählt und deren Einsatzmöglichkeiten als Sensor, basierend auf Widerstandsänderung
und lokalisierter Oberflächen-Plasmonenresonanz (LSPR), erforscht. Mit diesen Strukturen wurde die
Entwicklung und Anwendung eines kombinierten elektrischen und optischen Messsystems sowie
dessen Integration in eine Mikrofluidik-Plattform demonstriert.
Dünne Filme mit Nanolöchern wurden mit kolloidaler Lithographie gefertigt, wohingegen für die
Produktion der Nanodraht-Arrays Extreme Ultraviolett Interferenz-Lithographie (EUV-IL) verwendet
wurde. Es wird gezeigt wie diese Nanostrukturen in eine individuell gefertigte Flusszelle integriert
wurden, welche den speziellen Anforderungen der simultanen elektrischen und optischen Detektion
gerecht wird. Dabei wurde ein modulares Design mit wiederverwendbarer Flusszelle und
austauschbarem Sensor verwendet. Neun Sensorelemente können dabei durch Injektion von
Flüssigkeit individuell adressiert werden.
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Zusammenfassung

Die relevantesten physikalischen Phänomene wie z. B. die elektrische Doppelschicht werden anhand
numerischer Simulation erörtert, um ein vertieftes Verständnis elektrochemischer Messungen zu
bekommen. Für die Finite-Elemente-Simulationen, welche auf den Poisson-Nernst-Planck (PNP)
Gleichungen basieren, wurden existierende Erweiterungen der Theorie verdünnter Lösungen benutzt.
Im Speziellen wurden durch unterschiedliche Minimalabstände zum Flüssigkeits-Festkörper-Interface
verschiedene Ionenradien simuliert. Des Weiteren wurden die sterische Hinderung von Ionen bei
hohen Konzentrationen sowie die spezifische Ionenadsorption berücksichtigt. Mit diesen
Erweiterungen wurden die Schwächen der ursprünglichen Theorie verdünnter Lösungen demonstriert.
Zum ersten Mal wurden all diese Erweiterungen kombiniert und in Simulationen typischer
elektrochemischer Methoden, wie der zyklischen Voltammetrie oder der Impedanz-Spektroskopie,
angewendet.
Das Sensorsystem wurde im Hinblick auf Anwendungen in physiologischen und Umwelt-Flüssigkeiten
konzipiert. Diese haben oft eine hohe Salzkonzentration und beinhalten Ionen, welche spezifisch an
der Oberfläche der Elektroden adsorbieren. Es wurde gezeigt, dass das entwickelte Messsystem
elektrisch wie auch optisch hoch sensitiv auf solche Adsorptionseffekte reagiert und sich diese
Plattform daher sehr gut für die Ionenanalyse eignet. Widerstandsänderungen dünner Metallfilme
aufgrund spezifischer Ionen-Adsorption wurden anhand von verschiedenen Ionen mittels
synchronisierter zyklischer Voltammetrie gezeigt. Das in physiologischen Flüssigkeiten am meisten
vorhandene Ion, Cl-, wurde dann in kombinierten Widerstands- und LSPR-Messungen an dünnen
Filmen

mit

Nanolöchern

verwendet.

Die

Messungen

zeigten

aussergewöhnlich

hohe

Widerstandsänderungen von 26 % während Spannungszyklen zwischen ±0.7 V. Dabei konnten
entsprechende Verschiebungen des LSPR-Maximums von 7 nm gezeigt werden. Zusätzlich wurde ein
linearer Zusammenhang zwischen Widerstandsänderung und Verschiebung des LSPR-Maximums
festgestellt. Dies bestätigte die Annahme vorangegangener rein optischer Messungen, dass LSPRVerschiebungen gänzlich von der spezifischen Ionen-Adsorption herrühren. Experimente mit
Nanodraht-Arrays zeigten ein ähnliches Verhalten und wurden im Detail mit dünnen Filmen verglichen.
Zum Schluss wird ein einfacher und kostengünstiger Sensor für die Konzentrationsanalyse des
physiologisch relevanten Iodids präsentiert. Dieser basiert auf Iodid-induziertem elektrochemischem
Ätzen von ultradünnen Goldfilmen. Der zugrundeliegende Mechanismus wird durch simultan
durchgeführte Experimente mit zyklischer Voltammetrie und Wiederstandmessung in Bufferlösung
demonstriert. Basierend auf der Widerstandsmessung wurden Detektionslimite im Bereich von 1 μM
(127 μg L-1) für Bufferlösungen und 2 μM (254 μg L-1) für Seewasser erreicht. Zusätzlich wurden auch
dünne Filme mit Nanolöchern auf ihre Eignung als optischer Iodid-Sensor basierend auf LSPR getestet.
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1 Introduction
In our modern world we are surrounded by countless sensor devices assisting us in everyday life. In
addition, plenty of different sensor devices are used to keep our industry running. In most cases we
are not fully aware how dependent we are from all these devices that give us information about
velocity, pressure, toxicity, light intensity or radiation, to name a few. Apart from our technological
advance, sensors exist in nature since the beginning of life on earth. All living organism contain sensing
mechanisms, most in the form of specialized molecules or cells which are able to detect, for example,
physical parameters of the environment or internal signal molecules such as hormones or
neurotransmitters.
Today, the market of sensor devices is rapidly growing and the development and implementation of
new sensor concepts plays a major role in research and industry. In our modern society the field of
analytical chemistry is of special importance including applications in environmental monitoring [1],
security [1], food control [2] or analysis in the clinical [3] and pharmaceutical areas [4]. Many standard
analytical methods exist based on techniques such as spectrometry, chromatography, microscopy or
calorimetry. These methods provide good reproducibility and accuracy, but typically demand on
expensive and complex instrumentation, require high sample volumes or lack on slow analysis time or
portability [5]. In contrast, chemical sensors can provide an inexpensive solution for particular analyses
and are able to overcome most of the drawbacks of traditional methods [5,6].
During the last decades, the miniaturization of electronics in the semiconductor industry has opened
up a lot of new possibilities by using their technologies for sensor fabrication. Especially sensitive fields
such as healthcare benefit significantly from these advanced technologies. Today, this sector is one of
the main driving forces for the development of (bio-) chemical sensors with high potential for future
applications [3,6]. However, compared to research results, commercialization of sensors in the clinical
diagnostic industries is rather limited [7]. Glucose sensors are one of the few successful examples of
biosensors dominating the global market. Already in the year 1962, Clark and Lyons have proposed the
first concept of glucose enzyme electrodes, which has in the meantime undergone several stages of
development and improvements [8,9]. Today, the still large number of research articles related to
glucose sensing suggest that by far not all issues are solved with this particular sensor [7]. To further
* Parts of this chapter have been published in: A.B. Dahlin, B. Dielacher, P. Rajendran, K. Sugihara, T. Sannomiya, M. ZenobiWong and J. Vörös, Electrochemical Plasmonic Sensors, Anal. Bioanal. Chem., 402 (2012) 1773–1784 (Review article).
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increase the number of reliable and low-cost sensor devices on the market, the development of new
technologies is of great importance, either directly as a new sensor concept or as a technology suitable
to gain a better understanding of related complex chemical and biochemical processes.
In the following section, a review particularly on the topic of electrochemical sensors is given. This
group of chemical sensors has already a leading position compared to other sensor technologies due
to their simplicity, low cost and good detection capability [10]. Furthermore, electrochemical device
structures are analyzed with respect to their compatibility with additional electrical and optical sensing
techniques. In particular, the implementation of electrochemistry with plasmonic nanostructures for
simultaneous electrical and optical readout is discussed. Such combined platforms offer some
promising aspects compared to traditional sensing techniques and can lead to a better understanding
of fundamental processes as well as for the development of new sensor concepts.

1.1

Electrochemical Sensors

In general, sensors are devices able to interface the chemical, physical and biological domain providing
information about a variable quantity in their environment. In most modern sensors the information
is delivered as electrical signal which is then used for data processing and presentation.
Electrochemical sensors define the largest subgroup of chemical sensors and are typically used to
measure a change resulting from a chemical reaction. They can be classified in three main groups
depending on their transduction mechanism, namely potentiometric, amperometric and
conductometric sensors [11,12]. In the case of potentiometric sensors a local equilibrium at the sensor
surface is established by the analyte. Information about the sample is measured as a potential change
with respect to a reference electrode. In contrast, amperometric sensors measure the electrical
current caused by the oxidation or reduction of electroactive species. In conductometric sensors
analysis is usually based on changes in conductance either of the bulk solution between two electrodes
or within a sensitive material upon exposure to the analyte. Based on these categories a short overview
of electrochemical sensors is given in the following sections.

1.1.1

Potentiometric Sensors

In potentiometric sensors the voltage difference between two electrodes is measured at zero or almost
zero current. Potentiometric ion sensors represent the main class in this category. The key element in
such a sensor is a membrane between the electrodes able to uptake the specific ion either with
ion-selective molecular receptors or receptor sites within the solid material [6]. The interaction of ions
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with the membrane leads to a potential difference and is related to the activity of the ions in the
solution. One electrode is termed as the reference electrode usually providing a constant potential
while the other electrode is called the indicator electrode [3]. In the case of ion sensors the indicator
electrode is often termed as Ion Selective Electrode (ISE). A typical set-up of such a potentiometric
sensor is visualized in Figure 1.1. In the ideal case, where the membrane is only sensitive to one ion
species, the potential response can be described by the well-known Nernst equation [13–15]:
𝜙𝜙 = 𝜙𝜙 0 +

𝑅𝑅𝑅𝑅
ln[𝑎𝑎𝑖𝑖 ]
𝑧𝑧𝑧𝑧

(1.1)

where 𝜙𝜙 is the electrical potential, 𝑅𝑅 is the universal gas constant, 𝑇𝑇 is the temperature, 𝑧𝑧 is the charge
number, 𝐹𝐹 is the Faraday constant and 𝑎𝑎𝑖𝑖 is the activity if the ion. 𝜙𝜙 0 incorporates all constant potential

contributions from the electrochemical cell (cell potential) which often includes the liquid-junction
potential at the reference electrode. The cell potential is unique for each ion species, but in real
membranes interferences with other ions are often observed. Selectivity coefficients are usually given
which describe the ability of a membrane to distinguish a particular ion from others [15].

Figure 1.1. A typical set-up for potentiometric based sensing [16].

The development of membranes selective to many different ion species has led to the widespread use
of ISE with Limits Of Detection (LOD) in the range of 10-8 – 10-11 M [14]. More than two dozen are
already commercially available [12]. The most widely used potentiometric sensor is the pH electrode
[12]. Its success and use over almost several decades can be mainly attributed to its simplicity, fast
response time and high selectivity to hydrogen ions. A good summary of LODs for the most common
ISE is given in the work of Bakker et al. [14] whereas LODs and selectivity coefficients for a number of
ions are referenced in a previous work from Bakker et al. [15]. Ion sensors are also well suited as
transducers in enzymatic sensors since many enzyme reactions produce or consume ions [6].
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Ion selective membranes can also be used in other basic configurations such as Wire-Coated Electrodes
(WCE) or Ion-Sensitive Field-Effect Transistors (ISFET) [12,13]. Within this type of geometry the ionselective membrane is directly interfaced with a solid material, while in the conventional ISE the
internal contact is made by the solution in which the reference electrode is immersed. In the case of
WCEs the ion-selective membrane is directly surrounding a conductive wire. This avoids the use of an
internal reference electrode and allows for a better miniaturization. The response is similar to that of
ISE, but with the disadvantage of more restrictive design parameters [13]. One of the most popular
devices are ISFETs which were introduced as the first silicon-based chemical sensor by Bergveld in 1970
[17,18]. In this case, the gate oxide of traditional Metal-Oxide Field-Effect Transistors (MOSFET) is
replaced by an ion-selective membrane [12]. In other configurations the gate oxide is kept, but the
metal gate electrode is replaced by an ion-conducting solution and a reference electrode [19]. ISFETs
respond to the electrical potential change and are therefore generally categorized as potentiometric
sensors, although they produce directly a change in electrical conduction.

1.1.2

Amperometric Sensors

In 1956, Clark introduced the first sensor of this type able to measure oxygen concentrations based on
the electrochemical reduction of dissolved oxygen at the electrode surface [20]. In general, the
measurement of electric currents resulting from electrochemical reactions, often referred as faradaic
currents, represents the transduction method used in amperometric sensors. An applied potential
between electrodes can be seen as the driving force for the electron transfer reaction whereas the
current is directly related to the rate of electron transfer [16]. Typically, one has to distinguish between
amperometric and voltammetric measurements [11,12,21]. In the former case the potential is held at
a fixed value which can be used for quantifying the electroactive species involved in the reaction. In
voltammetric measurements the potential is typically scanned between two values and the current is
analyzed as a function of the applied potential providing also kinetic information about the involved
electron-transfer reactions.
The chemical transformation, called electrolysis, occurring at the interface of electrode and solution is
caused by the crossing of charge whereas electronic conduction in the metal is continued as ionic
conduction in the liquid environment [13]. The current density 𝑗𝑗 as a result of the potential induced
chemical reaction can be predicted (only when mass-transfer limitations are eliminated) with the

Butler-Volmer equation [22,23],
𝑠𝑠
𝑗𝑗 = 𝐹𝐹𝑘𝑘0 𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒 �

(1 − 𝛼𝛼)𝐹𝐹(𝜙𝜙 − 𝜙𝜙0 )
𝛼𝛼𝛼𝛼(𝜙𝜙 − 𝜙𝜙0 )
𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒 �−
� − 𝐹𝐹𝑘𝑘0 𝑐𝑐𝑜𝑜𝑜𝑜
�
𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅
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𝑠𝑠
𝑠𝑠
where 𝑘𝑘0 is the standard rate constant, 𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
and 𝑐𝑐𝑜𝑜𝑜𝑜
are the concentrations of the reduced and

oxidized species at the surface, respectively, 𝛼𝛼 is the transfer coefficient, a dimensionless parameter

between 0 and 1 which is often estimated to be 0.5, and 𝜙𝜙0 represents the standard equilibrium

potential. A suitable measurement setup requires usually a potential-controlled equipment where one

electrode acts as a reference [12,16]. The chemical reaction occurs at the so-called working electrode.
A third electrode (counter or auxiliary electrode) is also often used and made of an inert conducting
material such as platinum. It acts as a current sink and thereby shifting the current flow away from the
reference electrode. In this case, the reference electrode is more stable. A supporting electrolyte is
usually used in order to decrease the resistance in the electrochemical cell, to eliminate
electromigration and to maintain the ionic strength at a constant value [12].
A prominent example of amperometric sensors are glucose enzyme electrodes. Already in 1962, Clark
and Lyons proposed the first concept of this sensor, which is today after several stages of development
one of the most successful devices on the market [8,9]. The mechanism is based on the amperometric
detection of liberated hydrogen peroxide [8]. Similar to this approach, amperometric sensors are
widely used for the detection of antigens or nucleic acid in healthcare diagnostics [24,25]. A common
disadvantage of amperometric biosensors is that the active site of enzymes is often not close to the
surface which impacts the efficient electron transfer [26]. In such cases redox mediators have to be
incorporated. Amperometric sensors are also found in many other areas such as environmental
monitoring, food analysis or industrial processes [12].
The performance of amperometric sensors can be greatly enhanced by using microelectrodes [27]. If
the size is comparable or smaller than the diffusion layer thickness, an increased mass transfer of the
electroactive species towards the electrode can be obtained. In addition, the capacity of the Electrical
Double Layer (EDL) decreases, high signal-to-noise ratios can be achieved and measurements can be
done in lower background electrolyte concentrations. A drawback in this case is that current
magnitudes are low because of the decreased electrode area.

1.1.3

Conductometric Sensors

Conductometric sensors measure changes in conductance of the bulk solution between two electrodes
or within a sensitive material upon exposure to the analyte. This type of sensor is usually non-selective
and improved instrumentalization or modified surfaces are necessary for practical applications [12].
On the other hand, conductometric methods are simple and low-cost. A common method is the use of
AC currents for the measurement. Such devices are known as impedance sensors. They are based on
the application of a small sinusoidal potential at a particular frequency and on the measurement of
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the corresponding current. The current-voltage ratio gives the complex impedance [28]. When this
process is repeated at multiple frequencies, it is generally known as Electrochemical Impedance
Spectroscopy (EIS) [28]. The frequency response can be attributed mainly to the resistances and
capacitances of the electrochemical cell and thereby allows for measurements of bulk as well as
interfacial changes. Experimental impedance data is often analyzed by equivalent circuit models, which
are usually represented by a network of, for example, resistors and capacitors [28–30]. Non-ideal
behavior is often incorporated with empirical parameters in specialized circuit elements such as
constant phase or Warburg elements [28].
EIS can give information about physiochemical processes occurring in an electrochemical cell including
ion migration, charge distribution at the electrode interface or the velocity of electrochemical
reactions [6]. Therefore EIS has become a popular analytical tool in many areas of electrochemistry
[30] including corrosion studies [31], characterization of fuel cells [32] or batteries [33]. It is also a
powerful tool for studying immobilization or biorecognition events on electrode surfaces, which
usually lead to changes in the interfacial capacitance [34]. One of the great advantages of EIS is the
direct detection of antibody-antigen binding allowing the development of immunosensors [34,35].
Reported detection limits of impedance based biosensors vary between nM and pM [35]. A major
drawback of EIS in biosensors is the non-specific adsorption, which often requires advanced techniques
in sensor surface chemistry and probe molecule immobilization [28,36]. EIS is also a common tool in
microfluidics, for example, in the analysis of cell cultures [37,38].
The choice of the electrode structure can often improve the capabilities of EIS. Interdigitated
electrodes are a common design where simultaneously reactions in the gap between the electrodes
can be recognized as a change in the real (resistive) part and immobilization or reactions at the
electrode surface as variations in the imaginary (capacitive) part of the impedance [39–41].
Signal transduction is also possible by measuring the conductivity of a sensitive medium upon exposure
to the analyte. Many different materials with unique properties can be deposited between electrodes.
Thin films of various materials are most often used as gas sensors. CdS films are, for example, sensitive
to oxygen, porous films of MnWO4 can be used for humidity sensors, Ga2O3 thin films can detect CH4
and Polypyrrole can sense volatile amines [12]. In conductometric biosensors an increasing interest in
conductive polymers can be seen [42]. For example, Polyaniline can exhibit strong bio-molecular
interactions and has been demonstrated for antibody or virus detection [43–45].
Today, many nanostructures are also promising candidates for conductometric sensing devices. They
often exhibit novel properties and their high surface-to-volume ratio increases the sensitivity. For
example, Park et al. reported a binding recognition of oligonucleotides functionalized with gold
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nanoparticles [46]. The binding event localized thereby the particles in an electrode gap. Subsequent
silver deposition bridged the gap and led to measureable conductivity changes. Carbon Nanotubes
(CNT) represent another group of nanostructures suitable for conductometric sensing. They can be
extremely sensitive to gas molecule adsorption such as NO2, NH3 or CO [47]. On the other hand, a
number of CNT sensing applications have been demonstrated with biomolecules [48–50]. A similar
situation is given for numerous nanowire sensing devices [50–52]. Most sensors based on resistance
change rely on semiconducting or specialized materials. In contrast, metals can also provide high
sensitivity to surface perturbations especially when at least one dimension approaches the electron
mean free path (mfp). Such metal nanostructures are reviewed in more detail within the following
sections since they can offer the advantage of being an optical transducer as well.

1.2

Electrochemical Plasmonic Sensors

The field of optical chemical and biochemical sensors has experienced an exponential growth during
the last decade with a variety of different novel sensing technologies [53,54]. Most optical methods
measure a change of the Refractive Index (RI) caused by the analyte and are based either on
interferometry or the excitation of an optical resonance [55]. Surface Plasmon Resonance (SPR) is the
most used concept for optical sensors and has already been commercialized by a number of companies
[56–58]. This phenomenon is based on collective charge oscillations called Surface Plasmons (SP) that
can be optically excited [59]. The resonance condition for excitation is then usually sensitive to RI
changes near the surface [59]. Such systems show a typical RI resolution of 10-7 and LODs down to
0.01 ng/cm2 in terms of surface coverage [56].
Nanotechnology has made it possible to fabricate a great variety of nanostructures which offered new
possibilities in sensing techniques due to the special optical and electrical properties at this length
scale. In particular, Localized Surface Plasmon Resonance (LSPR) has become a popular research topic
in optical sensing [60,61]. Localized Surface Plasmons (LSP) in nanostructures have two major effects
[59]. The electric field near the surface is greatly enhanced and the optical excitation has a maximum
at the plasmon resonance frequency, which is observed typically at visible wavelengths. Due to higher
electric fields around such nanostructures, the field penetration depth is reduced approximately one
order of magnitude compared to SPR [59]. Although the sensitivity of SPR sensors to bulk RI changes
is higher, the short decay length in nanoplasmonic sensors gives a comparable RI-sensitivity at the
interfacial region [59,62–65].
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In general, optical and electrical sensing techniques represent the most popular concepts in research
and industry. Most optical devices already rely on electrical readout systems and data processing, but
the direct combination in signal transduction is a promising topic. Especially electrochemical sensors
with their simplicity and the advantage of easy miniaturization are well suited for a combination with
plasmonic and especially nanoplasmonic sensors. Such systems integrated on chips can offer advanced
possibilities to explore electrochemical processes at the micro and nanoscale. Combined systems
already exist as sensors but mainly in the form of electrochemical SPR (ESPR) devices [66–71], which
are shortly reviewed in the next section. Afterwards the focus is laid on nanostructures suitable for
electrochemical LSPR systems.

1.2.1

Electrochemical SPR

SPR by itself is an established technique and the implementation of a basic electrochemical cell where
the gold sensor chip acts as working electrode is straightforward. In ESPR the electron transfer
reactions are in most cases analyzed by the resulting electrical current while SPR gives information on
RI changes and possibly the thickness of the layer. Many studies have been performed, for example,
on electro-polymerization and doping processes in conductive multilayer molecular films [72–75] or
layers containing chromophores [76]. Especially such polymeric films can exhibit large optical changes
due to redox reactions. ESPR has also been demonstrated for glucose sensing based on conductive
polymer films with the enzyme glucose oxidase incorporated [66]. It was shown that RI changes upon
glucose oxidation can provide a better signal-to-noise ratio than the conventional electrochemical
current readout. Another related and popular technique is called SPR imaging where electrochemical
reactions generate an RI contrast. This allows, for example, imaging of gradients in the current density
over the electrode surface [70]. In this case the RI contrast results from differences in RI between the
oxidized and reduced states of molecular species.

1.2.2

Nanostructures for Electrochemical LSPR

1.2.2.1

Nanoparticles

Nanoparticles already play a major role in a variety of electrical and optical sensing applications
[77,78]. Many different kinds of nanoparticles, including metal, semiconductor, oxide or composite
nanoparticles, are also widely used in electrochemical sensing systems due to their unique properties
[79]. Such nanoparticle based systems can be used for a variety of purposes [79] such as immobilization
of biomolecules, catalysis of electrochemical reactions, enhancement of electron transfer, labeling of
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biomolecules or acting as reactants. On the other hand, individual metal nanoparticles exhibit fully
confined plasmon resonances which makes them well suited for sensing techniques based on LSPR.
Metal nanoparticles can be produced with many different techniques, such as the reduction of gold
ions in solution [80–82]. On surfaces, colloidal patterning [83–87], electroplating [88] or imprinting
[89] can give various particles distributed over large areas, whereas serial electron beam lithography
produces arbitrary shapes [90], but over smaller regions. The plasmon resonance is highly dependent
on their size [91], shape [92] and the properties of the metal [93]. Different fabrication methods can
affect the crystal grain size and thus influence the plasmonic properties of the nanoparticles [93].
When considering combined electrical and optical sensing, one has to distinguish between free
suspended particles and particles in contact with a conductive substrate. In the first case, it can be
shown, for example, that electron transfer to suspended particles influences the plasmon resonance
wavelength. Such electrons increase the free-electron density within the particle and thereby also the
plasma frequency [94,95]. Free particles can thus act as nanocapacitors with their charge monitored
optically by the plasmon resonance wavelength [96]. Particles or especially particle film layers bound
to conductive substrates which act as an electrode connection represent a different type of sensor. If
only electrochemical measurements are considered, particle films can be just used as an electrode
with a significantly enhanced surface area that is in contact with the liquid [97,98]. In combination with
optical sensing the substrate has to be chosen such that the influence on the plasmonic properties of
the particles is minimized. For such sensing applications, Indium Tin Oxide (ITO), for example, is a well
suited material which is transparent and electrical conductive [99–103]. The charge carrier density of
this doped semiconductor can be tuned so that the material has decent conductivity, whereas the
plasma frequency is low enough to make the material dielectric in the visible-near IR region and
metallic (plasmonic) only relatively far in the IR region [104]. Such a system with ITO support has been,
for example, used to study the oxidation of gold nanoparticles [103]. Gold nanoparticles themselves
can be readily influenced by positive potentials due to oxidative reactions after forming complexes
with halide ions [105]. Other minor changes in the morphology of nanoparticles at applied
electrochemical potentials have also been observed by using an ITO platform [106,107].
Sensing applications of combined electrochemical and plasmonic systems are still rather limited due
to many open questions about the optical-electrical behavior of nanoparticles. One example is the
work of Wang et al., who suggested the electro-optical modulation in terms of frequency for biosensing
with gold nanoparticles [108]. This concept was demonstrated by sensing beta-blocker concentrations
of human serum albumin. As another example, a plasmonic nanoparticle biosensor combined with EIS
was used to detect peptide binding and pore formation at artificial bilayer membranes [109]. In this
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case, the membrane was formed on top of silica particles coated with a continuous gold film. While
EIS was used to gather information about the resistance change of the membrane, the LSPR signal was
used to measure the peptide accumulation on the surface. EIS is in general highly sensitive to single
pore formation and the plasmonic response is more pronounced at higher peptide coverage. With this
example, the advantage of optical and electrical sensing can clearly be seen, since these techniques
complement each other in dynamic range.

1.2.2.2

Nanowire Arrays

Noble metal nanostructures such as nanowires are of increasing interest for (bio-) sensing devices due
to their unique optical and electrical properties and their biocompatibility [110,111]. In general, metal
nanowires can be fabricated with different top-down and bottom-up approaches, including
lithography and metallization processes, atomic force microscopy-, chemical-, self-assembly- and
template-based methods [112,113]. A common technique to produce sub-100 nm metal nanowires is
electron beam lithography followed by metal evaporation and a lift-off process [112]. Because electron
beam writing is slow, this method is only limited to research and prototype applications. In recent
years, a few groups have shown the fabrication of well-defined and very large scale nanowire arrays.
Menke et al. have drawn attention to nanowires up to 1 cm in length made of gold, palladium or
platinum with a new technique called lithographically patterned nanowire electrodeposition [114].
Another alternative method was used, for example, by Hong et al. [115]. They have shown the
fabrication of sub-50 nm gold nanowire array patterns up to surface areas of 30 x 40 mm2 with
thermally curing nanoimprint lithography. By combining nanoimprint lithography and size reduction
lithography, Yan et al. have, for example, shown uniform platinum nanowire arrays [116]. A newly
emerging tool in nanolithography is Extreme Ultraviolet Interference Lithography (EUV-IL) that
combines the advantages of a parallel fabrication process with high resolution [117]. This makes it
attractive for high throughput nanowire array production and has been used to fabricate large arrays
of periodic, homogenous and extreme thin metal nanowires [118]. This technique allows an ultimate
resolution limit below 4 nm, which is about a quarter of the wavelength of the used light source.
Another approach based on EUV-IL has been shown by MacKenzie et al. for creating metal nanowires
composed of single gold colloids [119]. After patterning a resist with EUV-IL and pretreatment with
Polyethyleneimine (PEI), DNA-tagged gold colloids were adsorbed on the surface resulting in nanolines
after the lift-off process.
The increasing interest in sensors based on novel metal nanostructures is mainly caused by their optical
properties related to SPs [110,120]. Recent studies have provided a deeper insight into nanowire based
SP phenomena, but they are still not equally well understood as in metal nanoparticles [121,122]. In
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metal nanoparticles plasmons are localized because all three geometrical dimensions are smaller than
the SP wavelength. In comparison, metal nanowires are confined only in two dimensions because their
length usually exceeds the wavelength of SP. Therefore these structures can excite both localized and
propagating SP [122,123]. Optical resonances can be found only perpendicular to the length axis and
they can be excited only by the component of light polarized in that direction [124]. Resonant
frequencies are typically in the visible spectral range. These LSPR excitations lead to strong locally
enhanced electromagnetic fields that are very sensitive to changes in the local environment, like
binding of molecules in the surrounding of these nanostructures. The resonance wavelength and
accordingly the nature of the enhanced field is also particularly dependent on the nanowire profile,
the properties of the metal or the nanowire period [125–127]. Byun et al. have simulated the influence
of different nanowire profiles and nanowire periods for gold and silver wires [126]. They have shown,
for example, that nanowires with a T- and inverse T-profile have a better sensitivity compared to
nanowires with a rectangular profile. It is also known that periodic arrays of metal nanostructures have
a stronger field enhancement in comparison to randomly distributed structures [128]. Therefore,
arrays of nanowires are the better choice for optical sensing applications. In arrayed configurations
two types of interactions between metal nanostructures are influencing the plasmon resonance. If
they are in close proximity, near-field coupling and far-field dipolar interactions can occur [129]. Nearfield coupling of nanostructures generates usually more than one LSPR peak and makes it more difficult
to identify the main resonance peak and therefore they are less suitable for sensing applications [126].
In addition, the resonance is extremely sensitive to fabrication errors of small nanostructures. As a
result, the spacing between nanowires in an array configuration is an important parameter.
Over the past years, the number of (bio-) sensing approaches based on metal nanowire arrays was
continuously increasing. Most sensor concepts follow the resonance peak shift due to the adsorption
of molecules onto the nanowires or due to binding events near the nanowire surface. Recent work by
Chen et al. has demonstrated a peak shift of around 3 nm in the scattering spectra of gold nanowires
due to binding of an alkanethiolate self-assembling monolayer [122]. A RI sensitivity of 100 nm/RIU
(Refractive Index Unit) has been observed with these wires. Simulations on the LSPR sensitivity of selfassembled monolayers can also be found in the work of Byun et al. [126]. Although their calculated
refractive index sensitivity of 17.4 nm/RIU is lower, their studies provide a basis for the design of
nanowire based optical sensing devices. Bulk refractive index sensitivities up to 115 nm/RIU and limits
of detection as low as 4.5 x 10-4 RIU have been shown with nanowire arrays fabricated by EUV-IL [119].
In these experiments the corresponding LSPR peak shift due to adsorption of PLL-g-PEG/Biotin
followed by an adsorption of streptavidin was monitored over time.
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Metal nanowires have the advantage of a conducting path along their length axis. In addition to optical
sensing techniques, they can easily be used also for electrical based sensor devices. It is known that
the electrical resistance in metal nanowires is much higher compared to its bulk resistance due to
surface and grain boundary scattering effects of conduction electrons. These phenomena become
relevant if one dimension is comparable or smaller than the electron mfp [130,131]. If ions or
molecules are adsorbed onto such small nanostructures, an increase in resistance can be observed
because of increasing surface scattering which has been investigated intensively for thin metal films
[71,130,132]. Molecular adsorption induced resistance changes are an attractive sensing possibility for
metal nanowires too, although hardly any studies exist about these structures. One recent example is
the work of Shi et al. [133]. They have compared the conductivity changes upon exposure to thiols for
single gold nanowires fabricated by Electron-Beam Lithography (EBL) and Focused Ion Beam (FIB)
etching. It was shown that the origin of the resistance change in nanowires fabricated by EBL is surface
scattering and in contrast the resistance change in FIB etched nanowires is caused by grain boundary
scattering. Bogozi et al. have observed a relative conductance change as large as 50% in quantized
copper nanowires upon molecular adsorption [134]. For not quantized wires a resistance change of 3%
in nanoporous gold nanowires or 9% in gold nanowires fabricated with a combination of Atomic Force
Microscopy (AFM) nano-machining and conventional photolithography was observed upon adsorption
of octadecanethiol [111,135].
Noble metal nanowire arrays have clearly shown that these nanostructures are well suited for sensing
applications, although more work has to be done towards understanding the underlying physical
phenomena. In addition, metal nanowires offer the big advantage of being an optical as well as an
electrical transducer for molecular reactions, which can provide supplementary information for
research activities or for sensor devices.

1.2.2.3

Thin Metal Films with Nanoholes

Thin metal films are the simplest structure with only one dimension restricted to the nanoscale and
are used for a variety of sensing applications [136]. Several methods for thin film deposition are
available and it is routinely done in electronic and optical fabrication processes with precise control of
the film thickness [137]. Sputtering and evaporation are by far the most used technologies for sensor
fabrication. Sometimes also chemical or electroplating techniques are used. Deposited on insulated
substrates they can easily be structured with conventional lithography and integrated into small sensor
devices.
Today, most thin film sensors are used for temperature measurements or gas sensing applications
while in liquid environment the majority is used for electrochemical detection systems [136]. While
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different electrochemical detection schemes can be used to measure signal changes resulting from
chemical reactions, the role of thin metal films is typically that of an electrode. Depending on the
application, these electrodes are structured in many different ways. They can be used in arrays for
individually addressable systems [138], as single electrodes [139] or in an interdigitated design, which
is often used for impedance measurements [140,141] or redox cycling experiments [142]. Especially
the use of micro and nano-sized electrodes has several advantages in electrochemical sensors [11].
Since the current decreases with the reduction of the electrode area, ohmic drops are reduced allowing
detection in poorly conducting media. In addition, the double layer capacitance is reduced, which
decreases the time constant of the electrochemical cell. Such systems allow for high speed
voltammetry experiments to measure fast reaction kinetics. Another advantage is related to the
increased mass transport at small dimensional electrodes which also enables faster measurements and
decreases the signal-to-noise ratio significantly. Such an improved measurement environment, of
course, also applies to nanowires if used as electrodes for electrochemistry.
Thin metal films are also well suited for conductivity based sensing applications. While resistance
measurements are widely used with materials such as semiconductors [17] or conductive polymers,
[42] thin metal films also show a significant conductivity change related to surface perturbation [143].
As already stated in the case of metal nanowires, the electron density in metal is usually very high and
surface perturbation effects become only significant when the thickness of the film is in the order of
the electron mfp [130]. Sensing based on conductivity has been demonstrated in various studies.
Zhang et al. have shown, for example, an increase in resistance during the adsorption of thiolate
monolayers [71]. These strongly chemisorbed molecules have shown a resistance change of 4 %. It was
also demonstrated that weakly adsorbing molecules, such as pyridine or phenolate, induce no
observable resistance change. In another work, Correa-Puerta et al. also investigated thiol selfassembled monolayers with resistance changes up to 2.7 % [144]. Their results show that the electrical
response strongly depends on the initial topography of the surface. Schoening et al. have used thin
gold films for trace metal analysis with resistance changes up to 5 % [145].
Thin metal films found a widespread use in optical detection techniques. In particular, SPR and ESPR
are by far the most used methods involving thin metal films. As already stated in the introduction of
Section 1.2, SPR is based on collective charge oscillations called surface plasmons that can be optically
excited. Metal films are directly used as an electrochemical electrode in ESPR. LSPR sensing can be
realized, for example, by incorporation of nanoholes into the film, which is a commonly used
technique. Such nanoholes in metal films, typically around 100 nm in diameter, can be prepared by
several techniques including colloidal lithography [146,147], focused ion beam [148] or interference
lithography [149].
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Similar to nanoparticles, the resonance properties of nanoholes in thin films also depend on the size,
shape and properties of the metal and surrounding dielectric environment [61]. However, the optical
response is more complex due to the coexistence of both localized and propagating plasmons and their
interaction effects [150]. Nevertheless, the spectral features can fairly well be interpreted and even
predicted to some extend for both long-range and short-range order [148]. Their sensing properties
with respect to RI changes for nanohole arrays in gold films are similar to those of nanoparticles [147].
Typical LOD values in the range of 10-5 and 10-6 can be observed [151].

2 Scope of the Thesis
Sensors based on nanoscale materials represent a promising new generation of devices for analytical
biology and chemistry. Often novel properties are found at this length scale, which can be used for the
implementation of new sensor concepts, but a comprehensive understanding of these nanoscale
phenomena is necessary. Complementary sensing techniques can thereby help to identify relevant
mechanisms. In practical sensor use, they are also able to provide additional information about the
analyte. The most popular sensing techniques in research and industry are based on optical and
electrical signal transduction. Especially electrochemical sensors are well suited for combination with
optical readout. In addition, such systems can be easily miniaturized and are therefore well suited for
novel concepts of nanotechnology. In the previous chapter, electrochemical sensors were reviewed
and several nanostructures were identified as suitable for such combined sensing techniques. Two of
them, namely thin metal films with nanoholes and metal nanowire arrays, were chosen as the basis of
this thesis. Although today most electrical sensing systems rely on semiconductors, metals provide a
logical extension for electrochemical platforms due to their use as working electrodes. When
approaching the nanoscale at least in one dimension, the resistance of such electrodes becomes
immediately sensitive to surface perturbations. On the other hand, nanostructured metals also provide
highly sensitive surface detection schemes based on plasmon resonances. Within this thesis, it is
shown how thin metal films and nanowires can be effectively integrated into a microfluidic platform.
Furthermore, the characteristic properties are analyzed and it is demonstrated how this combined
optical and electrical system can be used for fundamental ion studies as well as for practical
applications in terms of ion sensing. The most important and relevant phenomena at the solid-liquid
interface are thereby identified and also addressed with improved simulation studies from a
theoretical point of view.
Chapter 3 focuses first on the theory of the most relevant concepts and physics related to the
development of the sensor. The EDL is reviewed as one of the most important phenomenon in
electrochemical systems and in general at all charged surfaces. Furthermore, an introduction in LSPR
is given and resistance changes in metal nanostructures are analyzed. This chapter is combined with
simulation studies, since some of them are used to further extend the theory of the EDL with examples.
Simulations are based on the common framework of Poisson-Nernst-Planck (PNP) equations which is
a mean-field approximation of ion interactions and continuum description of concentrations and
electrostatic potentials. This equation system is thereby able to self-consistently describe the basic
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features of the EDL. In addition, it is shown how the weaknesses of this theory can be improved for
more realistic calculations. For example, effects of different ion sizes at the interface, steric hindrance
in the bulk solution or specific ion adsorption are demonstrated. These models are then applied to
Cyclic Voltammetry (CV) simulations and fast impedance spectroscopy simulations.
After these theoretical treatments the focus is laid on the development of the flow cell and sensing
experiments. In Chapter 4 the used materials and methods are summarized which includes the
fabrication of nanowire arrays and thin films.
In sensing applications involving liquids, the precise control of fluid flow is of particular importance.
Often small amounts of analytes have to be brought fast and reproducible onto the sensor surface.
Especially microfluidic systems are necessary when small sensors have to be integrated. In Chapter 5
the development of a custom-made flow cell is presented meeting the special requirements for
simultaneous optical and electrical detection. The focus has been laid on effective and reproducible
measurements with nanowire arrays and thin films, but the development also included an appropriate
chip design which was kept as general as possible to principally allow the incorporation of various
on-chip sensor devices with similar dimensions. At the end of this chapter, the flow cell performance
is analyzed by numerical simulations.
In typical electrochemical experiments, the application of potentials plays a dominant role in
identifying substances or analyzing different physical phenomena. Especially in life sciences where
physiological fluids are present with a high degree of salt content, specific adsorption of anions onto
the electrodes plays a dominant role. This is of particular importance when the electrode acts
additionally as signal transductor via resistance and LSPR. It is important to understand all these effects
in order to differentiate sensing signals from other ions and molecules. Within Chapter 6, such specific
ion adsorption effects are targeted and thereby the combined optical and electrical sensing system is
demonstrated. Since electrical resistance measurements together with electrochemical potentials
require special care, the chapter also includes a section about the detailed methodology of such
experiments. The whole measurement system is then characterized and the effect of specific ion
adsorption on the resistance of thin metal films is demonstrated with a number of different ion species
with synchronized CV. In addition, the most dominant ion species Cl- of physiological fluids is exemplary
used to show combined resistance and LSPR measurements on thin films with nanoholes, which are
then correlated against each other. Finally, similar experiments with nanowire arrays are presented
and compared to the results of thin films.
The resistance of nanostructures in liquid environment can be influenced by a number of physical
effects. In electrolyte solutions containing specifically adsorbing ions, the resistance is mainly affected
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by surface scattering of conduction electrons. In contrast, the resistance of metals can be altered when
reducing their size. This effect is much more pronounced at the nanoscale when at least one dimension
approaches the order of the electron mfp. The final Chapter 7 shows how this approach can be applied
for sensing. In particular, a simple and low-cost sensing device is presented for the concentration
analysis of the physiological relevant iodide ion. It is based on iodide induced electrochemical etching
of ultrathin gold films. The underlying mechanism is demonstrated by simultaneous CV experiments
and resistance change measurements in buffer solution. Limits of detection are then identified in
buffer solution as well as in lake water. In addition, thin films with nanoholes are tested for suitability
of optical iodide sensing based on LSPR.

3 Theory and Simulations
3.1

The Electrical Double Layer

When immersing different materials in polar solvents, usually surface charges are developed. These
charges can, for example, originate from dissociation of chemical groups on the surface, chemical
binding or physical adsorption of ions [152]. In conductive materials, such as metals or semiconductors,
charge can also be imposed by an electrical voltage and is related to the excess or deficiency of
electrons at the surface. Such surface charges are then balanced by an equal amount of ions with
opposite charge. These counterions typically remain mobile in the vicinity of the surface and this space
charge region is referred to as the EDL. It plays an important role in many biological and technical
systems. The EDL controls chemical and physical processes such as electrokinetic phenomena [153],
dispersion of colloidal particles [154] and the formation of biological membranes [152]. An
understanding of the phenomena at this interface is crucial for many applications in electrochemistry,
microfluidics or colloidal science.
The first description of the EDL structure was given by Helmholtz in 1853 [155], composed as two
charged layers at the interface between two dissimilar metals. Based on the structure of metals, where
any excess charge is strictly confined to the surface and no electrical field exists inside the metal in
equilibrium, he later proposed (1879) a similar structure for the metal solution interface [156]. It was
stated that the counter ions in solution also reside directly at the surface separated only by a distance
of molecular order. This simple structure is similar to a parallel plate capacitor which results in a
constant capacitance value only dependent on the dielectric coefficient and the charge separation
distance. This constant capacitance is also the weakness of this model since measurements typically
show a dependency on ion concentration and applied voltage.
In electrolyte solutions the attraction of counterions towards the charged surfaces is balanced by
diffusion due to the developed concentration gradient. This leads to a thickening of the double layer
in contrast to the Helmholtz picture. In the beginning of the last century Gouy and Chapman extended
the model to account for a diffusion layer within the solution phase [157,158]. The charge within the
metal still resides at the interface. In equilibrium, the ions are distributed due to the applied potential
and their tendency to diffuse according to the Boltzmann distribution. Combining it with the Poisson
equation, which relates the potential with the charge density, leads to the well-known nonlinear
Poisson-Boltzmann (PB) equation [159–161],
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𝑒𝑒
𝑧𝑧𝑖𝑖 𝑒𝑒𝑒𝑒
∇2 𝜙𝜙 = − � 𝑐𝑐𝑖𝑖0 𝑧𝑧𝑖𝑖 𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒 �−
�
𝜀𝜀
𝑘𝑘𝐵𝐵 𝑇𝑇

(3.1)

𝑖𝑖

where 𝑒𝑒 is the elementary charge, 𝜀𝜀 is the dielectric permittivity, 𝑐𝑐𝑖𝑖0 is the bulk ion concentration and

𝑘𝑘𝐵𝐵 is the Boltzmann constant. This equation exactly describes the Gouy-Chapman model. The net
charge density of counterions is highest at the surface and decreases with the distance from the

interface. After a certain distance, no net charge is seen anymore, which reflects the bulk solution with
equally distributed positive and negative ions. The Poisson-Boltzmann equation can be linearized with
the Debye-Hückel approximation for small potentials (𝜙𝜙 ≪ 𝑘𝑘𝐵𝐵 𝑇𝑇/𝑒𝑒 ≈ 26 mV) leading to,
∇2 𝜙𝜙 = 𝜅𝜅 2 𝜙𝜙

for a binary electrolyte where 𝜆𝜆𝐷𝐷 = 𝜅𝜅 −1 is referred to as the Debye screening length,
𝜀𝜀𝑘𝑘𝐵𝐵 𝑇𝑇 1/2
𝜅𝜅 −1 = 𝜆𝜆𝐷𝐷 = �
� .
2𝑐𝑐0 𝑒𝑒 2

(3.2)

(3.3)

Table 3.1 shows typical Debye screening lengths for aqueous solutions which are in the range of atomic
order for high ionic strength and can be as large as 1 µm for pure water (𝑐𝑐0 ≈ 0.1 µM). The capacitance

resulting from the ion distribution within the diffuse layer is therefore no longer constant for this
model.
𝒄𝒄𝟎𝟎

1M
100 mM
1 mM
100 µM
1 µM
0.1 µM

𝝀𝝀𝑫𝑫

0.3 nm
1 nm
10 nm
30 nm
300 nm
1 µm

Table 3.1. Debye screening length of aqueous electrolyte solutions for typical ion concentrations at 20 °C (𝜀𝜀 = 80𝜀𝜀0 ).

However, the Gouy-Chapman model is only valid for very low voltages (< 50-80 mV) and low bulk ion
concentrations (< 10-3 M) [23,162]. Beyond those limits, the model predicts extremely high electric
fields and impossibly high ion concentrations near the interface. The main reason for that behavior is
caused by treating the ions as point charges and neglecting the finite ion size. Stern was the first (1924)
who proposed a compact layer at the interface [163]. The thickness of this layer is assumed to be
approximately equal to the radius of hydrated ions and is referred to as the Stern layer. This improved
structure is known as the Gouy-Chapman-Stern model or the modified Gouy-Chapman model.
Later, Grahame improved the picture of the interfacial region by dividing the Stern layer into two
regions [162,164]. He considered ions that can lose their solvation shell and get in direct contact with
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the interface (specifically adsorbed ions). The plane going through the center of these specifically
adsorbed ions is called the Inner Helmholtz Plane (IHP). The Outer Helmholtz Plane (OHP) passes
through the center of solvated ions which are at closest approach to the interface. The finalized
structure of the Gouy-Chapman-Stern model with the Grahame modification is visualized in Figure 3.1
for a positively charged electrode. Due to the charge free regions between electrode and IHP as well
as between IHP and OHP the potential drop over these two regions is linear. It can be seen as two
parallel plate capacitors in series. From the OHP, the potential gradually decreases through the diffuse
layer reaching the value of the bulk solution. Water molecules are usually present at the IHP which
align on the surface according to their dipoles [165]. The dielectric permittivity within the IHP is
therefore lower and usually in the order of 𝜀𝜀 = 6. The permittivity within the OHP can also differ from

the bulk value and is in the order of 𝜀𝜀 = 30 [162]. Due to the small separation of counterions from the

electrode double layer, capacitances can reach rather high values, typically in the range of 10 to
40 µF/cm2.

Figure 3.1. Structure of the EDL at a positively charged electrode according to the Gouy-Chapman-Stern model with the
modification of Grahame which separates the Stern layer into an IHP and OHP.

The Gouy-Chapman-Stern model accounts for many characteristic features of real systems and is able
to reproduce experimental behavior fairly well [68,159]. However, several improvements have been
done to the model in order to solve existing discrepancies between theory and experiments such as
corrections of the solvent volume, variations of the dielectric permittivity near the interface, the
polarizability of ions or ion-ion interactions [68]. Nevertheless, the EDL is still not understood in detail,
and it is an important subject of research.
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Localized Surface Plasmon Resonance

In metals, the valence electrons of the metal atoms can be treated as free since they are so loosely
bound to the ion cores. In a first approximation, they may be considered as an ideal gas which is able
to move around trough the volume of the metal. The free electrons are usually termed as conduction
electrons since they are responsible for the high electrical conductivity of metals. The collection of all
free electrons is conventionally interpreted as the free electron gas. Quantized oscillations of the free
electron gas against the positive cores are called plasmons. They can be considered as quasi-particles.
At metal surfaces the quantized oscillations exhibit a longitudinal character and are then called surface
plasmons. Such surface plasmons are able to interact with light in special configurations. Photons can
couple with plasmons, which results in standing or propagating surface plasmon modes [60]. This
coherent oscillation of surface conduction electrons is called SPR and is usually observed at the
interface of two media with dielectric constants of opposite sign, for instance a metal and a dielectric
[58,166]. Since the oscillation of electric field from the incoming plane wave excites surface plasmons,
light with a high angle of incidence will couple most efficiently [60]. The resonance condition for
exciting surface plasmons is sensitive to changes of the RI near the metal surface [59]. Today it is
routinely used for label-free bioanalytical sensing [59].
If surface plasmons are, for example, confined to particles with a size comparable to the wavelength
of light, the collective oscillation of electrons is then termed a LSP, which has two interesting effects
[60,120]. The electric field is greatly enhanced near the surface, rapidly decaying with distance and the
optical excitation has a maximum at the plasmon resonant frequency. In the case of noble metal
nanoparticles this peak in the optical spectrum occurs usually at visible wavelengths. Similar situations
can be observed in other confined nanostructures such as noble metal nanowires. Comparable to SPR,
this peak depends on the refractive index of the surrounding medium and is therefore used for sensing
applications [59].
Gustav Mie was the first who rationalized the observed intense color of colloidal gold nanoparticles,
which can be attributed to the phenomena of LSPR [120,167]. He described this phenomenon by
analytically solving the Maxwell’s equations. Mie’s theory assumes that the particle and the
surrounding media are homogenous and can be described by optical dielectric functions [120]. The
extinction spectrum 𝐸𝐸(𝜆𝜆) of metallic nanoparticles (𝜆𝜆 ≫ 2𝑅𝑅, where 𝑅𝑅 is the radius of the nanoparticle)

can be approximated as [166],
𝐸𝐸(𝜆𝜆) =

3/2

24𝜋𝜋 2 𝑅𝑅3 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜
𝜀𝜀𝑖𝑖 (𝜆𝜆)
�
�
𝜆𝜆 ln(10) [𝜀𝜀𝑟𝑟 (𝜆𝜆) + 𝛽𝛽𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 ]2 + 𝜀𝜀𝑖𝑖2 (𝜆𝜆)

(3.4)
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where 𝜀𝜀𝑟𝑟 and 𝜀𝜀𝑖𝑖 are the real and imaginary part of the dielectric constants of the metal and 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 is the

dielectric constant of the outside medium. 𝛽𝛽 is 2 for the case of a sphere, but can account for particles
with different aspect ratios. Resonance happens when 𝜀𝜀𝑟𝑟 (𝜆𝜆) = −𝛽𝛽𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 which is usually given for

metals whereas noble metal such as gold or silver exhibit the resonance at visible wavelengths.

As can be seen from Equation 3.4, the characteristic resonance is dependent on the material, size and
shape of the nanoparticle. In addition, the resonance can be altered by the dielectric constant of the
medium 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 . Since the dielectric constant is related to the refractive index 𝑛𝑛 by 𝜀𝜀 = 𝑛𝑛2 , a change in

the refractive index of the surrounding medium would result in a shift of the resonance peak. This is
the basis for most sensing experiments since a refractive index change can be induced by adsorbates
on the surface of the nanoparticle [59]. Instead of modeling the extinction spectrum, several equations
exist that describe the LSPR resonance shift in sensing experiments [166]. Assuming an exponential
decay of the SP evanescent field and a constant RI sensitivity 𝑚𝑚, the response to the formation of a
layer of a thickness 𝑑𝑑 on the metal surface can be calculated as [62],
Δ𝜆𝜆 = 𝑚𝑚(𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 )[1 − exp(− 2𝑑𝑑⁄𝑙𝑙𝑑𝑑 )]

(3.5)

where 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 are the refractive indices of the adsorbate layer and the bulk medium,

respectively, and 𝑙𝑙𝑑𝑑 is the decay length of the evanescent field. It can be seen that the response

decreases rapidly as the decay length 𝑙𝑙𝑑𝑑 becomes larger. Due to higher electric fields around such

nanostructures, the field penetration depth into the bulk is reduced approximately one order of

magnitude compared to SPR [59]. Although the sensitivity of SPR sensors to bulk RI changes is higher,
the short decay length in nanoplasmonic sensors gives a comparable RI-sensitivity at the interfacial
region [59,62–65].

3.3

Resistance Change in Metal Nanostructures

In general, electrical conductivity in metals is dependent on many parameters such as the number of
free electrons, crystal structure and defects or temperature. Leaving the bulk properties unchanged,
electrical resistivity can also be influenced by surface processes. Due to the high electron density in
metals, such variations usually cannot be observed in bulk materials. In contrast, the situation is
different when at least one dimension is comparable to or less than the electron mfp. The
surface-to-volume ratio is thereby significantly increased and the conductivity is mainly influenced by
interfacial phenomena, which makes nanostructured metals well suited as sensing devices. In liquid
environments, resistivity changes can be attributed to three main contributions: (i) the field effect,
(ii) adsorption effects and (iii) the size effect [132].
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The field effect describes the modulation of surface charge density induced by an applied electric field.
This effect is usually negligible in metals due to the high charge carrier density, but it has to be
considered in electrochemistry. Applied potential induced charging of the EDL at the solid-liquid
interface can lead to large electric fields and thereby affect the conductivity of thin metal structures
[143]. Several attempts have been made to quantify the field effect on resistance change in liquid
environment. When considering an ideal thin film with the simple free electron and kinetic model, the
relative conductivity change should be linearly dependent on a uniformly distributed surface charge
[168]. Such a behavior was confirmed for metal films in vacuum [169], but experiments in liquid with
non-surface active ions have shown several discrepancies with this model and among the experiments
themselves [132]. Although the results of the field effect in electrochemistry remain inconclusive,
relative resistance changes are smaller than predicted by the free electron model or almost absent in
liquids containing inactive electrolytes [132]. However, in most liquid samples the field effect is
overlapped by specific adsorption of ions and molecules, which contribute to a significant conductivity
change mainly via the formation of new scattering centers for the conduction electrons [71].
In general, resistance changes due to adsorption phenomena in thin metal layers can be attributed to
three main mechanisms [170]: a) Adsorption affects the number of free electrons in the metal,
b) adsorbates represent new scattering centers and c) adsorbed substances react with the metal and
reduce the effective thickness. Mechanism a) can be explained by the electron affinity of the adsorbate
to the metal. If, for example, the electron affinity is higher with respect to the metal, then the
conductivity decreases and vice versa. In mechanism b) where adsorption of substances alters the
number of scattering centers, it is assumed that the concentration of adsorbates is inverse
proportional to the conductivity [132]. Adsorbates increase thereby the diffuse surface scattering of
metal electrons. In mechanism c) the thin metal is subject to a thickness change, which can actually be
attributed to the size effect described below. In this case, surface adsorbed ions or molecules undergo
a chemical reaction with the metal and thereby remove a monolayer of the conducting film. Many
publications exist where adsorption phenomena on metal electrodes are in investigated using, for
example, thermodynamic, spectroscopic and X-ray diffraction methods [171] or techniques such as
Quartz Crystal Microbalance (QCM) [172] and EIS [173]. Several papers also include studies with
respect to electrode resistance changes [132,168,174–176]. In general, it can be concluded that the
conductivity decreases with increasing amount of adsorption. It was suggested that in the case of weak
adsorption, the variation of surface electrons is the dominant factor whereas in the case of strong
adsorption, mainly surface scattering and thickness changes contribute to the resistance change
[132,170,177]. For strong adsorption, it was also confirmed that the resistance change depends on the
coverage and the structure of the surface layer [178]. In particular for the case of anion specific

24

3. Theory and Simulations

adsorption, it was shown that the relative resistance change depends linearly on the anion coverage
[178,179]. In addition, each anion has its own limiting coverage value, except for Br- which was found
to be concentration dependent, and the change is, for example, on gold electrodes in line with the
adsorbability of halide ions (F- < Cl- < Br- < I-) [68,170].
The size effect describes the increased resistivity compared to the bulk materials when one of the
dimensions approaches the electron mfp [130,132]. The electron mfp is a characteristic value which is
dependent on the material (e.g. 38 nm for gold [130]). First, the resistivity increases slowly with
decreasing dimensions and shows an extensive enhancement below a certain thickness. Fuchs and
Sondheimer [180,181] (FS theory) were the first who attributed this effect to diffuse scattering at the
physical boundaries, which is essentially a restriction to the electron mfp [131]. Later Mayadas and
Shatzker (MS theory) improved the FS theory by also accounting for surface scattering at grain
boundaries [182]. Both well-known theories can actually fit experimental data quite well [182] and are
usually the basis for many further developed models. In practice, the size effect also depends on
various parameters such as film deposition techniques, surface roughness, etc. Regarding the size
effect in electrochemistry, it has been considered only in a few publications [132]. For example, Rath
et al. investigated surface effects on the resistance in electrolyte solutions at different electrode film
thicknesses [178]. A more direct relation between electrochemistry and the size effect can be assigned
to electrochemical reactions which actually increase or decrease the physical size of the metal and
thereby influencing the resistance. This has been investigated, for example, during dissolution
reactions of Rh and Pd films [183] or during the formation of oxidation layers on iridium films [184]. As
already mentioned above, such reactions are often accompanied by prior adsorption of participating
ions or molecules.

3.4

Simulation of Interfacial Phenomena

As already stated in Section 3.1, the EDL and its related phenomena play a key role in many biological
systems as well as in engineered devices. In the following section some important characteristics of
the EDL and its impact on the behavior of electrolytic cells are modeled using the commercial available
finite element simulation software COMSOL Multiphysics. The model is based on the PNP theory and
first, the basic interfacial structure is visualized at different ion concentrations and applied potentials.
Intrinsic limitations of this model are identified and possible improvements are shown to simulate a
more realistic picture including steric effects, unequal ion sizes and specific adsorption at the
electrode. The model is also used to demonstrate the impact of specific ion adsorption on CV
experiments and to simulate impedance spectra in an elegant and fast way.
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Numerical simulations are a powerful tool to investigate physical and chemical phenomena. Although
the complex relations and boundary conditions in real systems are difficult to apply, the use of
simplified models can often capture the characteristic features of real systems and allow for a
systematic analysis [185]. Many attempts have already been made to describe the complexity of
phenomena in liquid environments. The simplest models describing an electrolytic cell are based on
equivalent circuit elements. These are usually used to analyze experimental impedance measurements
[29]. In the simplest case, the electrolytic cell is modeled as a capacitor in series to a resistor which
represents the double layer capacitance and the resistance of the bulk solution, respectively. More
complex circuits are commonly used to account also for a bulk capacitance or a charge transfer
resistance. Although equivalent circuit models are able to describe many experimental results,
discrepancies from ideal circuit elements are often treated with empirical parameters. Therefore,
these models have also little connection to the underlying physics. Molecular Dynamic (MD)
simulations have also been used to describe electrode interfaces in liquid environments [186], but
studies to investigate the dynamics of biological systems, such as ion channels, are more often
performed [187]. These models formulate the behavior of ions and molecules on the atomic level and
are able to provide a more detailed picture. However, the high computational cost is often a major
limitation and therefore these simulations are usually restricted to very small dimensions and time
scales. Currently, the most common models are based on mean-field theories which reduces the
computational cost significantly compared to MD simulations. Such continuous descriptions treat ions
and molecules as point charges, which obviously neglects some of the important features, such as
finite ion size. Several modifications have been developed over time to account for such properties
and thereby model systems have been provided that are able to describe a large number of
experimental findings. One example of mean-field theory is the classical PB equation (cf. Section 3.1),
which is widely used to describe the electrostatic interactions and ionic density distributions of ionic
solutions at equilibrium state [188]. Another common mean-field theory is the well-established
framework of PNP equations which is not only able to capture the equilibrium state, but also the
transient behavior. The PNP model has already been used in a variety of simulations to predict the
charge distribution and ionic flux, for example, in biological ion channels [189,190], electro-osmotic
pumps [191] or electrochemical cells [192] including electro-chemical capacitors [193]. In many
research areas a qualitative description and increasingly quantitative prediction of experimental
observations is possible [194].
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The Poisson-Nernst-Planck Model

The classical PNP system is based on dilute solution theory where individual ions are treated as point
charges and interactions between them are neglected. The characteristic properties of ions are
represented by their electrical charge and mobility. The ion transport and thereby the distribution of
ion concentrations is governed by the Nernst-Planck (NP) equation [159,195] at which the flux of each
individual ion species 𝑖𝑖 is given by,

𝜕𝜕𝑐𝑐𝑖𝑖
= ∇ ∙ (𝐷𝐷𝑖𝑖 ∇𝑐𝑐𝑖𝑖 + 𝜇𝜇𝑖𝑖 𝑧𝑧𝑖𝑖 𝑒𝑒𝑐𝑐𝑖𝑖 ∇𝜙𝜙)
𝜕𝜕𝜕𝜕

(3.6)

The diffusion coefficient 𝐷𝐷𝑖𝑖 is related to the mobility 𝜇𝜇𝑖𝑖 by Einstein’s relation 𝐷𝐷𝑖𝑖 = 𝜇𝜇𝑖𝑖 𝑘𝑘𝐵𝐵 𝑇𝑇. The given
form of (3.6) neglects convective transport and represents a classical drift-diffusion equation. The

electrostatic potential is related to the charge density by the Poisson equation,
−∇ ∙ (𝜀𝜀∇𝜙𝜙) = � 𝑧𝑧𝑖𝑖 𝑒𝑒 𝑐𝑐𝑖𝑖

(3.7)

𝑖𝑖

The combination of (3.6) and (3.7) represents the full PNP system. This set of coupled partial
differential equations is highly non-linear and the primal unknowns are the ion concentration of each
species 𝑐𝑐𝑖𝑖 and the potential 𝜙𝜙. It self-consistently describes the basic features of the EDL at charged
surfaces. If a potential is applied at the electrode surface, opposite charged ions will start to drift
towards the electrode while ions with the same charge will drift away. This motion is driven by the
local gradient of the potential. On the other hand, the drift is counterbalanced by diffusion where ions
tend to distribute equally in space. The final distribution leads to a space charge region which
represents the EDL while the timespan needed for the reorientation is associated with the charging
time of the EDL.
The PNP model is fully consistent with the Gouy-Chapman model of the EDL (cf. Section 3.1) and has
therefore the same limitations. Even small potentials lead to extreme electric fields at the electrode
surface and thereby to physically impossible ion concentrations. The negligence of finite ion size is
therefore a major drawback and ion correlation effects may also become important [194]. On the other
hand, effort has been made to extend the model, for example, to account for finite ion size [196],
which significantly improves the model and provides a useful framework for many applications. Within
the following sections, such modifications are shown and their implications are analyzed. Amongst
others, it can be seen that already the simplest improvement of adding a Stern layer significantly
improves the PNP model.
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The Simulation Domain

For the following simulations two different model domains were used. A schematic representation of
the model systems is visualized in Figure 3.2 where one domain includes a Stern layer at the electrode
surface and the second domain shows a more detailed implementation with an IHP and OHP. Both
domains are represented as a parallel plate configuration and consist of an electrolyte solution
containing one pair of charged ions. This configuration is well suited for 1D simulations where most of
the effects can be visualized. Later, more complicated 2D structures are presented and compared to
the 1D simulations, but also those are based on the same structure of the interface as shown in Figure
3.2b.

Figure 3.2. Schematic representation of the simulation domains including (a) a Stern layer implementation and (b) a more
detailed structure of the interface with a Stern layer separation (IHP and OHP).

As already mentioned, the PNP system does not account for finite ion size, but as a first step towards
a more realistic model, a Stern layer can easily be implemented by using the right boundary condition.
A mixed boundary condition for the electrical potential 𝜙𝜙 at the electrode surface (𝑥𝑥 = 0, 𝑥𝑥 = 𝐿𝐿) can
be formulated as [197],

𝜙𝜙 = 𝜙𝜙0,± ∓ 𝑑𝑑𝑒𝑒

𝑑𝑑𝑑𝑑
, at 𝑥𝑥 = 0, 𝐿𝐿
𝑑𝑑𝑑𝑑

(3.8)

where 𝑑𝑑𝑒𝑒 is the effective thickness of the Stern layer and 𝜙𝜙0,± are the potentials at the positive and
negative electrodes, respectively. The actual Stern layer thickness 𝑑𝑑𝑠𝑠 is related by 𝑑𝑑𝑒𝑒 = 𝑑𝑑𝑠𝑠 𝜀𝜀𝑏𝑏 /𝜀𝜀𝑠𝑠 , where

𝜀𝜀𝑏𝑏 and 𝜀𝜀𝑠𝑠 represent the dielectric coefficients of the bulk solution and the Stern layer, respectively

[197]. This general boundary condition represents a surface capacitance which can either be used to

implement a dielectric coating or the charge free layer of the Stern region where only water molecules
are present [197]. In this case, the dielectric coefficient 𝜀𝜀𝑠𝑠 , which typically differs from the bulk value,

reflects the reorientation of water molecules within the Stern layer. This boundary condition has been
used for several simulations, but the presented results here are based on another approach. In order
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to generalize the model, the Stern layer has been implemented as a physical domain with a thickness
of 𝑑𝑑𝑠𝑠 which corresponds to the plane of closest ion approach (Figure 3.2a). While the PNP system was

used within the bulk region, the Stern layer was treated as charge free by using the Laplace equation,
−∇ ∙ (𝜀𝜀∇𝜙𝜙) = 0 .

(3.9)

Potential variations 𝜙𝜙 = 𝜙𝜙0 (𝑡𝑡) were applied at 𝑥𝑥 = 0 while at the opposite electrode (𝑥𝑥 = 𝐿𝐿) the

potential was set to 𝜙𝜙 = 0. A no-flux boundary condition was used at the interface between the bulk

solution and the Stern layer. This model system, where the Stern layer is represented as a physical
domain, is equivalent to the above mentioned model with a mixed boundary condition. However, the
concept of physical domain implementation offers the flexibility to include more complex systems and
geometries. Here, all simulations are consistently based on physical domains.
Numerical solutions were obtained by solving the PNP equation together with the corresponding
boundary conditions in COMSOL Multiphysics (version 4.2 to 4.4). The mesh size was smallest at the
electrode surface (≈ 𝛥𝛥𝛥𝛥 = 10-11 nm) to resolve the large potential gradients of the EDL. The Stern layer
was typically separated into 10-20 mesh elements of equal distance while the mesh size increased
gradually into the bulk solution with a growth rate of 1.3 up to a maximum value of 𝛥𝛥𝛥𝛥 = 𝐿𝐿/100.

Calculations were performed as transient simulations and prior to analysis the mesh size and maximum
time step has been evaluated to assure sufficient accuracy. In the case where 2D simulations have
been performed, a more detailed description of the geometry, meshing and simulation parameters is
given in the corresponding sections.

3.4.3

The Stern Layer Model at Different Ion Concentrations and Potentials

As a starting point, the basic simulation domain including a Stern layer is used to demonstrate some
characteristic features of the EDL. Figure 3.3 shows the potential and ion distribution in the
electrochemical cell at different bulk ion concentrations 𝑐𝑐0 . The potential at the electrode 𝜙𝜙0 was fixed

at 0.5 V and the length of the simulation domain was set to 𝐿𝐿 = 100 µm. This distance was used as a

default value for most of the simulations. Since the simulation domain is closed, a depletion of ions in
the bulk solution occurs during double layer charging. However, due to the chosen length scale, which
is orders of magnitudes higher than the double layer region, this phenomenon can be neglected. Other
parameters were 𝑑𝑑𝑠𝑠 = 0.3 nm, 𝑧𝑧1 = −𝑧𝑧2 = 1, 𝐷𝐷1 = 𝐷𝐷2 = 1 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5 and
𝜀𝜀𝑠𝑠 = 20. The Stern layer thickness 𝑑𝑑𝑠𝑠 represents the closest approach of ion species and typically
corresponds to the solvated ion radius. A reduced dielectric coefficient in the compact layer is used to

account for the reorientation of water molecules. The value for the Stern layer dielectric coefficient
represents an average of the typically observed values for the IHP and the OHP (cf. Section 3.1).
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Figure 3.3. EDL in equilibrium with Stern layer implementation at different bulk ion concentrations and an applied electrode
potential of 𝜙𝜙0 = 0.5 V. (a) Potential distribution within the cell. (b) A detailed view of the potential distribution at the
positive electrode shows how the voltage linearly drops within the Stern layer, which acts like an ideal capacitor, followed by
a non-linear decay within the diffuse layer. (c) Ion concentration within the cell. (d) A detailed view of ion concentration at
the positive electrode shows the Stern layer as an ion-free and thereby charge-free region. All other parameters were
𝐿𝐿 = 100 µm, 𝑑𝑑𝑠𝑠 = 0.3 nm, 𝑧𝑧1 = −𝑧𝑧2 = 1, 𝐷𝐷1 = 𝐷𝐷2 = 1 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5 and 𝜀𝜀𝑠𝑠 = 20.

One of the main features of the EDL is its decreasing length scale with increasing ion concentration. As
shown at high ion concentrations in the range of 1 M, the EDL already decays within a few nm while it

can reach several tens of nm into the bulk for concentrations in the range of 1 mM. Compared to the
estimated values of the Gouy-Chapman model (c.f. Debye length in Section 3.1) the typical length
scales of the EDL are approximately increased by a factor of 3. Adding a Stern layer to the PNP system
which corresponds to the original Gouy-Chapman-Stern model significantly improves the properties at
the electrode-solution interface. Without considering a finite size of ions in the bulk solution, the
compact layer already prevents the crowding in front of the interface to a large extend. Assuming a
steric limit of 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 = 1/(𝑁𝑁𝐴𝐴 𝑎𝑎3 ) for simple cubic packing where 𝑎𝑎 is the effective ion diameter [198],

a maximum concentration of 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 7.7 M can be reached (𝑎𝑎 = 2𝑑𝑑𝑠𝑠 = 0.6 nm). Here, at a moderate

voltage of 0.5 V, which is far larger than the validity of the Gouy-Chapman model, the steric limit is

approximately reached at the highest simulated concentration of 1 M but does not exceed this value.
One feature that is also worth noting for comparison with later results is the fact that the potential in
the bulk solution 𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is always half of the applied potential. It is shown later that the bulk potential
can be influenced quite drastically by implementing some more realistic assumptions into the model.
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Figure 3.4. Stern layer potential drop in equilibrium at different applied electrode potentials and ion concentrations.
(a) Detailed view of the interface for different applied potentials and two ion concentrations. (b) Ratio between the Stern
layer potential drop and the total drop between the electrode and the bulk solution. At higher ion concentrations almost the
full potential drop occurs within the Stern layer regardless of the applied potential. All parameters were the same as used in
Figure 3.3.

The influence of different applied potentials at fixed ion concentrations can be seen in Figure 3.4. The
higher the applied potential, the more ions are attracted to the surface and therefore a similar picture
can be seen at the interface when compared to the results with different bulk ion concentrations.
Higher electrode potentials which involve higher ion concentrations at the surface lead to an increased
potential drop within the Stern layer. As can be seen in Figure 3.4a, this effect is more pronounced at
lower bulk ion concentrations while a variation of the applied potential has only a minor influence at
higher values (cf. 𝑐𝑐0 = 1 mM and 𝑐𝑐0 = 100 mM). In summary, Figure 3.4b shows the ratio between the
potential drop in the Stern layer and the total drop from the electrode to the bulk for different ion

concentrations. It can be clearly seen that for high ion concentrations, in the range of 1 M and above,
all curves join each other and that 80-90 % of the potential drop always occurs within the compact
layer, regardless of the applied potential. In general, it is worth noting that regardless of how the
potential drop is partitioned between the Stern layer and the diffuse layer, the decay length at a fixed
bulk ion concentration is almost not affected.

3.4.4

The Effect of Unequal Ion Radii

Within the last section, the structure of the EDL at different concentrations and potentials was
examined. It was also shown that already the introduction of a Stern layer in the Gouy-Chapman model
has a significant impact on the distribution of ions at the solid-liquid interface. The thickness of the
Stern layer represents thereby the effective radius of an ion species which is equivalent to its closest
approach. The effective radius is typically chosen as the radius of the hydrated ion, but several other
ion-surface interactions also have to be taken into account. Most of the original theoretical work on
the EDL has only considered one size of ions [199] until in the early 1980s the first studies with unequal
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ion sizes have been carried out in the framework of the modified Gouy-Chapman theory [185,199,200].
When considering an asymmetric ion-pair where each ion species has a different distance of closest
approach, this naturally leads to non-zero potentials at the interface even when the electrode is
uncharged. In this case, charge separation occurs in the interfacial region where both ion types coexist
to counterbalance the charge in the intermediate domain where only one ion type is present. On the
other hand, at very high electrode charges where counterions almost vanish from the interface, only
the distance of closest approach of the attracted ion becomes relevant. These and related effects have
also been investigated in more recent studies on the EDL in equilibrium using the modified GouyChapman model [185,201], Monte Carlo simulations [202,203] or a network model [204]. However,
most of the simulation studies dealing with EDL effects neglect the unequal ion sizes at the interface.

Figure 3.5. Effect of asymmetric ion size on the bulk solution potential in a closed electrochemical cell with two electrodes.
(a) Simulation domains are divided into a charge free region (Stern layer I) and an intermediate region (Stern layer II) where
only the PNP system of the smaller ion type is solved. Within the bulk region the PNP system is solved for both ion species.
(b) Bulk potential change in a binary electrolyte where one ion radius is varied. (c) Bulk potential change versus ion radius for
different Stern layer permittivity coefficients. Parameters were 𝜙𝜙0 = 0.5V, 𝐿𝐿 = 100 µm, 𝑑𝑑𝑠𝑠 = 0.3 nm, 𝑧𝑧1 = −𝑧𝑧2 = 1, 𝐷𝐷1 =
𝐷𝐷2 = 1 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑠𝑠 = 20 (at 𝑥𝑥 = 0 – 0.3 nm) and 𝜀𝜀𝑏𝑏 = 78.5.

Within this section, the PNP framework is used to account for an asymmetric binary electrolyte and to

demonstrate one of the main implications on an electrochemical cell. To implement two different
distances of ion approach (equal with ion radii), the Stern layer was divided into two regions (Figure
3.5a). Apart from this derivation, the simulation domain again consisted of a closed system with two
electrodes (Figure 3.2a). The regions in direct contact with the electrodes (Stern layer I) were treated
like in the previous simulations as complete charge free where only the Laplace equation (2.7) was
solved. Its thickness corresponded to the smaller ion radius while the thickness of the adjacent
domains (Stern layer II) was equal to the difference of both ion radii. Within these domains, only the
PNP equation system for the smaller ion type was solved while the middle domain, representing the
bulk solution, contained both ion types and was subject to the full PNP equation system. Between the
Stern layer II and the bulk solution a continuous boundary condition was used for the smaller ion type
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while a no-flux boundary condition was used for the larger ion species. In addition, a no-flux boundary
condition for the smaller ion type completed the system at the interface of Stern layer I and II.
As already stated above, two different ion radii are able to affect the potential and ion distribution at
the interface. Simulation results in Figure 3.5b clearly demonstrate that such changes are not restricted
to the interfacial region but also modulate the bulk solution potential. In this case, the radius of one
ion (negatively charged ion type) was fixed at 0.3 nm while the radius of the other ion type (positively
charged) was varied from 0.1 to 0.5 nm. All other parameters used were 𝜙𝜙0 = 0.5V, 𝐿𝐿 = 100 µm,

𝑑𝑑𝑠𝑠 = 0.3 nm, 𝑧𝑧1 = −𝑧𝑧2 = 1, 𝐷𝐷1 = 𝐷𝐷2 = 1 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑠𝑠 = 20 (at 𝑥𝑥 = 0 – 0.3 nm) and
𝜀𝜀𝑏𝑏 = 78.5. The bulk potential remains exactly at the half of the applied value when both ion radii are

equal (cf. with previous section) since the formed EDL on both electrodes is the same with respect to
the ion distribution and is only oppositely charged. As soon as a deviation from this ideal case is given,
the EDL at each electrode is dominated by the corresponding radius of the attracted ion type since the
counterion concentration decreases. The different ion size leads therefore to dissimilar Stern layer
potential drops and diffuse layers at each electrode. This asymmetry in the EDLs is reflected as a
deviation of the potential in the bulk solution. The simulation results from Figure 3.5b demonstrate
that an ion radius difference of a few hundred pm can already lead to changes of the bulk potential of
several tens of mV (at 𝜙𝜙0 = 0.5V). It can also be seen that the changes above the potential
corresponding to equal ion size are less pronounced than the ones below. This behavior can be
attributed mainly to the reduced dielectric permittivity which was assumed to begin at distances
smaller than the closest approach of the ion type with a fixed radius.
Within the modified Gouy-Chapman model, the decreased permittivity inside the Stern layer is
typically considered as a constant value throughout this domain. When applying this simplified model
to multiple Stern layers, the problem of defining the region of changed permittivity arises, and
therefore, the results are dependent on this assumption. In reality, the exact permittivity distribution
near charged surfaces is hard to capture. It is known that the dielectric permittivity of polar electrolytes
decreases with increasing electric fields [165,205,206]. Especially under large applied fields, the polar
solvent molecules become highly oriented and are not able to provide further polarization, which leads
to the decrease of the dielectric coefficient [207]. By using derived equations that account for the local
electric field dependent permittivity, such as the Booth model [205,207], the accuracy of EDL related
simulations can be increased. However, here the intention was to present a qualitative analysis of the
ion size effect and its order of magnitude. Like in many other studies the dielectric coefficient was
again treated as a constant and used within the Stern layer region of the ion type with fixed radius. In
Figure 3.5c, the bulk potential is plotted over the ion radius. Different relative permittivity coefficients
with reasonable values have been verified to account for the range of realistic values. This figure
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complements the results from Figure 3.5b where the negatively charged ion type was fixed and the
radius of the positively charged type was varied. It can be clearly seen that the bulk potential decreases
similarly for all Stern layer permittivity coefficients when the positively ion radius is smaller than the
fixed value. It is the regime where the influence on the bulk potential is the largest. On the other hand,
the effect on the bulk potential is reduced when the positively charged ion is larger than the fixed
radius. Especially at lower Stern layer permittivity, which leads to an increased potential drop within
the Stern layer, the influence of ions further away (larger radius) is therefore less pronounced.
In summary, it was shown that small asymmetries in the physical ion size without considering any other
interfacial phenomena can already lead to significant changes within the EDL structure. Many
simulation models often only include the electrode of interest when analyzing interfacial phenomena.
Here, the PNP framework was used to simulate the whole electrochemical cell as a closed system with
two electrodes. The local changes in the EDL due to different ion sizes were thereby investigated in
terms of bulk solution potential. In addition, it is also worth noting that a bulk potential shift can also
occur with ions of the same size but when unequal ion charges are considered [208]. This phenomenon
is not presented here but has been proven within the same framework of the PNP model.

3.4.5

Specific Ion Adsorption and Steric Effects

Specific adsorption belongs to the most important phenomenon in surface science [209]. In particular,
in electrochemistry the adsorption of reactants and products as well as inert components can change
the kinetics of electrode reactions and even their mechanism [209]. It is well known that a variety of
anions such as Cl-, Br- or I- specifically adsorb at electrode surfaces. This even occurs at negative
electrode charge. Such phenomena can therefore not be explained by simple electrostatic interactions.
It is normally assumed that the behavior of an ion near the electrode depends on the competition
between the ion-metal attraction and the energy needed to lose their solvation shell [210]. Such
specifically adsorbed ions change the structure of the EDL, which can have several implications on the
electrochemical behavior. A more obvious effect is, for example, that such ions can block sites at the
electrode for electrochemical reactions.
Considering the picture of Grahame’s modification of the Stern-Gouy-Chapman model (cf. Section 3.1),
specifically adsorbed ions are located at the IHP. Its distance from the electrode surface is typically
assumed to be in the order of the ion radius while for non-adsorbed ions the closest approach is the
OHP with a distance from the electrode in the order of their solvation shell radius. The adsorption
process can therefore be seen as a transfer of an ion from the OHP to its adsorbed state at the IHP.
The number of adsorbed ions is controlled by mass transport to and away from the OHP, adsorption
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kinetics and usually by the number of free surface sites [211]. For many years, the specific adsorption
of ions onto metal electrodes has been studied from thermodynamic and structural aspects to
determine surface coverages or the equilibrium structure of the adlayer while much less work was
carried out on kinetics of adsorption [212]. A simple rate equation for an ion transfer assuming a
Langmuir adsorption isotherm may be expressed as,
𝑑𝑑c𝑠𝑠
= k 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂 (1 − 𝜃𝜃) − 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 𝜃𝜃
𝑑𝑑𝑑𝑑

(3.10)

where c𝑠𝑠 is the surface ion concentration, 𝑡𝑡 is the time, 𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂 is the solution concentration at the OHP

of the adsorbing species, k 𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 are the rate constants for the adsorption and desorption
process, respectively, and 𝜃𝜃 = 𝑐𝑐𝑠𝑠 /𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 is the fraction of available surface sites. The Langmuir

description already covers the main feature of surface saturation. More features, such as adsorbate

interactions, can be accounted, for example, by the Frumkin or Temkin isotherms [159]. The rate
constants can be expressed similar to ordinary electrode kinetics leading to a slightly modified version
of the Butler-Volmer equation for electron transfer [23,211,213–215] as,
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 = k 𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 = k 𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒 �

𝛼𝛼𝛼𝛼𝛼𝛼(𝜙𝜙0 − 𝜙𝜙𝑂𝑂𝑂𝑂𝑂𝑂 − 𝜙𝜙𝑠𝑠 )
�,
𝑅𝑅𝑅𝑅

(1 − 𝛼𝛼)𝑧𝑧𝑧𝑧(𝜙𝜙0 − 𝜙𝜙𝑂𝑂𝑂𝑂𝑂𝑂 − 𝜙𝜙𝑠𝑠 )
�
𝑅𝑅𝑅𝑅

(3.11)

(3.12)

where k 0,𝑎𝑎𝑎𝑎𝑎𝑎 and k 0,𝑑𝑑𝑑𝑑𝑑𝑑 are the standard rate constants of adsorption and desorption, respectively,

𝜙𝜙𝑂𝑂𝑂𝑂𝑂𝑂 is the potential at the OHP and 𝜙𝜙𝑆𝑆 is the standard potential of adsorption. 𝛼𝛼 is known as the

transfer coefficient or activation barrier symmetry-factor in ordinary electron transfer kinetics. It is

usually close to 0.5 since such reactions are typically symmetric, but for specific adsorption it can
deviate from this value since it is dependent on the double layer structure [214]. The classical ButlerVolmer equation for electron transfer reactions is usually applied across the entire double layer under
conditions of electroneutrality [216]. Instead of just using the electrode potential 𝜙𝜙0 as the

overpotential term in the Butler-Volmer equation, the potential difference between the electrode and
the OHP (𝜙𝜙0 − 𝜙𝜙𝑂𝑂𝑂𝑂𝑂𝑂 ) can also account for the diffuse double layer effects [159]. Such a modification
was first introduced by Frumkin and is therefore usually called the Frumkin-correction [159,217]. As in

the original Frumkin correction, the potential at OHP can be approximated, for example, in the
equilibrium state by using the Poisson-Boltzmann equation. Here, the Frumkin correction was also
applied for the ion adsorption model. For the implementation into the model, the PNP simulation
framework is well suited since the potential at the OHP is naturally accessible as well as the actual ion
concentration of the adsorbing species at the OHP. Thereby the interdependency of the dynamics of
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the EDL and the charge of the adsorbed ions is self-consistently solved. It has to be noted that the
specific ion adsorption is a rather complex phenomenon and the detailed chemistry and physics,
especially the kinetics, are still not completely understood. Few papers, for example, measure the rate
constants of specifically adsorbing ions on electrodes [212,215,218]. Since realistic parameter values
for this model are simply not available or vary in literature, the focus of the simulations was laid to
describe some aspects of the phenomenological behavior of electrochemical cells with specific ion
adsorption.
In order to implement specific adsorption to the simulation domain, the finite volume of the Stern
layer is divided into two regions. According to Figure 3.2b the IHP is the location of specific adsorption
where the ion density is represented as a surface charge density. The OHP still reflects the plane of
closest approach for hydrated ion species and the volume between the electrode and IHP as well as
between the IHP and OHP is again treated as a charge free region where the Laplace equation was
solved. The rate of adsorbate concentration according to (3.10), (3.11) and (3.12) was modeled as a
flux-boundary condition at the OHP for the adsorbing species. Each ion that flows from the bulk
solution into the OHP was immediately added to the IHP as a surface charge with its corresponding
charge value and vice versa. Ion species that do not participate in adsorption were treated with a noflux boundary condition at the OHP.
Within Section 3.4.3 it was shown that a Stern layer can already prevent unrealistically high ion
concentrations at least at moderate voltages. Here, within the simulation model for specific
adsorption, the effect of finite ion size in the bulk solution is also taken into account. Such a
generalization allows the use of higher voltages without infringing the physical boundaries. On the
other hand, when considering specific adsorption, a high degree of surface bound ions at the IHP can
easily lead to higher ion concentrations in the diffuse layer compared to the simplified Stern model at
equal applied potentials and bulk concentrations.
Since the use of point charges in the dilute solution theory is a fundamental limitation, many attempts
have been made to account for steric effects based, for example, on the modified Poisson-Boltzmann
[219] or density functional theory [220]. Many of such descriptions target the equilibrium ion
distribution while literature is rare of dynamic descriptions [196]. Kilic et al. were the first who derived
a simple model extending the transient PNP equations to include finite ion sizes [196]. Within this
publication a good review of all previous attempts to extend the dilute solution theory in terms of
finite ion size is given. Their PNP modification is based on a the classical description of a simple ion
crowding model developed much earlier by Bikerman [221]. To account for the steric limit, Kilic et al.
added an excess term in the expression of the electrochemical potential within the NP equation which
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is valid for binary and symmetric electrolytes [196,222]. Recently, Wang et al. generalized this model
to also account for asymmetric ion sizes and/or multiple ion species [223]. This modified Nernst-Planck
equation can be written as [223],
3
𝜕𝜕𝑐𝑐𝑖𝑖
𝐷𝐷𝑖𝑖 𝑁𝑁𝐴𝐴 𝑐𝑐𝑖𝑖 ∑𝑁𝑁
𝑖𝑖=1 𝑎𝑎𝑖𝑖 ∇𝑐𝑐𝑖𝑖
= ∇ ∙ �𝐷𝐷𝑖𝑖 ∇𝑐𝑐𝑖𝑖 + 𝜇𝜇𝑖𝑖 𝑧𝑧𝑖𝑖 𝑒𝑒𝑐𝑐𝑖𝑖 ∇∅ +
�
3
𝜕𝜕𝜕𝜕
1 − 𝑁𝑁𝐴𝐴 ∑𝑁𝑁
𝑖𝑖=1 𝑎𝑎𝑖𝑖 𝑐𝑐𝑖𝑖

(3.13)

where 𝑐𝑐𝑖𝑖 , 𝐷𝐷𝑖𝑖 and 𝑎𝑎𝑖𝑖 are the concentration, diffusion constant and the diameter of the ion species 𝑖𝑖,

respectively, and 𝑁𝑁𝐴𝐴 is the Avogadro constant. Both, Equation 3.13 and the more restrictive form for
binary and symmetric electrolytes from Kilic et al. where used during the following studies to account

for finite ion size. Together with the equations for specific ion adsorption, these additional
modifications to the PNP model already provide a powerful framework for more realistic transient
simulations of electrochemical cells.
For subsequent simulations, the following assumptions have been made. All simulations are based on
the common electrolyte solution NaCl. Chloride ions (Cl-) are assumed to adsorb specifically at the left
electrode. Where possible, a gold electrode was assumed. The different ion radii were not only
considered for the steric equation above but also for the closest approach at the electrodes
(cf. Section 3.4.4). Therefore two OHPs were used at distances matching the hydrated ion radii
𝑟𝑟𝐶𝐶𝐶𝐶−,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂,𝐶𝐶𝐶𝐶− = 0.33 nm and 𝑟𝑟𝑁𝑁𝑁𝑁+,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁+ = 0.36 nm of Cl- and sodium (Na+) [224].

The IHP as the location for specifically adsorbed Cl- ions at the left electrode was defined at a distance

corresponding to the Cl- radius 𝑟𝑟𝐶𝐶𝐶𝐶− = 𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 = 0.181 nm [224]. As already mentioned above, realistic

rate constants for specifically adsorbing ions are difficult to capture, but some work has shown that
typically high values can be expected for halide ion adsorption on electrodes. Often only the apparent
rate constants k 𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓(𝜃𝜃), where 𝑓𝑓(𝜃𝜃) is a function of coverage, are measured at different applied

potentials since the exact adsorption isotherms are also not known. In the case of Cl- adsorption on
gold electrodes it was shown that, for example, impedance spectroscopy is even too slow to measure
such rate constants [212]. Smalley et al. used an indirect laser-induced temperature jump technique
where a change in open circuit potential in response to temperature perturbation was measured with
rate constants for Cl- on gold electrodes in the range of 107 s-1 (at 0 V vs SCE) [215,218]. These rate
constants are defined for this type of experiments and cannot be directly related to the standard rate
constant for Langmuir adsorption kinetics k 0,𝑎𝑎𝑎𝑎𝑎𝑎 defined above, but it shows how fast this process
occurs and the order of magnitude can be estimated. Adsorption times for other molecules such as

thiols on metal electrodes typically are many orders of magnitude slower [225]. In order to account for
a fast process, the standard rate constants for Cl- for the following simulations were defined as
k 0,𝑎𝑎𝑎𝑎𝑎𝑎 = 1 x 103 m/s and k 0,𝑑𝑑𝑑𝑑𝑑𝑑 = 1 x 105 mol/(m2·s). With these values, an equilibrium between
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adsorption and desorption is already reached before the EDL is (re-) established, which could be a
realistic assumption and also the phenomenological behavior of the system is easier to illustrate if
these two processes are separated in transient analyses. Another important parameter is the
maximum surface coverage of adsorbed ions, which was shown to be almost in the range of full
coverage for Cl- and in general for all halides on gold electrodes [171,212]. The maximum possible
coverage may be estimated by considering a closed packed hexagonal monolayer of Cl- which
corresponds to 1.5 x 10-5 mol/m2 and therefore 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 was set to this value. Other parameters were

𝑧𝑧𝑁𝑁𝑁𝑁+ = −𝑧𝑧𝐶𝐶𝐶𝐶− = 1, 𝐷𝐷𝑁𝑁𝑁𝑁+ = 1.33 x 10-9 m2/s, 𝐷𝐷𝐶𝐶𝐶𝐶− = 2.03 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5,

𝜙𝜙𝑠𝑠 = 0 V, 𝛼𝛼 = 0.5, 𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂 = 30 and 𝜀𝜀𝐼𝐼𝐼𝐼𝐼𝐼 = 6.

Figure 3.6. EDL in equilibrium at different bulk ion concentrations and an applied electrode potential of 𝜙𝜙0 = 0.5 V including
specific adsorption and steric effects. (a) Potential distribution within the cell. (b) Detailed view of the potential distribution
at the left electrode. (c) Ion concentration within the cell. (d) Detailed view of ion concentration at the left electrode. All other
parameters were 𝐿𝐿 = 100 µm, 𝑟𝑟𝐶𝐶𝐶𝐶−,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂,𝐶𝐶𝐶𝐶− = 0.33 nm, 𝑟𝑟𝑁𝑁𝑁𝑁+,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁+ = 0.36 nm, 𝑟𝑟𝐶𝐶𝐶𝐶− = 𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 = 0.181 nm,
𝑧𝑧𝑁𝑁𝑁𝑁+ = −𝑧𝑧𝐶𝐶𝐶𝐶− = 1, 𝐷𝐷𝑁𝑁𝑁𝑁+ = 1.33 x 10-9 m2/s, 𝐷𝐷𝐶𝐶𝐶𝐶− = 2.03 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5, 𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂 = 30, 𝜀𝜀𝐼𝐼𝐼𝐼𝐼𝐼 = 6, k 0,𝑎𝑎𝑎𝑎𝑎𝑎 =
1 x 103 m/s, k 0,𝑑𝑑𝑑𝑑𝑑𝑑 = 1 x 105 mol/(m2·s), 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 1 x 10-5 mol/m2, 𝛼𝛼 = 0.5 and 𝜙𝜙𝑠𝑠 = 0 V.

First, the essential characteristics of the EDL at equilibrium condition in the case of specific ion
adsorption is illustrated in Figure 3.6 at an applied electrode potential 𝜙𝜙0 of 0.5 V. When comparing
the potential distribution with (Figure 3.6a-b) and without adsorption (Figure 3.3a-b), a clear

asymmetric behavior can be observed where the bulk potential is shifted far towards the applied
potential range. It has to be noted that such asymmetry is not caused by considering the anion
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adsorption just at the left electrode. In the case of a positive applied potential at this electrode, the
anion concentration at the right electrode would anyway be depleted to a large extent and
consequently almost no specific adsorption would occur. The relatively high concentration of anions
adsorbed at the IHP leads to a charge reversal situation within the EDL. Although the electrode is
positively charged, a large amount of Na+ ions accumulate in the diffuse layer to counterbalance the
adsorbed Cl- ions, which explains the bulk potential shift toward higher values. Similar to the results in
Section 3.4.4 where only different planes of closest approach for different ion radii were considered,
specific adsorption also has a quite dramatic effect not only on the local EDL but also on the bulk
potential of the electrochemical cell. Different bulk ion concentrations lead to small variations in the
potential (Figure 3.6a), which can be attributed to the concentration dependence of specific
adsorption and to asymmetric closest approach planes for Cl- and Na+. The ion concentrations are
illustrated in Figure 3.6c-d where the charge or ion reversal can be seen more clearly. When Cl- ions
start to adsorb onto the IHP, their concentration at the OHP simultaneously decreases which leads to
quite low equilibrium concentrations at the OHP and therefore very high Na+ concentrations.

Figure 3.7. Comparison of the EDL including specific ion adsorption with and without steric hindrance effect at equilibrium.
(a) Ion concentration within the cell at different applied potentials at 𝑐𝑐0 = 100 mM with steric effect. The inlet is a zoomed
image of the regions where this effect can be seen most clearly. If the maximum ion concentration is reached, multiple ion
layers start to accumulate at the electrode surface. (b) Ion concentration within the cell at different applied potentials at
𝑐𝑐0 = 100 mM without steric effect. (c) Surface ion concentration at the IHP for different bulk ion concentrations at
𝜙𝜙0 = 0.5 V. (d) Relation between bulk ion concentration and applied electrode potential for different bulk ion
concentrations. All other parameters were the same as used in Figure 3.6.
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In order to visualize the effect of steric hindrance, the equilibrium ion concentrations were compared
against simulations without the PNP modification (Figure 3.7a-b). Assuming a steric limit of 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 =

1/(𝑁𝑁𝐴𝐴 𝑎𝑎3 ) for simple cubic packing [198] where 𝑎𝑎 is the hydrated ion diameter, a maximum

concentration of 𝑐𝑐𝑁𝑁𝑁𝑁+,𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 4.5 M and 𝑐𝑐𝐶𝐶𝐶𝐶−,𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 5.8 M can be reached. Since such high specific

adsorption leads to a charge reversal effect at the left electrode, only the maximum ion concentration

of Na+ becomes relevant at positive applied potentials. Without considering the steric effect, Na+
concentrations clearly exceed this limit and a flattening in the concentration curve can be observed
due to the accumulation of multiple fully packed layers at the electrode. This effect is obviously more
pronounced for higher applied potentials and it can lead to a dramatic decrease of Cl- ions at the OHP.
Another interesting variable is the number of adsorbed ions at the electrode. Figure 3.7c demonstrates
the surface concentration at the IHP in equilibrium at different applied potentials and bulk ion
concentrations. A relatively large discrepancy between with and without the consideration of the steric
effect can be observed. When concentrations are restricted to their maximum values, a significant
overall decrease in the amount of adsorbed Cl- ions can be seen. The bulk potential also raises more
quickly if the steric hindrance is not considered and if it exceeds the applied potential over a broad
range at least for higher ion concentrations (Figure 3.7d).
After the illustrations of the EDL at equilibrium condition, Figure 3.8 gives a closer look at the transient
behavior when considering specific ion adsorption and steric effects. Equilibrium conditions at
𝜙𝜙0 = 0 V were first calculated and used as initial conditions for these simulations at which a potential

step from 𝜙𝜙0 = 0 V to 𝜙𝜙0 = 0.5 V was applied at 𝑡𝑡 = 0 s. Figure 3.8a shows the external measureable

electric current which, in the case of blocking electrodes (no electron transfer), equals to the Maxwell
displacement current [192,197,226]:
𝐼𝐼 = −𝜀𝜀

𝑑𝑑
∇𝑉𝑉 .
𝑑𝑑𝑑𝑑

(3.14)

Since high values for the rate constants of specific Cl- adsorption were used, the equilibrium between
the adsorption and desorption is reached very quickly. The time point when the adsorption equilibrium
is reached can be seen more clearly when the overall adsorption and desorption rates are plotted over
time (Figure 3.8d), which are defined as 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 = k 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂 (1 − 𝜃𝜃) and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 𝜃𝜃,

respectively. The rates already include the concentration, potential and coverage dependence. The
adsorption process described by (3.10), (3.11) and (3.12) is mainly characterized by the exponential
term which increases the adsorption rate with increasing potential, counterbalanced by the coverage
factor of the adsorbed species. A more interesting feature is the use of the Frumkin-correction and the
involvement of the local ion concentration at the OHP, which is responsible for the strong dependence
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of specific adsorption on the EDL charging. This rearrangement of adsorbed ions is therefore exactly
observed in the timespan of the EDL build up. The characteristic time constant of the EDL charging
itself is thereby mainly characterized by the diffusion constants of the involved ion species and the
resistance between the electrodes, which is represented by the bulk ion concentration and the
distance. The redistribution in ion concentrations and the bulk potential variation over time is
visualized in Figure 3.8b and c, respectively. In order to point out the strong asymmetric behavior all
results are compared to the simulations without specific adsorption.

Figure 3.8. Transient analysis of the EDL including steric hindrance effect with and without specific ion adsorption. At 𝑡𝑡 = 0 s
a potential step was applied from 𝜙𝜙0 = 0 V to 𝜙𝜙0 = 0.5 V and a bulk ion concentration of 𝑐𝑐0 = 100 mM was used. (a) External
current which is equivalent to the Maxwell displacement current at the electrode surface. (b) Ion concentrations at the OHP
and IHP of the left electrode. (c) Variation of the bulk potential within the cell. (d) Overall adsorption and desorption rate. All
other parameters were the same as used in Figure 3.6.

3.4.6

Cyclic Voltammetry

CV is a powerful technique in analytical electrochemistry and has been widely used to study
electrochemical reactions [159]. Adsorption kinetics of reactants and the specific adsorption of ions
are of fundamental interest since they can have a significant influence on electrochemical reactions at
metal electrodes [22,209,211]. In CV experiments, additional peaks due to adsorption phenomena are
often observed which interfere with peaks of electron transfer kinetics and therefore a better
understanding of such processes is important. Several attempts have already been made to simulate
CV measurements using transient models including the popular PNP equation system. Lavacchi et al.
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have, for example, used the PNP framework together with the classical Butler-Volmer equation to
obtain CV curves of ordinary electron transfer reactions at microelectrode arrays without considering
any aspect of the EDL [227]. Wang et al. performed CV simulations accounting for a Stern layer and
steric effects with binary and symmetric electrolytes and also including electrode electrical
conductivity [222]. Recently, Wang et al. generalized the CV simulations by considering asymmetric
and multiple ion species [223], but in both simulations specific ion adsorption was not accounted. In
contrast, specific ion adsorption at the IHP was, for example, included in complex fuel cell simulations
together with other electron transfer reactions but without considering steric effects and no CV
simulations were performed [228]. The detailed effect of specific adsorption on CV curves was
evaluated in earlier work but not in the framework of PNP equations for symmetric electrolytes and
without steric effects [211].
Within this section, CV simulations are presented using the transient PNP model including all previously
described modifications (cf. Section 3.4.3 - 3.4.5). In detail, asymmetric electrolytes with different
diffusion constants and ion radii, multiple OHPs accounting for the different planes of closest approach
to the electrode, steric effects in the diffuse and bulk solution as well as specific ion adsorption were
included. The focus was laid on reproducing the typical shape of CV curves with ion adsorption where
the influence of some important parameters was analyzed.
The simulation domain used to obtain the CV curves was the same as described in the previous section.
Pre-simulations were performed to gain equilibrium conditions at 𝜙𝜙0 = 0 V and the results were used
as initial conditions. In order to perform a typical CV measurement, the electrode potential 𝜙𝜙0 was
varied linearly and periodically with time at specified scan rates 𝑣𝑣. The resulting external current was

again calculated as the Maxwell displacement current at the electrode surface according to Equation
3.14. All other parameters were the same as used for the simulations in Figure 3.6 from the previous
section, which represents some of the characteristics of the common electrolyte solution NaCl.
Typical simulated CV curves are shown in Figure 3.9a where the maximum surface ion concentration
at the IHP was varied. The scan rate was chosen approximately an order of magnitude slower than the
time constant of the EDL charging, which resulted in the rectangular basic shape of the CV, which is
usually observed at slow scan rates and in potential windows were no chemical reaction or adsorption
process occurs. In these cases, it is commonly termed as the double layer region. In real experiments,
such a behavior is usually observed at much slower scan rates because the electrodes are much farther
apart. Here, the distance between the electrodes was only 100 µm. Otherwise too many mesh
elements would have been necessary. On the other hand, an increased distance would imply to use
slower scan rates which would lead to longer total simulation times, but the maximum simulation time
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step cannot be increased much further since it should be below the characteristic time for diffusion.
However, the basic features of such CV simulations are the same and can, in principle, be easily
up-scaled. The same increase in electrode spacing and scan rate would lead to similar shapes.

Figure 3.9. CV of specific adsorption of ions using a modified PNP equation system and a simulation domain which accounts
for an asymmetric electrolyte (NaCl), multiple OHPs representing different closest approach planes for the ions and steric
effects in the diffuse layer and bulk solution. (a) Simulated cyclic voltammogram at different 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 with (b) synchronized
surface ion concentrations. (c) Simulated cyclic voltammogram at two different scan rates 𝑣𝑣 with (d) synchronized surface
ion concentrations. Parameters used were 𝐿𝐿 = 100 µm, 𝑟𝑟𝐶𝐶𝐶𝐶−,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂,𝐶𝐶𝐶𝐶− = 0.33 nm, 𝑟𝑟𝑁𝑁𝑁𝑁+ ,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁+ =
0.36 nm, 𝑟𝑟𝐶𝐶𝐶𝐶− = 𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 = 0.181 nm, 𝑧𝑧𝑁𝑁𝑁𝑁+ = −𝑧𝑧𝐶𝐶𝐶𝐶− = 1, 𝐷𝐷𝑁𝑁𝑁𝑁+ = 1.33 x 10-9 m2/s, 𝐷𝐷𝐶𝐶𝐶𝐶− = 2.03 x 10-9 m2/s, 𝑐𝑐0 = 100 mM,
𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5, 𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂 = 30, 𝜀𝜀𝐼𝐼𝐼𝐼𝐼𝐼 = 6, k 0,𝑎𝑎𝑎𝑎𝑎𝑎 = 1 x 103 m/s, k 0,𝑑𝑑𝑑𝑑𝑑𝑑 = 1 x 105 mol/(m2·s), 𝛼𝛼 = 0.5 and 𝜙𝜙𝑠𝑠 = 0 V.

Apart from the rectangular shape due to the EDL, a peak in anodic and cathodic sweep direction can
be observed which corresponds to the specific adsorption of Cl- ion at the electrode. These welldefined symmetric peaks commonly appear in real CV measurements in regions where specific
adsorption is present [229]. Characteristic features are, for example, that the peak position does not
depend on the sweep rate and its height is proportional to the sweep rate [229]. In order to
demonstrate how the peak is influenced by the number of available surface sites, 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 has been

varied from 1 x 10-5 mol/m2, which is close to the maximum packing density of Cl- ions, down to

5 x 10-7 mol/m2 (Figure 3.9a). As already stated above, the Cl- surface concentration in real systems
almost reaches its maximum density on gold electrodes. This is of course only true if an almost clean
and perfect electrode surface is used. Therefore, the variation in 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 reflects the situation when,
for example, sites are already occupied with other species or when rough surfaces with a lot of defects
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are assumed. While at high maximum coverage values the peaks are broad, they significantly shrink in
height and width if 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 decreases. The corresponding surface ion concentration is visualized in
Figure 3.9b. Full coverage within the simulated potential range is achieved until 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 2 x 10-6

mol/m2 while for higher values the slope of the coverage vs potential curve decreases and full coverage
would be obtained only at much higher potentials. It has to be noted that such surface ion
concentration curves indeed show a similar shape and similar concentration values as observed in real
experiments of gold electrodes measured with a chronocoulometric technique [171,230]. Another
interesting feature is the small hump on the cathodic sweep visible already at 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 5 x 10-6 mol/m2

but more pronounced at 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 1 x 10-5 mol/m2. This phenomena was traced back to the high

counterion concentration at the OHP which immediately leads to steric hindrance of Na+ ions and a
rearrangement of the EDL structure.
As mentioned before, the peaks of specific adsorption are symmetric for typical CV scan rates. Only
when the scan rate approaches the time constant of the EDL, the ideal rectangular shape starts to tilt
as well as the peak positions start to displace (Figure 3.9c). This can be easily explained by ions that
cannot follow the fast potential scan anymore due to their limited diffusion. The peaks are thereby
also influenced since the specific adsorption is dependent on the kinetics of EDL charging. This process

results in a hysteresis seen in the plot of surface ion concentration (Figure 3.9d). Other parameter
variations regarding the specific adsorption equations, which have been simulated but are not shown
here, are shortly summarized as follows. A variation of the standard adsorption potential 𝜙𝜙𝑠𝑠 would
shift the peaks parallel on the voltage axis. In real experiments different peak positions for different
ion types are typically observed at measured CV curves [171]. Although the parameter 𝜙𝜙𝑠𝑠 can account
for this phenomenon, its physical meaning can be questioned. The same phenomenological shift of

peaks on the potential axis can be achieved by varying the difference between the adsorption and
desorption rate constants k 0,𝑎𝑎𝑎𝑎𝑎𝑎 and k 0,𝑑𝑑𝑑𝑑𝑑𝑑 . It would make more sense that adsorption peak positions
of different ion types or solution compositions depend on their rate constants. In contrast, the
standard adsorption potential 𝜙𝜙𝑠𝑠 can be used to account for shifts in the solution potential when using,
for example, different reference electrodes.

The previous figures have demonstrated the use of a modified PNP system with regard to more realistic
CV simulations. Although this comprehensive model is still an over-simplification it might be a good
starting point for even more complex models. It was shown that the PNP system is a good framework
for transient simulations which account for the EDL kinetics and that it is open for a wide range of
modifications.
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Electrochemical Impedance Spectroscopy

EIS is a widely used technique to obtain information in the frequency domain and it plays a major role
in fundamental and applied electrochemistry [30,159,231]. In EIS, small perturbations disturb the
equilibrium of an electrochemical system which is dependent on characteristic parameters such as
reaction rate constants, diffusion coefficients, double layer capacitance, etc. [231]. The systems
behave typically nonlinear, which is the reason why only small signals are used to stay within a
linearized regime. The most common approach to obtain frequency spectra is by applying single
frequency voltage or current signals and measuring the response in amplitude and phase shift [30]. In
this case, RC-circuit models are typically used to fit the experimental data and to obtain resistances
and capacitances [29]. Such descriptions are limited when investigating complex systems and often
empirical parameters are used to account for discrepancies and thereby most of the physical meaning
is lost [232]. In addition, the same impedance spectra can easily be obtained from two different circuit
models [232]. Therefore, more complex kinetic models such as the PNP system, which directly relates,
for example, effects of the EDL to the movement of ions by diffusion and potential distributions, are
well suited for EIS. Although the simple circuit models can be derived from the basic PNP equations by
asymptotic analysis [233], all the possible modifications and extensions of the PNP system open up
new possibilities to interpret experimental EIS data.
One possibility to obtain frequency spectra with kinetic models is a set of transient simulations with
sinusoidal excitations at different frequencies and thereby obtaining a frequency plot. Such
simulations based on the PNP model have been used, for example, by Wang et al. to determine EDL
capacitances [234]. The drawback of such an approach is that many simulations are necessary to obtain
a good resolution on the frequency axis and that each simulation has to be executed long enough to
obtain a quasi-equilibrium condition. The following simulations present a more elegant solution based
on the work of Bessler who used a potential step excitation followed by a current relaxation for
simulating the electrochemical impedance of solid oxide fuel cells [235]. He used a detailed kinetic
electrochemistry and transport model specially designed for all aspects of solid oxide fuel cells
including, for example, charge transfer reactions, surface reactions or mass transport [236]. Here, the
PNP kinetic model including modifications described within the previous sections is used to
demonstrate impedance spectra simulations of an electrochemical cell in a 2D configuration.
The basic approach of fast impedance spectra simulation is summarized in Figure 3.10. The kinetic
model is thereby excited by a potential step with a small amplitude and fast rising time (Figure 3.10a)
which is followed by a subsequent relaxation of the current (Figure 3.10b). Excitation and relaxation
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are decoupled if the step is faster than the fastest time scale of the system, which is beneficial for
calculation time and numerical stability as well as all processes of the system are captured [235].

Figure 3.10. Principle of impedance simulation using transient potential step excitation, current relaxation calculation and
subsequent transformation into the frequency domain by Fourier analysis. (a) Exponential potential step excitation.
(b) Resulting current relaxation. (c) Calculated impedance spectrum. (d) Summary of process steps.

For the potential step an exponential increase was used defined as,
𝑡𝑡
𝜙𝜙(𝑡𝑡) = 𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �− �� 𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜏𝜏

(3.15)

where 𝜏𝜏 is the characteristic time of the step duration, 𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the potential before the step and 𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

is the amplitude of the potential step. The frequency spectrum can then be obtained by transforming
the transient potential step and relaxation current into the frequency domain by Fourier analysis. The
corresponding impedance is defined as,
𝑍𝑍(𝜔𝜔) = 𝜙𝜙(𝜔𝜔)/𝐼𝐼(𝜔𝜔)

(3.16)

where 𝜔𝜔 is the angular frequency. Such an approach is in principle also possible in experimental

impedance spectra measurements, but it requires very fast and precise electronics for excitation and
readout. Such devices do exist, but the traditional single frequency excitation is still the dominant
technique. To numerically calculate the responding impedance, a special Fourier algorithm for
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arbitrary spaced time points was used which takes advantage of the adaptive time stepping of the
numerical solver [235]. A standard Fast-Fourier-Transform algorithm would need equally spaced time
points, which would lead to an unmanageable high number of data points when the fastest transients
of the system as well as the slowest should be resolved.

Figure 3.11. Simulation domain for 2D impedance spectra calculation. The system consists of two thin planar electrodes with
rounded corners. Around the electrodes a Stern layer is implemented consisting of an OHP as the closest approach for ions
as well as an IHP as the location for specific adsorbed ions.

To simulate a typical thin planar electrode configuration which can be found in most on-chip sensing
devices, a 2D simulation domain was used as shown in Figure 3.11. This also captures the asymmetric
electric fields which are higher at the opposing corners of the electrodes and decay towards the outer
electrode regions. The simulation domains at the electrode surface were modeled similar to the
simulations presented in Sections 3.4.5 and 3.4.6 with an OHP representing the closest approach for
hydrated ions and an IHP as the location for specific ion adsorption. Only one OHP was used in this
case and thereby the asymmetry of ion radii was neglected at the interface. The difference in the case
of NaCl is not pronounced and would lead to difficulties in 2D meshing. The distances from the
electrode to the IHP and OHP were defined as 𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑟𝑟𝐶𝐶𝐶𝐶− = 0.181 nm and 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑟𝑟𝐶𝐶𝐶𝐶−,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 =

0.33 nm, respectively. In general, corners in spatial domains show enhanced electric fields. In order to

avoid unrealistic high values, the electrode corners used in this geometrical configuration were
rounded, otherwise numerical problems can occur. Perfectly sharp corners are not found in real
systems, anyway. In order to reduce the computational cost, boundary layer meshing was used around
the electrodes and within the Stern layer. Large gradients inside the EDL need to be considered by
extremely fine meshing in the direction perpendicular to the electrode surface while the tangential
mesh size is less restricted. In the perpendicular direction the mesh size used was smallest at the
electrode surface (≈ 𝛥𝛥𝑥𝑥𝑠𝑠,⊥ = 10-11 nm) and increased gradually into the bulk solution with a growth
rate of 1.3 up to a maximum value of 𝛥𝛥𝛥𝛥 = 1 µm and the Stern layer was separated into 10-20 mesh
elements. In tangential direction the mesh size at the electrode surface varied between 𝛥𝛥𝑥𝑥𝑠𝑠,∥ = 5 nm

and 𝛥𝛥𝑥𝑥𝑠𝑠,∥ = 100 nm around the corners and in the middle region, respectively, which increased again
to a value of 𝛥𝛥𝛥𝛥 = 1 µm in the bulk solution. The electrode length 𝑊𝑊 and the gap distance 𝐷𝐷 were
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varied between each simulation, the thickness in the third dimension was assumed to be 100 µm while
the overall simulation domain dimensions were 500 x 250 µm2. The electrode height was set to 100
nm. All simulations were run from equilibrium conditions at 𝜙𝜙0 = 𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0 V, an excitation potential
of 𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 10 mV was used and the characteristic time for the step duration was set to 𝜏𝜏 = 10-10 s. The

resulting external current was calculated as the Maxwell displacement current at the electrode surface

according to Equation 3.14 multiplied by the thickness of the electrode in the third dimension. Since
such small perturbations from the equilibrium at zero potential hardly reach the steric limit, this effect
was here neglected, too. Specific adsorption of Cl- ion was assumed to take place only on the left
electrode. Other nominal parameters used were 𝑧𝑧𝑁𝑁𝑁𝑁+ = −𝑧𝑧𝐶𝐶𝐶𝐶− = 1, 𝐷𝐷𝑁𝑁𝑁𝑁+ = 1.33 x 10-9 m2/s, 𝐷𝐷𝐶𝐶𝐶𝐶− =

2.03 x 10-9 m2/s, 𝑐𝑐0 = 100 mM, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5, 𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂 = 30, 𝜀𝜀𝐼𝐼𝐼𝐼𝐼𝐼 = 6, k 0,𝑎𝑎𝑎𝑎𝑎𝑎 = 1 x 103 m/s,

k 0,𝑑𝑑𝑑𝑑𝑑𝑑 = 1 x 105 mol/(m2·s), 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 2 x 10-6 mol/m2, 𝛼𝛼 = 0.5 and 𝜙𝜙𝑠𝑠 = 0 V. Prior to analysis the mesh
size and maximum time step has been evaluated to assure sufficient accuracy.

The above described simulation approach was used to demonstrate the effect of different bulk ion
concentrations in a planar electrode configuration (Figure 3.12a-b). The overall shape of the
impedance spectra are in-line with typical experimentally observed spectra on planar microelectrodes
[29]. The left slope represents thereby the EDL capacitance, while the flat middle region can be
assigned to the solution resistance and the right slope corresponds to the cell capacitance [29,237]. In
general, higher double layer capacitances shift the corresponding region to lower frequencies. The
same is true for the cell capacitance. An increasing solution resistance lowers the flat region to smaller
impedance values. Another flat region is often seen at very low frequencies which corresponds to the
charge transfer resistance representing electrochemical reactions with electron transfer. By varying
the simulation parameter of the bulk solution concentration 𝑐𝑐0 between 1 mM and 1000 mM it can be
clearly seen how the corresponding flat part of the impedance magnitude shifts. The impedance

change is approximately linearly dependent on the concentration. As expected, the double layer
capacitance shifts to higher values if the concentration increases since more ions accumulate at the
electrode. The Debye length thereby decreases which can be seen as an equivalent parallel plate
capacitor with decreasing plate distance and therefore higher capacitance values. This behavior is nonlinear because of two reasons. First, the diffuse EDL itself is non-linear dependent on the
concentrations and second, also the specific adsorbed ions have to be taken into account. The
adsorbed ions at the IHP influence the whole potential distribution over the EDL and a saturation effect
due to the available surface sites occurs especially pronounced at higher bulk ion concentrations.
Additional simulations without specific ion adsorption were carried out at two exemplary bulk ion
concentrations to visualize how the impedance spectra change when considering such adsorption
phenomena (Figure 3.12c-d). It can be clearly seen that only the EDL capacitance region is influenced.
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Specific adsorption thereby shifts the curves to higher capacitance values which is in accordance with
the fact that another capacitor in series with the diffuse EDL capacitor is introduced with an even
smaller and fixed distance from the electrode to the IHP. Although the effect seen here is not
pronounced strongly it can be substantially larger when accounting for higher values of maximum
surface coverage instead of the used rather moderate value of 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 2 x 10-6 mol/m2.

Figure 3.12. (a-b) Impedance spectra of planar electrodes (𝑊𝑊 = 10 µm, 𝐷𝐷 = 10 µm) at different bulk ion concentrations.
(c-d) Comparison of impedance spectrum simulations with and without specific ion adsorption at two different bulk ion
concentrations. Parameters used were 𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0 V, 𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 10 mV, 𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑟𝑟𝐶𝐶𝐶𝐶− = 0.181 nm, 𝑑𝑑𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑟𝑟𝐶𝐶𝐶𝐶−,ℎ𝑦𝑦𝑦𝑦𝑦𝑦 = 0.33 nm,
𝑧𝑧𝑁𝑁𝑁𝑁+ = −𝑧𝑧𝐶𝐶𝐶𝐶− = 1, 𝐷𝐷𝑁𝑁𝑁𝑁+ = 1.33 x 10-9 m2/s, 𝐷𝐷𝐶𝐶𝐶𝐶− = 2.03 x 10-9 m2/s, 𝑇𝑇 = 293.15 K, 𝜀𝜀𝑏𝑏 = 78.5, 𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂 = 30, 𝜀𝜀𝐼𝐼𝐼𝐼𝐼𝐼 = 6, k 0,𝑎𝑎𝑎𝑎𝑎𝑎 =
1 x 103 m/s, k 0,𝑑𝑑𝑑𝑑𝑑𝑑 = 1 x 105 mol/(m2·s), 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 = 2 x 10-6 mol/m2, 𝛼𝛼 = 0.5 and 𝜙𝜙𝑠𝑠 = 0 V.

Other important parameters when designing planar (micro-) electrode configurations are the distance
between the electrodes and their width. Therefore these parameters were varied to demonstrate the

consequences on the impedance spectra. For the results presented in Figure 3.13a-b three different
electrode widths (𝑊𝑊 = 5, 10, 15 µm) were implemented in the 2D model while the distance between
the electrodes was kept constant at 𝐷𝐷 = 10 µm. A pronounced effect can be seen at the EDL
capacitance region while all other regions are only slightly affected. The increasing EDL capacitance

with increasing electrode width can be mainly attributed to the larger electrode area. It influences the
cell capacitance too, but this effect is much less pronounced. A decrease in solution resistance is also
expected due to the following reason: When considering an ideal parallel plate electrode
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configuration, an increased electrode area also increases the cross section of the conduction channel
which leads to lower resistances. In the planar configuration, this effect only slightly shifts the
corresponding impedance regions because the electric field and thereby the main conduction channel
is condensed to a small region between the inner electrode corners. Contributions to the total
resistance decrease rapidly from regions further away due to longer distances to the other electrode.
In contrast, the influence of electrode gap distance (𝐷𝐷 = 10, 15, 20 µm) is shown in Figure 3.13c-d

while the electrode width was fixed at 𝑊𝑊 = 10 µm. Thereby the EDL capacitance is not at all affected
while a decrease in solution resistance with smaller gap size can be observed. This is expected due to

the overall shorter conduction path between the electrodes. The cell capacitance can also be seen as
the capacity of the system without any liquid solution. If only considering the permittivity of the
solution, the capacitance naturally increases when electrodes get closer.

Figure 3.13. Comparison of impedance spectra at planar electrodes with different (a-b) electrode widths and (c-d) electrode
gap distances. 𝑐𝑐0 = 100 mM, all other parameters used were the same as in Figure 3.12.

Finally, 2D planar electrodes were compared to a 2D parallel electrode configuration as well as to 1D

simulations. In contrast to the planar 2D configuration (𝑊𝑊 = 10 µm, 𝐷𝐷 = 10 µm), as shown in Figure

3.11, the simulation domain was modified to overall dimensions of 300 x 100 µm2. Furthermore, both

electrodes (𝑊𝑊 = 10 µm, height of 100 nm) were centered horizontally in the domain, one at the

bottom and one at the top (Figure 3.14). A parallel 2D configuration was thereby established. All other
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configurations were the same, such as round corners at the electrodes and the implementation of OHP
and IHP. To exclude a distance effect from the small electrode height of 100 nm, both cases where the
height was included and excluded from the electrode distance 𝑊𝑊 were tested. No significant
differences were found.

Figure 3.14. Parallel 2D simulation domain with two thin planar electrodes for impedance spectra calculation. The electrodes
have the same round corners and Stern layer implementations as in the simulation domain described in Figure 3.11.

Figure 3.15. Comparison of impedance spectra from planar and parallel 2D electrode configuration as well as from 1D
simulations. 𝑐𝑐0 = 100 mM, all other parameters used were the same as in Figure 3.12.

The simulation results are shown in Figure 3.15. When comparing these 2D geometries no difference

in the EDL region can be observed, but a significant change occurs at the solution resistance and cell
capacitance region. In the parallel configuration, almost all electrode points are separated by the same
distance of approximately 10 µm while this value corresponds only to the gap between the inner
electrode corners in the planar configuration. This overall decreased distance between the electrode
plates is therefore responsible for the smaller solution resistance. Since the electrodes are less
separated in this configuration, the cell capacitance is also affected and shifts to higher values. In
contrast, when considering the EDL capacitance, the local ion concentration at the interface has to be
taken into account. In this case, the capacitance is represented by the diffuse EDL as well as the
adsorbed ions and is only confined to the electrode surface. In equilibrium, the electric field vanishes
completely within the bulk solution. As long as the electrode surface dimensions are the same, it can
be expected that different configurations between the electrodes do not influence the double layer
capacitance of the system. This is exactly what can be observed here and also in previous simulations
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of planar electrodes where only the distance between them was varied (cf. Figure 3.13c-d). Another
interesting phenomena can be seen when relating the 2D with 1D simulations. The comparison of the
1D simulation results with the 2D parallel plate configuration make most sense. During 1D simulations
the fringing effects at the electrode corners are neglected. It can be clearly seen that such fringing
effects increase the solution resistance as well as the cell capacitance. The EDL capacitance is again not
influenced. In general these simulations demonstrate that such effects should not be neglected in
particular when more complex geometries are simulated.

3.5

Chapter Summary

This chapter was divided into two main parts. First, a brief introduction to the most important physical
phenomena relevant for this thesis was given. The EDL as one of the most fundamental structures at
solid-liquid interfaces was thereby presented including its historical evolution. Furthermore, LSPR and
resistance changes in metal nanostructures were explained which represent the physics behind the
developed combined optical and electrical sensing system. The second part of this chapter was dealing
again with the solid-liquid interface in terms of finite element simulations. As part of this thesis,
electrochemical simulations were carried out in the framework of the non-linear coupled PNP equation
system which allows to highlight interesting aspects of liquid sensing devices. Since the basic structure
of the EDL plays an important role, the simulation results were also used to further support and
illustrate its theory. Later, it was shown how the basic PNP system can be improved towards more
realistic simulation results. Therefore, apart from a simple Stern layer implementation, effects of
unequal ion sizes in terms of the closest approach to the electrode or steric effects in the diffuse layer
and bulk solution were included and analyzed in equilibrium conditions as well as in the time domain.
Furthermore, an important phenomenon at metal electrodes, namely specific anion adsorption, was
included into the transient model by a kinetic description of the adsorption process. In particular, the
impact of specific ion adsorption on CV curves was shown. Finally, an elegant solution to produce
impedance spectra out of transient kinetic simulations was used and presented with the modified PNP
framework. By including specific ion adsorption, these simulations, for example, demonstrated the
effect of different bulk ion concentrations or electrode configurations on the observed impedance
spectra. In summary, it was shown that the PNP system is extremely useful and open to modifications
which are able to capture some of the important observed phenomena in experimental
electrochemistry.

4 Materials and Methods
4.1

Materials

4.1.1

Buffer, Salt Solutions and Lake Water

Buffer solutions were prepared from ultrapure water (Milli-Q, Millipore Corp., US) with NaCl and
4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic acid (HEPES) at concentrations of 100 mM and 10 mM,
respectively, and adjusted to pH 7.4 with 6 M NaOH, unless otherwise stated. Various salt solutions
(NaCl, KCl, CsCl, NaBr, NaF, MgCl2, CaCl2 and CaF2) were prepared either from buffer solution or as
simple salt solutions from ultrapure water (Milli-Q, Millipore Corp., US). Salts were of analytical grade
and purchased from Sigma Aldrich (Switzerland). All buffer and simple salt solutions were stored at
4 °C prior to use. Solutions containing potassium iodide (KI) were kept in aluminum foil to protect them
from light.
Lake surface water from Lake Zürich (Switzerland) was collected and filtered with a 0.45 µm pore filter
(Sigma-Aldrich, Switzerland). Without any further pretreatment KI was added in different
concentration, stored at 4 °C and protected from light with aluminum foil.

4.1.2

Substrates

Glass wafers (Pyrex 7740 or Borofloat 33) where purchased from UniversityWafer Inc. (US) with a
thickness of 500 µm and coated with a niobium pentoxide (Nb2O5) layer at the Paul Scherrer Institute
(Switzerland). The thickness of the Nb2O5 layer was typically 6 or 12 nm. The use of glass substrates
was required for optical transmission spectroscopy. Nb2O5 was a well-established coating in prior work
with gold nanowire arrays [119]. In addition the Nb2O5 coating served as an adhesion layer for
evaporation of thin gold films in selected samples where the non-existence of other metals was
advantageous.
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4.2

Equipment

4.2.1

Lock-in Amplifier
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Real time resistance measurements of nanowire arrays and thin metal films were realized with a lock-in
amplifier HF2LI (Zurich Instruments, Switzerland). Lock-in amplifiers are phase sensitive detectors. A
known periodic reference signal is supplied to the device under test which alters its amplitude and
phase. The lock-in amplifier detects these changes by synchronization with the reference signal. It is
possible to measure thereby even signal changes that are overwhelmed by noise [238]. A detailed
description of the measurement setup used for resistance measurements within the scope of this
thesis is given in Section 6.1.1. For all experiments, preamplifiers were used for measuring the voltage
and current signals of the sensor (HF2CA and HF2TA, Zurich Instruments, Switzerland).

4.2.2

Potentiostats

Most electrochemical experiments were performed with a PalmSens3 instrument (PalmSens BV,
Netherlands). This device is a battery powered potentiostat, galvanostat and frequency response
analyzer with low noise and high current resolution. Since it was used as a voltage gating device for
combined resistance measurements with the lock-in amplifier, it was of importance to use a floating
instrument which is not connected to common ground. An opto-coupled USB connection was used to
communicate with the software on the computer. A detailed description of the measurement setup is
given in Section 6.1.2.

4.2.3

Optical Spectroscopy

Optical measurements based on LSPR were conducted with a spectrometer SpectraPro 2150
(Princeton Instruments, US) connected to an Axiovert 200 microscope (Carl Zeiss, Germany). Spectra
were taken in transmission mode with a halogen lamp illumination and recorded by a PIXIS 400 CCD
camera (Princeton Instruments, US). The light was guided through a condenser lens, the sample and
finally focused by a 40x objective into the spectrometer. The spectra were recorded along a region
where the thin films and nanowires were exposed to the liquid environment. In the case of nanowire
measurements, a polarization of the light perpendicular to the nanowires was used. A parallel
polarization to the nanowires exhibited almost no resonance peak whereas perpendicular polarization
has led to an enhanced signal quality [119]. The acquisition time was set to 0.5 s which resulted
together with the delay of hardware and software evaluation in an effective rate of approximately
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three data points per seconds. Peak position, peak height and radius of curvature of the extinction
spectrum peak were determined by fitting the spectrum with a parabolic function. The radius of
curvature corresponds to the peak broadening.

4.3

Methods

4.3.1

Extreme Ultraviolet Interference Lithography

Lithography technology is one of the most important fabrication techniques in semiconductor industry
and many other disciplines. Since the development of integrated circuits, the minimum feature size
constantly decreased, which is accompanied by using shorter wavelengths for exposure since the used
wavelengths represent an inherent limit in resolution (approximately in the range of the wavelength)
[239]. For standard lithography, where feature sizes are above 0.5 µm, the most common used
wavelength is still 365 nm (ultraviolet i-line) typically from mercury arc lamps. Current state-of-the-art
lithography is based on 193 nm wavelength combined with immersion technology [240]. Further
shrinking of minimum feature size has led to the development of new lithography tools using, for
example, extreme ultraviolet light (e.g. 13.5 nm), x-ray (0.4 nm) or even smaller wavelengths of
electron and ion beams [240]. Among these methods, Extreme Ultraviolet Lithography (EUV-L) is very
attractive as it is a natural extension of standard lithography and offers several optical advantages.
Also known as soft x-ray projection lithography, EUV-L was first proposed by Hawryluke and Seppala
in 1988 and in between, it has been subject to intensive studies and many improvements have been
made [240,241]. Today, EUV-L is considered as one of the next-generation technologies in
semiconductor industry [242].
When periodic structures are of interest, Interference Lithography (IL) is an attractive and low cost
method to overcome the limitations of normal lithography allowing minimum feature sizes even below
the used wavelength [243]. Interference occurs typically when two or more light paths overlap in
space. While the patterns can be controlled by various properties of the beam such as intensity,
polarization or phase, also diffraction elements are commonly used in lithography [243]. The
combination of EUV-L and IL is also very attractive and offers the advantage of a parallel fabrication
process with high resolution for periodic structures [117,118].
EUV-IL has been used to fabricate large-scale gold nanowire arrays. The lithography tool is part of the
X-ray Interference Lithography (XIL) beamline of the Swiss Light Source (SLS) at the Paul Scherrer
Institute (PSI) in Switzerland. The EUV-IL process and nanowire fabrication on glass chips were carried
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out by our partners at PSI (Laboratory for Micro- and Nanotechnology). A typical exposure with EUV-IL
is shown in Figure 4.1. A spatial coherent extreme ultraviolet light beam is irradiated trough a
diffraction mask. The resulting interference pattern of the light is used to expose a photoresist on the
substrate. A two grating design of the mask leads therefore to an array of nanolines. The diffraction
grating mask itself was produced by electron-beam lithography and designed for a negative tone resist
process. The wavelength used at this EUV-IL setup was 13.5 nm, which allows a theoretical half-pitch
resolution close to a quarter of the wavelength (< 4 nm) [117] whereas 7 nm is achieved.

Figure 4.1. Schematic of EUV-IL setup used for nanowire fabrication. (a) EUV light is irradiated trough a diffraction mask
resulting in an interference pattern which is used to expose the photoresist on the substrate. (b) Diffraction mask with two
gratings separated by a blocking layer which leads to the exposure of nanoline arrays on the substrate.

4.3.2

Nanowire Fabrication

Nanowire fabrication carried out by our partners at the PSI (Laboratory for Micro- and
Nanotechnology) was done on glass wafer substrates with an Nb2O5 coating. The thickness of the
Nb2O5 layer was typically in the range between 6 and 18 nm and the wafers were pre-sliced into
20 x 20 mm2 chips. Substrates were initially coated with a PMMA resist followed by a HSQ resist on top
(Figure 4.2a). In the next step EUV-IL was used to expose the resists with a nanoline pattern (Figure
4.2b). Only the HSQ resist was subsequently developed. Usually multiple nanowire arrays were
produced on each chip which involved therefore multiple exposures with a spatial offset before the
development of the resist. The resulting nanolines within the HSQ layer served then as a mask for
etching the PMMA layer in oxygen plasma (Figure 4.2c). This process leads to an undercut, which is
crucial for the lift-off process. In addition, a layer of Cr was evaporated in a flat angle which leads to a
widening of the top HSQ layer structure and thereby reducing the opening between the lines (Figure
4.2d). Further processing was done by e-beam evaporation of Au with a thickness of around 15 nm
(Figure 4.2e). Typically an adhesion layer of 2 nm Cr was used. Finally, a lift-off in acetone removed
both resists resulting in arrays of gold nanowires (Figure 4.2f). This Cr shadow evaporation step allowed
for additional control of nanowire line width, and it further improved the lift-off process since the
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undercut profile prevents the coverage of sidewalls with Au. More details on the fabrication process
can be found in [118]. All chips were produced with a fixed periodicity of 100 nm whereas the nanowire
width was varied on some samples typically in the range between 40 and 60 nm. Scanning Electron
Microscopy (SEM) images of representative results from the fabrication process are shown in Figure
4.3. Although smaller line widths were feasible, the optical properties of these nanowire arrays depend
highly on the nanowire width and periodicity. A previous analysis of Au nanowire samples with
different line widths at a fixed period of 100 nm has shown that the LSPR resonance shifts to smaller
wavelengths and almost vanishes below line widths of 40 nm [119]. The produced nanowire arrays
offered a good compromise between the LSPR behavior and electrical properties where smaller line
widths are more beneficial.

Figure 4.2. Nanowire fabrication process. (a) Substrate coated with PMMA and HSQ resist. (b) EUV-IL and subsequent
development of only HSQ resist. (c) PMMA etching in oxygen plasma whereas the HSQ resist serves as a mask. An undercut
structure is typically achieved to ensure a proper lift-off. (d) Shadow evaporation of Cr in a flat angle leading to a reduced
opening between the nanolines. (e) Au evaporation at normal incidence. (f) Lift-off process resulting in arrays of Au
nanowires.

Figure 4.3. SEM images of Au nanowire arrays with (a) broad and (b) narrow line with. The periodicity was fixed to 100 nm.
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Thin Film Fabrication

Nb2O5 coated glass wafers were protected with a photoresist (S1805, micro resist technology GmbH,
Germany), sliced into 20 x 20 mm2 chips and cleaned in acetone followed by rinsing in isopropanol.
Colloidal lithography similar to previous work [93,244–246] was used to create short range ordered
nanoholes within the thin films (Figure 4.4). In order to make the surface hydrophilic, oxygen plasma
at 100 W for 30 s was used. A solution of aluminum chlorohydrate (c = 5%, Summit Research
Laboratories, US) was deposited, left 2 min for adsorption, rinsed in deionized (DI) water and blowdried with nitrogen (N2). A positively charged monolayer was thereby formed on the surface, which
enhances the adsorption of negatively charged Polystyrene (PS) colloids. A 0.05 wt. % suspension of
105 nm colloids (Microparticles, Germany) was left 2 min for adsorption, followed by a final DI water
rinse. Then 10 nm Au was deposited by e-beam evaporation (the Nb2O5 coating served as adhesion
layer). A lift-off in NMethyl-2-pyrrolidone (NMP) for 30 min in an ultrasonic bath removed the PS
colloids and led to well distributed nanoholes. Conventional tape lift-off [93,146,244] or a squeegee
technique where the colloids are removed by rubbing the ethanol wetted surface with the edge of a
soft material [245,246] were not appropriate for the targeted measurements. Those methods have
shown to leave small scratches in ultrathin Au films which can lead to an interrupt in the electrical
connection. Here, the combination of NMP which slowly dissolves the PS colloids and ultrasonic force
that promotes their premature drop-off has shown to be an efficient and gentle method.
Representative SEM images from colloidal lithography are shown in Figure 4.5.

Figure 4.4. Colloidal lithography process using adsorbed polystyrene colloids as a mask for gold evaporation.

Each chip was lithographically patterned into nine regions, each with a dimension of 400 x 140 μm2,
either before or after the colloidal lithography. In the first case (Figure 4.6a), the cleaned substrates
were dried at 80 °C on the hotplate for at least 10 min to remove any remaining moisture and
afterwards covered with ma-N 1410 negative photoresist (micro resist technology GmbH, Germany)
by spin-coating at 3000 rpm for 30 s. A subsequent hardening step for 2 min at 100 °C was applied.
Mask alignment and exposure of 105 s were performed with a Karl Süss MJB3 mask aligner followed
by a minimum of 30 min relaxing time. The photoresist was developed in ma-D 533/S (micro resist
technology GmbH, Germany) for 105 s. Colloidal lithography as described above was applied and
during the last step of this process NMP simultaneously removed the photoresist.
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Figure 4.5. Ultrathin Au films (10 nm) with nanoholes on Nb2O5 coated glass substrates prepared by colloidal lithography.
(a-b) Thin gold film before the lift-off process with 105 nm PS colloids. The average particle density is 15/µm2. (c-d) Thin gold
film after the lift-off process.

In the second case (Figure 4.6b), colloidal lithography as described above was done immediately after
cleaning the substrate on the entire chip. After removing the moisture by heating the chip in the oven
at 80 °C for 10 min, a positive photoresist S1805 was spin coated for 30 s at 1000 rpm followed by a
hardening step for the resist in the oven at 80 °C for 10 min. Exposure was done for 23 s with the same
mask and subsequent development was conducted in Microposit 351 developer (micro resist
technology GmbH, Germany) for approximately 5 s. Due to the use of a positive resist and the same
mask as in the first process the regions of interest were covered. The exposed Au layer was removed
with a typical gold etching solution (3:10:50 I2/KI/H2O) in 30 s. The remaining photoresist was dissolved
in NMP in an ultrasonic bath for at least 10 min. Although both processes have shown to produce good
results, the reproducibility of the Au etching process was considerable better. In this case, the colloidal
lithography was done on a complete flat surface whereas in the other process the surface was already
structured with photoresist. Therefore colloids were sometimes not well distributed especially near
the edges of the resist.
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Figure 4.6. Patterning of thin films with nanoholes with two different approaches. In the first process (a) colloidal lithography
was conducted after structuring the substrate with photoresist whereas in process (b) colloidal lithography was done on the
plain substrate and patterned afterwards via photoresist protection and gold etching.

Samples that were used only for electrical measurements were fabricated without the colloidal
lithography. Again, the substrates were structured into nine regions using the ma-N 1410 photoresist
process. Simple e-beam evaporation of Au was used to deposit thin films followed by a lift-off process
in NMP and ultrasonic bath for at least 10 min. This process is similar to Figure 4.6a if the colloidal
lithography step is exchanged by only Au evaporation.

5 Flow Cell and Chip Design
In general, the term microfluidics refers to the precise manipulation of small fluid volumes at the submillimeter scale. Over the past decade, microfluidics has opened many new ways for sensing
applications and it was shown that it significantly improves exiting sensing techniques [247–250]. The
most obvious advantage of microfluidic systems is the reduction of the sample volume allowing cost
effective analysis. Moreover, the miniaturization changes the fundamental fluid physics dramatically
[161]. One typical example is that the mass transfer is dominated by viscous dissipation rather than by
inertial effects. Therefore, fluid dynamics are more predictable and show laminar flow behavior and
are usually not effected by turbulences. This advantage is characteristic for microfluidics although this
type of flow requires the implementation of special components when, for example, mixing of fluids is
necessary. Other interesting phenomena are electro-kinetic effects, such as induced electro-osmotic
flows in electrolyte containing fluids, which can be used to drive the fluids [153]. These numerous
advantageous effects have led to an enormous increase in the development of microfluidics,
containing micropumps [191,251], microvalves [251] or micromixers [252,253], towards complete
integrated lab-on-a-chip devices [254].
The importance of precise control of liquids for sensing applications has led to the development of a
complete new flow cell meeting the special requirements for simultaneous optical and electrical
detection. The focus has been laid on effective and reproducible measurements with nanowire arrays
and thin films, but the design was kept as general as possible to allow the incorporation of various
on-chip sensor devices with similar dimensions. Many fabrication techniques exist for microfluidic
devices, many of them adapted from conventional silicon based integrated circuit and
microelectromechanical system design [249]. However, due to the lack of optical transparency and
micromachining difficulties, other materials such as polymers or plastics have found their way into
microfluidics and with them a number of new fabrication methods, such as soft lithography [255].
This chapter describes the detailed design and fabrication of a custom-made flow cell including an
appropriate chip design for nanowire and thin film sensing. In addition, the flow cell performance is
analyzed by numerical simulation.
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Chip Design and Fabrication

On-chip nanostructures allowing for electrical and optical measurements require substrates that are
electrically isolated and optically transparent. Those main specifications were met by using glass
wafers, either Pyrex or Borofloat, which have similar properties. The wafers were initially coated with
a thin layer of Nb2O5 which allows direct evaporation of thin gold films without the need of an adhesion
layer (cf. Section 4.1.2). All wafers were sliced into pieces of 20 x 20 mm2. This dimension served as a
base for all fabricated chips and was found to be optimal to incorporate multiple sensor elements while
still allowing for a compact flow cell design. Multiple sensor elements on a chip are not only favorable
for fast consecutive or simultaneous measurements, they are also important to compare results if
slight variations between sensor fabrications of different chips exist. Typically the chips were divided
into nine regions with either nanowire arrays or thin films. Each region has been separated far enough
from each other to allow for individual fluid transfer and optical measurements.

Figure 5.1. (a) Electrode layout for 9 sensing regions each addressed with 4 electrodes. The layout contains 2 additional
electrodes (green and grey) which are guided into the liquid channels and can be used as general purpose electrodes.
(b) Sensor region containing two thin film elements with 2-point electrode connections. (c) Sensor region containing one thin
film element with 4-point electrode connections. The effective sensor area which is exposed to the liquid (window) has a
dimension of 140 x 50 µm2 on both layouts.

In order to electrically connect all sensor elements, a comprehensive electrode layout has been
designed where each region is addressable with four electrodes (Figure 5.1). Those electrodes have
been used to connect either two different areas of each nanowire array or two thin films within one
region. As an alternative, single thin films within a region have been contacted with all available
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electrodes in a four-point measurement setup allowing to exclude the resistance from the electrode
tracks. Further information on the measurement setup is given in Section 6.1. The electrode layout for
thin films in a two- and four-electrode setup is visualized in Figure 5.1b and c, respectively. The overall
layout contains two additional electrodes that were guided to the vicinity of each region. Their end
positions are exactly within both ends of the flow channel allowing electrical contact with the liquid.
They can be used as general purpose electrodes.
The detailed fabrication process is shown in Figure 5.2. First, electrodes were fabricated through a
lithographic process using negative ma-N 1410 photoresist (Figure 5.2b) with the same parameters
described in Section 4.3.3 except the e-beam evaporation. In this case, a layer of 6 nm Ti and a
subsequent layer of 94 nm Au was deposited. With some samples a direct evaporation of 100 nm Au
was used. It has become apparent that Nb2O5 can serve as an adhesion layer for Au when ultrathin
films are used. However, it was observed that thicker layers (e.g. used for electrodes) start to lift-off
the substrate during ultrasonic treatment above a thickness of 100 nm.

Figure 5.2. Detailed chip fabrication process. (a) Substrate with Nb2O5 containing a region with thin film or nanowire array.
(b) Electrode deposition. (c) Protection of sensing area from exposure to SU-8 in the following step. (d) Deposition of SU-8
isolation layer leaving a window at the sensing area. (e) Again protection of sensing area from exposure to SU-8 in the
following step. (f) Deposition of SU-8 flow channel layer.

Various techniques for the fabrication of microfluidic channels exist. One common approach is the use
of SU-8 photoresist as a master mold for the replication of Polydimethylsiloxane (PDMS) microfluidic
channels [256]. In contrast, SU-8 can also be used for the direct fabrication of microfluidic channels on
the chip. SU-8 is a low-cost negative photoresist that is compatible with standard lithographic tools
[257] and therefore well suited for the alignment of SU-8 structures on the chip. Furthermore, SU-8
has a high chemical resistance which makes it an ideal material for sensing devices. Here, SU-8
microfluidic channels were directly fabricated over each of the nine chip regions.
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Before the actual channel fabrication, the substrate has been prepared by using another SU-8 isolation
layer. The purpose of this 1 µm thick film was to create open windows over the nanowires or thin films
to precisely define the area of liquid which is in contact with the nanostructures. The width used for
these windows was 50 µm and therefore the effective sensing area exposed to liquid has a dimension
of 140 x 50 µm2. As such, all electrode connections and tracks were isolated against the liquid. Only in
the border region of the chips small areas were left open allowing for contact with the electrodes. In
order to protect the nanostructures from any exposure of SU-8, a layer of S1805 photoresist has been
used to cover all areas of nanowires or thin films that are later in contact with liquid (Figure 5.2c). The
lithographic process was carried out with the same parameters as described in Section 4.3.3. SU-8
residuals on or between the nanostructures are almost impossible to remove after hard-baking
whereas the S1805 photoresist dissolves during the SU-8 developing step and residuals can be
removed with short oxygen plasma treatment. The SU-8 isolation layer (Figure 5.2d) was processed by
using SU-8 GM-1040 photoresist (Gersteltec Engineering Solutions, Switzerland) suitable for
thicknesses between 0.8 to 10 µm. First, the substrate was prepared by 30 s oxygen plasma to remove
any residuals of photoresist from the previous electrode fabrication step. In order to remove any
adsorbed water from the surface, the samples were put in the oven at 130 °C for at least 20 min. After
cooling down, SU-8 was spin-coated for 40 s at 3500 rpm and 4000 rpm for 3 s. The short step with
high rotation speed was needed to reduce the edge-bead that is commonly observed in such processes
but more pronounced on the used square samples. Acceleration and deceleration ramps of 100 rpm/s
have been used. The substrates were allowed to relax for at least 1 h and were subsequently pre-baked
for 5 min at 65 °C and 5 min at 95 °C starting at room temperature with a ramp of 2 °C/min. Tests with
the recommended exposure have shown a phenomena where top edges were formed with an
overhang. This so-called “T-topping” effect can be removed by using a filter that cuts radiation below
350 nm wavelength [258]. Therefore a HOYA UV-34 filter (LG Optical, UK) was used during exposure of
the pre-baked SU-8 samples (100 mJ/cm2 for 18 s). Post-baking was started at room temperature with
a ramp of 2 °C/min and intermediate steps at 65 °C for 5 min and at 95 °C for 5 min. Development was
conducted in SU-8 developer (Gersteltec Engineering Solutions, Switzerland) for approx. 1 min.
Microfluidic channels were finally fabricated in a second layer using SU-8 GM-1070 photoresist
(Gersteltec Engineering Solutions, Switzerland). Again, a S1805 photoresist protection against any
exposure to SU-8 was used over the sensing areas of the nanostructures (Figure 5.2e). The SU-8
channel layer (Figure 5.2f) was processed similar to the first layer but with different parameters.
Substrate pretreatment was done identical and the spin coating step differed only by using 1700 rpm
for 40 s instead of 3500 rpm. This resulted in a targeted layer thickness of 50 µm. The samples were
again allowed to relax for at least 1 h. Pre-baking varied only at the temperature steps at 65 °C and
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95 °C where the samples were kept for 15 min and 2 h, respectively. After the exposure step through
the HOYA filter for 100 s (100 mJ/cm2), the post-baking times were 15 min at 65 °C and 40 min at 95 °C.
Development times were in the range of 3-4 min. This SU-8 layer only covered about 1 cm2 from the
inner chip region in order allow access to the electrodes at the outer region. A summary of the
fabrication process on the chip scale is shown in Figure 5.3.

Figure 5.3. Summary of chip fabrication process. (a) Glass chip with Nb2O5 containing 9 sensor regions of thin films or
nanowires. (b) Electrode deposition. (c) Deposition of SU-8 isolation layer. (d) Deposition of SU-8 flow channel layer.
(e) Detailed view of a sensor region with flow channel.

5.2

Flow Cell Design and Fabrication

The most important consideration regarding the flow cell design is its size. In order to allow for optical
measurements, the overall dimensions have to fit on a standard microscope. Especially the vertical
position of the chip inside the flow cell has to be in the range of focus adjustment. Here, a 40x long
distance objective has been used as the minimum standard. The total height of the flow cell has been
restricted by the use of a condenser during spectroscopic measurements. The free distance was only
about 8-9 mm. The overall dimensions of the flow cell were therefore chosen similar to standard
microscopy slides, namely 80 mm in length and 26 mm in width whereas the middle region had a width
of 46 mm. The height was strictly adhered to 7 mm.
In order to mount the sensor chip, a Printed Circuit Board (PCB) has been fabricated where the contact
leads matched with the corresponding contact leads of the chip layout. The chip mounting process is
illustrated in Figure 5.4. On all PCB contact leads a silver epoxy H20E (Epoxy Technology, US) was
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applied and the chip was gently pressed against the PCB. Alignment was established using alignment
markers on the PCB as well as on the sensor chip. To cure the epoxy, the mounted chip was baked in
the oven at 120 °C for at least 1 h. Although the silver epoxy has already fixed the chip, an additional
epoxy glue was used at the edge interface. Since the chip was facing the PCB, an opening was necessary
in order to get access to the sensor region from the other side. Electrical connections to instruments
were made with soldered connectors on both sides of the PCB. These boards with different sensor
chips served as the exchangeable unit in the complete flow cell design.

Figure 5.4. Chip mounting on PCB. (a) Sensor chips were connected to PCB contact leads via silver epoxy. Additional glue was
used for stabilization. (b) Mounted sensor chip. (c) For standard operation the board has to be flipped and access to the
sensor area is allowed through an opening in the center of the PCB.

The flow cell itself can be reused and is composed of three major parts. Its construction is shown in
Figure 5.5. Poly(methyl methacrylate) (PMMA) was used as the base plate. Starting from both ends, in
total 18 flow channels were milled towards the center region on the top side with a height and width
of 300 µm. All channels ended exactly over the corresponding end-positions of the flow channels on
the sensor chip. At these positions a hole was drilled through the PMMA plate. In order to seal the flow
channels from the top, a gasket made of PDMS was used. The design of the PDMS structure already
included vertical cylinders on both boundary areas for the connection of external tubing. This assures
minimal problems with leakage due to the self-sealing of this structure. PDMS (Sylgard 184, Dow
Corning, US) was mixed at a 10:1 ratio with the curing agent, degassed and filled into an appropriate
mold. Proper degassing was not able to avoid small bubbles within the mold due to the complexity and
fine structures. Therefore, the filled mold was immersed in mixed PDMS and degassed again. The
surrounding PDMS assures that no new air can get sucked into the mold. The PDMS was then cured at
80 °C for 6 hours. Finally another PMMA plate was mounted on top and screwed together with the
bottom plate. Numerous screws were used on carefully selected positions to ensure a uniform
pressure for sealing the flow cell.
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Figure 5.5. Flow cell construction. (a) Flow channels were milled into a PMMA plate for guiding the liquid between the center
region where the flow cell will be connected with the sensor chip and the boundary areas. A gasket made of PDMS is used to
seal the flow channels from the top. The PDMS part includes on both ends vertical cylinders which allow a connection of the
milled flow channels with external tubing. (b) Top PMMA plate for fixation. (c) Assembled flow cell.

The assembled flow cell can easily be mounted on different sensor chip boards as demonstrated in
Figure 5.6. First the PCB boards were mounted on a metal ground plate with a cavity in the center
region. Within this cavity a thin PDMS sheet was used as a support for the sensor chip. The thickness
of this sheet is adjusted so that the PCB rests flat on the ground plate but is still able to gently press
the chip against the PCB board. This avoids the problem that the sensor chip drops from the PCB as
the flow cell is pressed against it during the next steps. To connect the flow channels on the chip with
the upper flow cell, an intermediate PDMS part with vertical connections was used. An appropriate
mold was fabricated and the PDMS was prepared the same way as during the flow cell fabrication.
Finally, the upper flow cell was put on top and fixed with a couple of screws. To assure a proper
alignment within tens of micrometers, all parts were fabricated within that tolerances. Alignment
sticks were used when plugging the PCB board together with the ground plate and the upper flow cell.
A picture of a sensor chip with the mounted flow cell is shown in Figure 5.7. All nine regions are
individually accessible via external tubing and the flow cell can easily be used with flow systems such
as syringes or peristaltic pumps or with manual injection.

Figure 5.6. Assembling of flow cell. (a) Sensor chip boards are mounted on a ground plate including a cavity with PDMS as a
support for the chip. (b) An intermediate PDMS part is connecting the on-chip flow channels vertically with the channels of
the flow cell. (c) The upper flow cell is put on top and fixed with the ground plate.
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Figure 5.7. (a) Picture of the flow cell mounted on a sensor chip board including external tubing. (b) Detailed view of the
center region where channels from the flow cell are interconnected to sensor chips via vertical tubing.

5.3

Issue of Optical Interference

As described in the previous sections, the flow cell is designed for electrical as well as optical
measurements due to its transparency and its small dimensions that allow an easy mounting on
standard microscopes. First, optical tests have been performed on gold nanowire array samples, which
exhibit a typically smooth LSPR peak at around 600 nm wavelength. In contrast, when mounted within
the flow cell the LSPR spectra have shown long and short range interference signals on top of the
expected plasmonic peak. In order to explain this phenomena, a short introduction regarding the
reference spectra is given. During a normal spectroscopic measurement, a reference and background
spectrum without sample is acquired after the lamp has stabilized. The spectrum measured afterwards
on the plasmonic sample is then calculated according to Equation 5.1 where the acquired spectrum is
referenced to the spectrum of the lamp. Constant offsets caused by the amplifier of the spectrometer
and buildup of dark charge is always first subtracted by the background signal.
𝐸𝐸(𝜆𝜆) =

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝜆𝜆) − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝜆𝜆)
𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝜆𝜆) − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝜆𝜆)

(5.1)

To be independent of fluctuations of the lamp or the medium, usually dynamic online referencing is
used. Therefore each acquired spectrum is referenced in addition to a spectrum acquired within the
flow channel but besides the sensor region. Using this measurement configuration with the new flow
cell has induced a spectrum with interferences as shown in Figure 5.8a. Such a phenomena can typically
be attributed to optical interference due to multilayer structures, especially when using thin films.
During first analysis, it was assumed that the interference was caused by an inappropriate online
reference. Until this observation of interference, the SU-8 isolation layer included only windows over
the sensor region to allow contact with liquids whereas the surrounding area was fully covered by SU-8.
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Online reference spectra were therefore taken with this additional layer of 1 µm thickness compared
to the sensor region. As a consequence, following chips were fabricated with SU-8 windows that
extend over the boundary areas of the sensors. New measurements at the same place have then
confirmed that the long range interference was caused by this additional SU-8 layer. However, short
range interference was still observed as shown in Figure 5.8b.

Figure 5.8. Optical flow cell interference and its solution. (a) Interference observed on initial design of sensor chip and flow
cell. Long range interference could be avoided by extending the SU-8 windows to the region outside the sensor and thereby
acquiring the online reference on the same level. (b) Short range interference was caused by an inappropriate SU-8 channel
height. (c) By extending the flow channel into the PDMS with a minimum height of 300 µm the interference fringes in the
LSPR spectra were completely eliminated.

First attempts to overcome the short range interference have indicated a correlation with the PDMS
sealing. Different pressures by screwing the flow cell less tightly have shown a shift and slight reduction
of the interference. This was attributed to a deformation of the PDMS over the channel with increasing
pressure. Test without pressure where the upper flow cell was removed have still shown a significant
interference. Finally, it became apparent that an increase in channel height leads to a spectra
smoothing. Therefore, the design of the PDMS part has been adapted and micro-channels with a
dimension of 300 x 300 µm2 were directly included by milling an appropriate PDMS mold. An increase
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in channel height due to a thicker SU-8 layer would have been another solution, but such layer
dimensions typically introduce more difficulties during fabrication. However, the microfluidic channels
within that SU-8 layers were kept since they serve as a safety margin during flow cell assembling where
the PDMS part is aligned onto the chip. As such, an unintentionally touching of the sensitive nanowire
arrays or thin film regions is avoided.

5.4

Flow Cell Performance

One important characteristic of a flow cell is its efficiency in transporting analytes to the sensor surface.
Flow within micro-channels is typically laminar. The dimensionless Reynolds number (Re) is the
commonly used quantity to distinguish between different flow regimes such as laminar or turbulent
flow. It is defined as the ratio of inertial forces (𝑓𝑓𝑖𝑖 ) to viscous forces (𝑓𝑓𝑣𝑣 ) [161],
𝑅𝑅𝑅𝑅 =

𝑓𝑓𝑖𝑖
𝜚𝜚𝑈𝑈0 𝐿𝐿0
=
𝑓𝑓𝑣𝑣
𝜂𝜂

(5.2)

where 𝜚𝜚 is the density of the fluid, 𝑈𝑈0 is the characteristic velocity scale, 𝑙𝑙0 is the characteristic length

scale and 𝜂𝜂 the shear viscosity. Reynolds numbers in microfluidic devices are typically low due to the

dominance of viscous effects and as Re increases the flow destabilizes, which leads to an unpredictable
turbulent flow regime. In the case of a straight circular pipe, laminar flow occurs below Re of 2000
whereas the transition regime is typically considered until Re of 3000 [161,259,260].
Two main transport mechanisms, namely advection and diffusion are responsible for analyte
transport. In general, advection is the dominant mechanism in microfluidics, which allows fast analyte
transport to the sensor, but the laminar flow behavior is a drawback when it is necessary to mix fluids.
In this case, mixing is dominated by diffusion alone, which is a relatively slow process. In microfluidic
devices where fluids have to be brought together within short timescales, much effort has been
invested in the development of micro-mixing systems, especially when analyzing reaction kinetics. The
most preferred method is still electrokinetics, others include, for example, the utilization of surface
acoustic waves, pulsed fluid injection or purely geometric effects [161,248,252,253,261]. However, if
only single phase flow without controlled mixing is considered, analyte transport can be influenced by
different phenomena. In microfluidics, recirculations or eddies can occur as Re increases, even where
flow is laminar and predictable. This behavior is especially observed in complex 3D flow systems if, for
example, the channel geometry changes or if the surface is not smooth. Within such eddies, the
dominant transport regime changes to diffusion, which leads to a slow increase of the concentration
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in these areas. Therefore the knowledge of the precise flow pattern is important in analyzing results
and also during flow cell development.
In order to visualize the performance of the newly developed flow cell, a numerical study has been
carried out using COMSOL Multiphysics by solving the time-dependent advection-diffusion equation
for an incompressible flow:
𝜕𝜕𝜕𝜕
= 𝐷𝐷∇2 𝑐𝑐 − 𝑣𝑣 ∙ ∇𝑐𝑐
𝜕𝜕𝜕𝜕

(5.3)

where 𝑣𝑣 is the velocity field. Solving this equation allows the transport simulation of a dilute species,
such as the analyte, through a liquid environment. The first term on the right hand side describes the

change of concentration due to diffusion while the second term governs the concentration change due
to advection, based on the underlying flow velocity field. This can be calculated with the steady state
Navier-Stokes Equation which describes laminar fluid flow:
𝜚𝜚𝜚𝜚 ∙ ∇𝑣𝑣 = −∇𝑝𝑝 + 𝜂𝜂∇2 𝑣𝑣

(5.4)

where 𝜚𝜚 is the fluid density, 𝑝𝑝 is the pressure and 𝜂𝜂 dynamic viscosity. The incompressibility condition

is given by ∇ ∙ 𝑣𝑣 = 0 for nearly constant density such as water. The exact flow cell geometry excluding
the long in- and outlet channels has been modeled and first, the steady state flow field has been

simulated with appropriate boundary conditions. A volumetric flow boundary condition has been used
for the inlet and at the outlet the pressure has been set to 0 Pa. All other walls were subject to a no-slip
boundary condition. Fluid properties were assumed to match those of water with a density of 999.6
kg/m3 and a viscosity of 1 x 10-3 Pa·s. Based on this velocity field the advection-diffusion equation was
solved using a diffusion coefficient of 5 x 10-10 m2/s representing the analyte. A concentration at 𝑡𝑡 = 0

of 1 µM has been set at the inlet whereas the concentration within the flow cell was set to 0 µM. At
the outlet the transport was restricted to advection only. Prior to analysis, the mesh size has been

evaluated to assure sufficient accuracy. The whole simulation domain consisted of approximately
350000 tetrahedral elements. In total 7 different flow rates ranging from 1 to 100 µL/s were analyzed.
The geometry of one inner flow cell channel is illustrated in Figure 5.9a. The upper part represents the
channel within the PMMA plate in the vicinity of the chip. Further down where a slight channel
expansion can be seen, the flow enters the PDMS channel interconnecting to the chip. As described in
Section 5.3 the final design included also a horizontal channel of 300 x 300 µm2 within the PDMS which
was guided over the sensor region. The smaller channel which was fabricated directly on the chip in
the SU-8 layer is located below. Simulation results from three different flow rates (100, 10 and 1 µL/s)
showing the steady state velocity field profile, calculated from the Navier-Stokes equations, are
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illustrated in Figure 5.9b-d. This analysis clearly identifies the formation of eddies at higher flow rates
whereas at the lowest simulated flow rate the profile follows almost that of a typical laminar flow
behavior. Flow rates of 100 µL/s or above represent the regime of typical manual injection using
syringes, and it has to be confirmed if the formation of eddies within that geometry do not lead to
regions where analyte transport is only diffusion limited, especially over the sensor. Typically the
longer a channel section remains straight, the more the laminar flow behavior is restored, but due to
the integration of 9 individual flow channels in a very confined space, longer sections could not be
realized.

Figure 5.9. Flow analysis within the newly developed flow cell. (a) Geometry of flow channel in the vicinity of sensor chip.
(b-d) Flow patterns for different flow rates (100, 10, 1 µL/s) based on steady state Navier-Stokes equations.

In order to quantify the transport of analytes, the results from the advection-diffusion simulation were
analyzed over time (Figure 5.10). Therefore, the increase in concentration surrounding the sensor area
was monitored in reference to the initial concentration at the inlet. The sensor volume was defined as
the 700 µm long straight channel section highlighted in Figure 5.9a. At the highest simulated flow rate
of 100 µL/s the concentration within this volume almost immediately reaches its final value whereas
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at a flow rate of 1 µL/s the volume exchange rate is in the range of a few seconds (Figure 5.10a). By
plotting the time needed to reach 99 % of the inlet concentration against the flow rate (Figure 5.10b),
an almost linear curve in the double-logarithmic plot suggest a power-law dependence within the
simulated flow rate range. Since the average volume concentrations must not reflect the situation at
the sensor surface, the concentration in the center point of the sensor has been evaluated at the 99 %
level. At low flow rates, the time needed to reach the final concentration at the sensor lags behind the
average volume concentration. Interestingly, above flow rates of 30 and 40 µL/s, the final
concentration at the sensor surface is reached first. The overall time analysis has shown a fast response
time of the flow cell regarding analyte transport to the sensor. Eddies, formed at higher flow rates, do
not have a significant influence on the flow cell performance although they seem to be responsible for
a more rapid attainment of the final concentration at the sensor surface.

Figure 5.10. Simulated flow cell performance. (a) Concentration increase within the sensor volume (referenced to the
concentration at the inlet) over time for three different flow rates. (b) Time needed to reach 99 % of the final concentration
vs. flow rate. (c) Concentration increase within the sensor volume vs. the total amount of liquid flowing into the cell (denoted
in quantities of sensor volumes). (d) Sensor volume changes needed to reach 99 % of the final concentration vs. the flow rate.

In Figure 5.10c, the average concentration in the sensor volume (0.067 µL) is shown against the total
amount of liquid flowing into the cell (denoted in quantities of sensor volumes). The curves show only
slight deviations from each other, but when analyzing again the 99 % level, it shows that at flow rates
in the range of 5 µL/s a maximum is reached (Figure 5.10d). At this operating point most liquid is
needed to reach the final concentration within the sensor volume. Figure 5.10d shows also the

5. Flow Cell and Chip Design

73

situation at the center point of the sensor. In this case, a maximum is reached at flow rates in the range
of 2 µL/s and except for high flow rates more liquid is required to reach the 99 % level at the center
point of the sensor compared to the total volume. By knowing this flow cell characteristic, an optimal
time-volume relation for the liquid exchange can be found for each experiment. In general, the flow
cell is well suited for all simulated flow rates. Especially with manual injection (highest flow rates) an
ultra-fast exchange can be achieved with a minimum of required liquid.
For comparison, another type of flow cell was simulated with the same parameters as above. This
circular flow cell design was formerly used with gold nanowire chips [262] and is in general a frequently
used flow cell type. The model geometry is shown in Figure 5.11a, where the sensor volume has a
diameter of 10 mm and a height of 2 mm. The in- and outlet was formed by small tubes with an inner
diameter of 500 µm. When using this design, the flow chamber was typically made of PDMS and all
nanowire regions were exposed to the liquid at once. By analyzing the flow pattern within such a cell
(Figure 5.11b-d), the development of distinct recirculations at high flow rates can clearly be seen. With
decreasing flow rates these recirculations start to disappear and the flow becomes more smooth
between the in- and outlet. However, at such low rates the transport to regions not positioned within
the direct path between in- and outlet is more and more diffusion controlled and thus slow. In contrast,
the recirculation at higher flow rates allows faster exchange of liquid in lateral regions but increases
the risk of eddies where transport is slow again.

Figure 5.11. Flow analysis within a typical circular flow cell with small in- and outlet tubing. (a) Geometry of flow cell with two
sensor regions at the bottom of the flow cell. (b-d) Flow patterns for different flow rates (100, 10, 1 µL/s) based on steady
state Navier-Stokes equations. The cut-plane is taken 0.5 mm above the sensor bottom.

A more detailed view arises from the evaluation of analyte transport over time based on the underlying
steady state velocity profiles (Figure 5.12). Obviously more time is needed to exchange the liquid
compared to the newly developed flow cell (Figure 5.12a). At high flow rates of 100 µL/s slightly more
than 10 s are needed to reach 99 % of the final concentration within the flow cell volume whereas at
slow flow rates of 1 µL/s almost 1000 s delay time has to be taken into account (Figure 5.12b).
Interestingly, at slower flow rates the concentration reaches significantly faster the targeted
concentration at the sensor regions in the center and lateral position (compare to Figure 5.11a). This
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can be explained by the fact that these sensors are reached faster by diffusion than some peripheral
regions of the flow cell which emphasizes the importance of sensor positioning within this type of flow
cell. In Figure 5.12c the average concentration in the sensor volume (157 µL) is shown against the total
amount of liquid flowing into the cell (denoted in quantities of sensor volumes). It can already be seen
that at the slowest flow rate the least liquid is needed to exchange the concentration within the sensor
volume. A comparison at different flow rates (Figure 5.12d) confirms this behavior in which the
efficiency decreases from the sensor in the center to the overall sensor volume. A maximum is reached
at moderate flow rates whereas at high flow rates the curve approaches a constant value for the overall
volume as well as for both sensor regions.

Figure 5.12. Simulated flow cell performance of circular design. (a) Concentration increase within the sensor volume
(referenced to the concentration at the inlet) over time for three different flow rates. (b) Time needed to reach 99 % of the
final concentration versus flow rate. (c) Concentration increase within the sensor volume against the total amount of liquid
flowing into the cell (denoted in quantities of sensor volumes). (d) Sensor volume changes needed to reach 99 % of the final
concentration versus the flow rate.

The evaluation of both flow cell geometries has exhibited some interesting phenomena and has clearly
shown the advantage of the newly developed flow cell. A more predictable flow behavior at all
simulated flow rates was observed due to the fact that the sensor is positioned within a straight section
of the flow channel and has much smaller dimensions. Within that region, an almost ideal laminar flow
can be observed. In addition, the new flow cell offers an extremely fast response time and little amount
of liquid is needed to reach the inlet analyte concentration. With the circular design, the response time
is acceptable for high flow rates, but it decreases rapidly when operating with slower rates. Moreover,
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it is sensitive to the positioning of sensor devices and therefore does not allow for parallel
measurements with fast reaction kinetics. Otherwise, individual measurements are also not possible
due to the simultaneous exposure of all sensors to the liquid environment.

5.5

Chapter Summary

In this chapter, the development of a new flow cell for simultaneous optical and electrical
measurements has been shown. It was designed for the use with nanowire arrays or thin films but kept
as general as possible for easy adaption to other sensor elements of similar dimensions. In addition, a
chip design has been shown were nine sensor regions with dimensions up to 1 mm2 can be
implemented, each with 4 electrode connections. The sensors are individually addressable via fluid
injection and the compact flow cell allows easy mounting on standard microscopes. The design
includes an exchangeable unit where the multi-sensor chip is mounted. The flow cell itself is reusable
and can quickly be screwed together with the sensor platform. Initially observed optical interferences
have been corrected and the flow cell performance was evaluated by simulations and compared to a
previously and commonly used circular design. The results have shown that this flow cell is well suited
for various types of experiments within a broad range of flow rates as well as manual injection. It offers
a fast response time and the amount of liquid containing the analyte is minimized and thereby the
costs for operation are also reduced.

6 Thin Films and Nanowires
In the beginning, an introduction about electrochemical sensors was given in the light of
nanostructures suitable for combined electrical and optical sensing. Thin metal films with nanoholes
and nanowires have been found to suit very well for this purpose since adsorption of ions and
molecules can influence the resistance and the LSPR of these nanostructures. In a typical
electrochemical sensing system, the application of potentials plays a dominant role in identifying
substances or analyzing different physical phenomena. Sensors in life-sciences are usually exposed to
physiological fluids with a high salt content. Therefore, the specific adsorption of anions onto the
electrodes plays a major role. Especially for nanoelectrodes, which also act as signal transduction
elements via resistance and LSPR changes, these phenomena are of even more importance.
Characteristic effects of various ions or molecules have to be identified in order to differentiate
between them. In principle, resistance measurements are simple, but in the case of nanostructures
and especially when being used together in electrochemical systems, several important aspects have
to be taken into account. Therefore, the methodology of resistance sensing and electrochemical gating
is introduced in the first section. On the other hand, optical measurements are straight-forward. The
principle measurement setup was already introduced in Section 4.2.3 and is not subject to additional
discussion here. Furthermore, some characterization of the nanostructures is presented and the
custom-made flow cell together with thin films is used to demonstrate the resistance changes due to
several different ions. In addition, a special focus is laid on experiments in buffer solutions which are
representing physiological fluids. Such measurements with thin films with nanoholes are used to
demonstrate synchronized optical and electrical measurements and the results are correlated against
each other. Finally, similar experiments with metal nanowire arrays are conducted and compared.

6.1

Methodology

6.1.1

Resistance Measurement

In general, the determination of resistance is a relatively simple measuring technique. Typically a
current is supplied to the device under investigation and the voltage drop along it is measured or
continuously monitored. The most common configuration is the two-electrode setup where the
voltage is measured at the position of the current source. In this case the voltage drop along the
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connection wires is also measured and thus their resistance is added to the total value. Especially when
measuring low resistance values, a four-electrode setup is preferred where the voltage is separately
measured with two additional connections placed as close as possible to the device under
investigation. Due to the high input resistance of the voltmeter, almost no current is flowing through
these additional connections which increases the accuracy of the measurement. As long as
temperature and current source are kept constant, such measurements will reflect resistance changes
of the sensor device.
Resistance measurements can be carried out in AC or DC mode. An AC setup has several advantages
over the DC method, such as better stability or signal-to-noise ratio. In addition, the current is zero
over the time average. Therefore a lock-in amplifier was used to measure the impedance across the
thin gold films or nanowire arrays. This instrument is well suited for fast acquisition over time with
high resolution of even smallest changes in the impedance. The four-electrode setup was mainly used
for thin film measurements whereas the two electrode setup was used for nanowire array
experiments. Nanowire arrays were more difficult to produce. Due to their large sensing area two
separate sensing devices were implemented on each array, but this in turn only allowed a two
electrode configuration since the number of total electrodes on the chip was restricted. As only relative
and not absolute impedance changes were of interest, both setups were suitable for the experiments.
Regarding the signal-to-noise ratio both setups were within the same range.

Figure 6.1. Resistance measurement with lock-in amplifier in (a) four-electrode and (b) two-electrode configuration.

The measurement configurations are visualized in Figure 6.1. A source voltage of 10 mV AC with a
frequency of 84 or 1024 Hz, depending on the experiment, has been applied to the sensor and the
acquisition rate was set to 225 values per second. The frequency was chosen at a value where the
noise level of the measurement was significantly reduced and still did not have any interference with
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the liquid. Since the measured impedance has zero phase shift due to the purely ohmic character of
the thin film, impedance changes are referred to as resistance changes. In the case where the chip
layout was prepared for the four-electrode configuration, the AC voltage was applied through the
outer electrode pairs and the corresponding current was measured via a current amplifier using a
shunt resistor of 1 kΩ (Figure 6.1a). In addition, the voltage was measured with a differential amplifier
across the inner pair of electrodes and the resistance could be calculated by simple division through
the corresponding current:
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
,
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐼𝐼𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =

𝑉𝑉𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢
𝑅𝑅𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢

(6.1)

In this configuration, the measured value corresponds to the resistance of the sensor between the two
inner electrodes. The distance between the inner electrodes is 140 μm whereas the width of the
window is only 50 μm which results in a distance relation of 2.8. For a more detailed view of the chip
layout the reader is referred to Figure 5.1 in Section 5.1. Since a resistance change due to the liquid
environment can only happen within the window area, a relative resistance change refers only to that
section. In the 4-electrode configuration the initial absolute resistance in air of the exposed area can
be estimated from the measured value divided by the distance relation. For measurements conducted
with the two-electrode configuration (Figure 6.1b) the same AC voltage was used and the current was
again measured using a current amplifier with a shunt resistor of 1 kΩ. Instead of a separate voltage
measurement, the output voltage of the lock-in amplifier was used to calculate the resistance:
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1,2 =

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1,2 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 1,2 − 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 1,2 ∙ 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1,2
=
,
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1,2
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1,2

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1,2 =

𝑉𝑉𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢 1,2
(6.2)
𝑅𝑅𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢 1,2

Thereby the voltage drop at the output resistance 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 1,2 = 50 Ω has to be subtracted. As explained
above, the resistance of the sensor connections cannot be excluded. In this case, the initial absolute

resistance, which corresponds to the area exposed to the liquid, cannot be directly determined. Typical
measured resistance values were in the range of 50-150 Ω, mainly caused by the on-chip electrode
connections of 100 nm thickness and several mm in length. The variations arise from the different path
lengths to the individual sensor regions.

6.1.2

Electrochemical Gating

To control the liquid potential, a reference electrode (RE) was used. Partly, a chlorinated silver wire
was used as a pseudo-reference electrode and inserted into the outlet tubing. Since Cl- ion containing
solutions were typically measured, during most experiments the use of this type of electrode was
convenient. Experiments were also carried out with an Ag/AgCl (3 M KCl) reference electrode after
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purchasing a flow-through model that could easily be integrated into the outlet tubing of the flow cell.
In most analytical applications the reference electrode is connected to a potentiostat which accurately
controls the potential difference between the reference and working electrode (WE) by injection of a
current through a counter electrode (CE). Within this configuration no current is flowing through the
reference electrode and thereby a constant interfacial potential remains at the reference electrode.
Here, a non-standard electrochemical setup was used in order to optimize the measurements for thin
films and nanowire arrays and to combine it with resistance measurements in an appropriate way.
When combining resistance measurements and electrochemistry some special effects have to be taken
into account. To control the potential of the sensor surface with respect to the reference electrode, an
electrical circuit has to be established. Therefore currents arising from double layer charging or
faradaic currents will pass the sensor. Consequential potential distributions are then able to influence
the resistance measurement across the sensor. However, by using a lock-in amplifier the risk is
minimized since the resistance is measured only at a single frequency. While in this case constant
currents will definitely not affect the measurement, transient currents could be able to influence it.
This can occur, for example, during a CV if temporal changes of the current match the demodulation
frequency (coincident with the output signal frequency) of the lock-in amplifier. The range of
frequencies around this demodulation frequency is affected by the used band pass filter within the
lock-in amplifier settings. The bandwidth was set to 1 Hz with a 4th filter order as a compromise
between good temporal resolution and signal-to-noise ratio. Due to the small bandwidth, the
resistance measurement is hardly influenced by the electrochemical current. Only when the time
derivative of, for example, a faradaic current shortly reaches exactly the measuring frequency (within
1 Hz accuracy) a short spike can be seen within the resistance measurement. Higher AC measuring
frequencies, well above the range of typical CV speeds, can be used to reduce this effect. Such
phenomena have not been observed during experiments, but in case they would appear, they could
quickly be identified as artefacts. In case of AC voltages, another effect has to be taken into account.
Due to the double layer capacitance at the interface, low frequency currents from the resistance
measurement are well confined to the electrode. If the frequency increases, the current is able to
penetrate into the solution. In this scenario, the resistance measurement would be sensitive to
changes of the double layer capacitance. Due to the use of thin films and nanowire arrays where
exposed areas have dimensions in the micrometer scale, double layer capacitances are usually low.
Therefore, this effect is also negligible when using moderate measurement frequencies where effects
from the double layer are well within the noise of the resistance measurement.
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Figure 6.2. Setup for resistance change measurements of thin films or nanowire arrays with electrochemical gating. The
potentiostat is used in a 2-electrode configuration and inversely connected between the sensor and the reference electrode.

The complete measurement setup is visualized in Figure 6.2. The lock-in amplifier circuit is shown
simplified with the output voltage of 10 mV AC connected to the outer electrodes and the
corresponding current and voltage measurements (compare to Figure 6.1a). To realize electrochemical
gating, the potentiostat was connected to the same side as the output voltage of the lock-in amplifier,
in the case of the four-electrode setup the inner electrode was used. Unless otherwise stated, the
potentiostat was operated only with two electrodes where the CE and RE are connected together. In
this case, it simply acts as a precise voltage source without a CE electrode and feedback regulation.
This setup can be applied here since the dimensions of the thin films or nanowire arrays exposed to
the liquid have the character of microelectrodes and currents only in the range of nA are expected.
Therefore, the influence on the stability of the reference electrode is negligible [22]. Only some
experiments were conducted in standard configuration and used with an additional platinum counter
electrode incorporated in the flow channel. The main reason for using the two-electrode potentiostat
setup was related to the stability of the nanostructures. Sometimes bubbles in small dimension tubing
can lead to blocking of the reference electrode. A subsequent high current forced through the CE due
to the feedback control of the potentiostat can easily destroy the sensitive thin films or nanowire
arrays. This unfavorable behavior is avoided here. In a two-electrode configuration the potentiostat
acts just as a simple but precise voltage source. Therefore it is possible to connect the potentiostat
simply in both direction (WE ↔ RE/CE). It was shown that an inverted setup reduces the noise within
the potentiostat induced from the lock-in amplifier. This could be attributed to the internal electrical

circuits of the potentiostat at which the pins RE/CE probably have a higher input resistance than the
WE pin. The potentiostat itself was operated as a floating device (not connected to common ground).
This important configuration allows for applying potentials relative to the sensor device. In standard
measurements a grounded potentiostat would not be an issue, but in this case the instrument is
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connected with the lock-in amplifier which is grounded as well. Such a configuration can create
shortcuts or potential shifts within the measurement circuit. Instead, the available ground pin of the
potentiostat was used to connect a shielding made of aluminum foil around the whole setup, especially
around all liquid containing parts. In this way the noise of potentiostat measurements was significantly
reduced.

6.1.3

Synchronization of Potentiostat and Lock-in Amplifier

In general, measurements from the potentiostat, lock-in amplifier and spectrometer have to be
synchronized. Time synchronization with optical LSPR measurements is not critical due to the relatively
slow acquisition of approximately three optical data points per second whereas synchronization of the
other instruments is important. In order to allow precise time synchronized measurements of
electrochemical currents and resistance, a coupling between the potentiostat and the lock-in amplifier
was realized. A proper software synchronization was not feasible due to the restricted interface of the
potentiostat. In addition, the potentiostat software often produced unpredictable time delays
between individual measurements when they were linked into an automated sequence. One
possibility to overcome the problem was the use of the analog outputs of the potentiostat, which
provide both the applied potential and the measured current instantly. Both were used as an input at
the lock-in amplifier’s auxiliary input ports. With this configuration the signal can be saved within the
lock-in amplifier time-synchronized with the resistance measurements. Since the potentiostat was
operated as a floating device (cf. Section 6.1.2), a direct connection between these instruments was
not possible. Therefore an opto-coupler circuit for both transmission lines was developed to avoid a
common ground connection. A general connection diagram is shown in Figure 6.3. A commercially
available high precision integrated voltage sensor with isolation amplifiers (ACPL-C87B, Avago
Technologies, US) was used as the basis for a suitable circuit design. This device especially offered a
high bandwidth which allowed to synchronize fast potential steps, too. The designed electrical circuit
converted the output voltage of 0-5 V from the potentiostat to the full range of the opto-coupler (0-2 V)
and amplified the signal afterward to an appropriate range for the lock-in amplifier.
With this opto-isolated circuit it was easy to synchronize measurements of the potentiostat such as CV
with resistance changes. The signals received at the lock-in amplifier were not of the same resolution
as gathered by the potentiostat itself, but it was easy to identify the exact temporal start and end
points of a CV experiment. Then the CV data from the potentiostat was taken and fitted into the
appropriate time frame of the resistance measurement.
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Figure 6.3. Synchronization of potentiostat measurement with lock-in amplifier. The analog output signals of the potentiostat
representing the applied voltage and measured current were fed into the lock-in amplifier for simultaneous recording with
the resistance measurement. Since the potentiostat was operated as floating device this was realized via opto-coupling of
the signal.

6.2

Characterization and Pretreatment

6.2.1

Pretreatment of Sensor Chips

Prior to first use, thin films and nanowire arrays were pretreated by CV in buffer solution (100mM
NaCl, 10mM HEPES, pH 7.4) with vertex voltages of ± 0.7 V. This mild technique was necessary to clean
the gold surface after chip production. Other methods such as oxygen plasma or CV in strong acid or
base were omitted to avoid degradation of ultrathin nanostructures. Usually no further pretreatment
was done. Such a pretreatment cycle is shown in Figure 6.4 for a thin gold film electrode. Initial
exposure to buffer solution at 0 V did not show any resistance change (first minute). During CV scans,
the magnitude of the resistance change gradually increased and after approximately 35 cycles reached
its maximum sensitivity. A detailed analysis of elemental surface composition of gold samples has
shown that an un-cleaned sample consist of almost 50 % of oxygen, carbon and nitrogen [263]. The
authors analyzed different gold cleaning methods regarding their efficiency. It was shown that most
common methods do not produce a significantly cleaner surface. Only exposure to potassium
hydroxide and hydrogen peroxide solution or a potassium hydroxide potential sweep results in cleaner
surfaces. Such pretreatment was also tested, but it showed a similar degradation such as oxygen
plasma. In contrast, CV in buffer solution has shown very good reproducible results and was therefore
the method of choice. Since the main purpose of this system is sensing in physiological environment,
this method can also be used easily prior to first use or before each experiment in the field.
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Figure 6.4. Initial out‐of‐production resistance change in response to fast potential cycling in buffer solution until stabilization
and reaching maximum of sensitivity (scan rate: 100 mV/s, vertex potentials: ±0.7 V).

6.2.2

Bulk Refractive Index Sensitivity

In order to characterize the plasmonic sensor performance, the bulk refractive index sensitivity 𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

was determined by the relation Δ𝜆𝜆 = 𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ∙ Δ𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 , where Δ𝜆𝜆 represents the LSPR peak position
shift and Δ𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the refractive index of the bulk solution in units of nm/RIU. Glycerol is a common

substance used to determine the bulk RI sensitivity of plasmonic sensing devices since it does not form
an adsorption layer at the surface, which could alter the local RI. In addition, when diluted in water, it
provides a wide range of different RIs.

Figure 6.5. Determination of bulk RI sensitivity of thin gold film with nanoholes. (a) Exposure of thin film to glycerol with
varying concentration (wt. % in ultrapure water). (b) The average LSPR peak position as a function of the refractive index of
individual glycerol solutions (averaged after leaving a safety margin from injection spikes). A bulk RI sensitivity of 254 nm/RI
could be obtained from the linear fit.

The same nanowire arrays used here have already been analyzed regarding their optical properties in
previous work where the highest bulk RI sensitivity of 114.6 nm/RIU was found for arrays with a
nanowire width of 50 nm which is half of the pitch between the nanowires [119]. Similar results were
found for slightly larger wire widths whereas the sensitivity decreased for smaller nanowires. Glycerol
experiments for thin gold films with nanoholes are shown in Figure 6.5. Varying concentrations of
glycerol (wt. %) were prepared in ultrapure water (Milli-Q) and exposed in steps of 5 wt. % to the
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surface of the nanostructure (Figure 6.5a). The maximum used concentration was 50 wt. % since the
high viscosity of glycerol would lead to injection problems in the flow cell in case of higher values. The
resulting average value during each step was then plotted against the RI of the glycerol solutions
(Figure 6.5b) which showed a perfectly linear behavior. By evaluating the slope of the linear fit a bulk
RI sensitivity of 254 nm/RIU was obtained, which is more than 2 times higher than that of nanowire
arrays.

6.2.3

pH-Sensitivity

The pH-value is an important parameter which is able to affect sensing devices, and it is often subject
of investigation itself. Especially oxide surfaces are sensitive to pH changes. Therefore, it is not
surprising that the pH sensitive field effect transistor with a large range of possible oxide surfaces is a
popular sensing device for direct determination of pH or as an indirect indicator of biomolecule
reactions, which often alter the local pH-value [17]. On the other hand, much effort has to be put into
decreasing the pH-sensitivity in such devices when this effect should be suppressed [264].

Figure 6.6. pH sensitivity of thin gold films in buffer solution.

In order to investigate the pH-sensitivity, thin gold films were exposed to buffer solutions with varying
pH-values (Figure 6.6). The pH was modified by adding small amounts of highly concentrated HCl and
NaOH in the range from 5 to 9. The choice of a buffer solution as a reference was made due to the
purpose of sensing in physiological environment. The experiment was started at a pH-value of 7.4
which represents the nominal value of the buffer solution. Each pH-solution was then injected into the
flow cell and changed after a few minutes. It can be seen that the resistance is not influenced at all
within the used pH-range. In general, such a behavior can be expected from metals although some
influence from small impurities or surface oxides could be imagined. Optical measurements regarding
the pH-sensitivity were also carried out. It was shown that the LSPR signal is slightly sensitive to
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different pH-values. Although multiple experiments were carried out no tendency with increasing or
decreasing pH-values was visible and no reproducibility could be achieved. Therefore, it was not
possible to quantify the pH-dependence on the LSPR signal, but it was concluded that only small
changes below 1 nm can be expected in buffer solution within the used pH-range. This indicates that
the observed fluctuations are probably more due to the inevitable small bulk RI changes between the
used solutions rather than from a true surface effect.

6.3

Ion Effects

6.3.1

Synchronized Resistance Change and Cyclic Voltammetry

CV is a useful technique for analyzing electrochemical reactions. The voltage is swept between two
vertex potentials at a constant rate. Electrochemical reactions are usually seen as characteristic peaks.
Often such experiments are done in inactive electrolytes to avoid other chemical reactions to occur,
but such systems usually do not represent a natural environment. In physiological fluids, a number of
different ions are present which are able to specifically adsorb onto the electrodes by losing their
hydration shell. Specific adsorption occurs preferably with anions rather than with cations. This
phenomena is in agreement with physical models since the metallic lattice can be considered as a
cation lattice surrounded by free electrons and therefore it is logical to expect a greater attraction for
anions in the solution [265]. In this section, the resistance change of thin gold films due to specific
adsorption is demonstrated and compared in different ion solutions. Therefore, solutions of various
salts (NaCl, KCl, CsCl, NaBr, NaF, MgCl2, CaCl2 and CaF2) were prepared in ultrapure water (MilliQ) with
a concentration of 10 mM. CV experiments at a low scan speed of 10 mV/s were carried out with each
solution under stagnant conditions between the vertex potentials of ±0.7 V.
In Figure 6.7a, various salt solutions of the Cl- ion are compared. Cl- is the predominant ion species in
physiological fluids and significantly adsorbs to metal electrodes. The top image shows the typical data
of a CV scan. Similar results have been obtained for thin gold films [244] or gold nanoparticles on ITO
substrates [103]. No significant chemical reaction occurs except for hydrogen evolution at negative
potentials. The small broad anodic peak at around 300 mV corresponds to the specific adsorption of
Cl- ions. Such peaks in CV data can be more pronounced but usually only when ideal conditions are
present, such as perfectly clean and smooth crystalline metal surfaces. It is also known that, for
example, crystalline Au(111) surface reconstructs upon storage, which would make a complicated
pretreatment necessary before each measurement [266]. However, it can be seen that the
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synchronized resistance measurement (middle image) exhibits a large signal change. As already
discussed in the theory part, this resistance change can be attributed to the specific adsorption of Clions and is linearly dependent on the surface coverage [178,179]. Another important feature is its
insensitivity to faradaic reactions [175,267] which can be seen in the flattening of the resistance curve
in the region where hydrogen evolution starts. This can be easily explained by considering that ions or
molecules approach the electrode to a certain distance and their reaction products immediately leave
the surface. The situation is only different when adsorption occurs at potentials prior to electron
transfer reactions. The CV data can be directly correlated to the derivative of the resistance curve
(bottom image) since the resistance represents an integral measurement [175]. The peak potential in
the differentiated resistance curve overlaps with the CV data, which can be seen as a more accurate
method of adsorption peak determination. A comparison of all three chloride-salts does not show any
significant differences although some slight deviations can be detected. In particular, the magnitudes
of the CV currents differ. Since the cations do not specifically adsorb, it can be imagined that each ion
species has a different effect on the EDL. Their ion radii or diffusion coefficients could come into
consideration. Different closest approach distances to the electrode could indeed shift the potential
distributions in the EDL and thereby slightly influence the adsorption behavior (c.f. Section 3.4.4).

Figure 6.7. CV curves of different salt solutions (10 mM) with synchronized thin film resistance change and derivative
resistance change. Comparison of (a) chloride salts (b) sodium salts and (c) salts with asymmetric valence were done at a scan
speed of 10 mV/s.
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In contrast, Figure 6.7b compares the Cl- adsorption with two other halide ions. All salts were thereby
chosen with the same cation Na+. It is clearly visible that Br- has a higher adsorbability on gold.
Interestingly the F- ion shows a similar behavior compared to Cl- although it is clearly known as the
least adsorbing halide and often used as background electrolyte. Due to the linear dependence of the
resistance curves on the anion concentration their shape closely resembles the surface coverage vs.
voltage diagrams obtained with other methods. The results are in accordance with the work of Lei et
al. who investigated halide adsorption on Au(111) with electrochemical quartz crystal microbalance
[172]. In particular, the authors also observed F- adsorption to some extend within a similar potential
range. In addition, F- ions reached their limiting coverage value at lower potentials compared to Cl- and
Br-. In Figure 6.7b the resistance curve of NaF sharpens significantly close to the positive vertex voltage
which can be indicative for the process to be saturated. The curves of resistance change also show the
same basic shape as the IHP ion coverage curves from CV simulations in Section 3.4.6 when comparing
them to Figure 3.9b.
Finally, three salts with asymmetric valence are compared with each other (Figure 6.7c). Similar results
are obtained for the least adsorbing halide F- in the CaF2 solution compared with the symmetric salt
NaF. In contrast, a marked difference can be seen between MgCl2 and CaCl2 which is not observable
with the symmetric Cl- salts. Such large differences are not expected when only different ion radii are
considered. On the other hand, a second shoulder at the positive peak can be seen in the derivative
resistance change which can be indicative that an additional potential dependent adsorption or surface
reconstruction process may be involved.
In general, these observations clearly demonstrate the usefulness of the thin metal film resistance
measurements in electrochemistry due to their almost exclusive sensitivity to surface adsorption
processes without interference of faradaic reactions. When using such thin nanostructures as
electrodes and electrical conductivity sensors, it is of special interest to be aware of specific ion
adsorption signals since they can in large part contribute to the overall resistance change.

6.3.2

Thin Film Measurements in Buffer Solution

Within this and the following sections, the focus is laid on measurement in buffer solution. Therefore,
10 mM HEPES and 100 mM NaCl were prepared in ultrapure water (MilliQ) and adjusted to a pH of 7.4.
Since sodium and chloride ions are the main components of most physiological fluids, specific Cladsorption may be the predominant phenomena occurring in such sensing devices. Here again, CV is
used to analyze the combined optical and electrical response of thin metal films with nanoholes. Figure
6.8 shows a number of cycles between the vertex voltages of ±0.7 V in the time domain. Large
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resistance changes due to the specific adsorption occur with magnitude changes ∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 of

approximately 0.9 Ω. This remarkable change is higher than measurements in the previous section due
to the higher solution concentration which also leads to a higher degree of specific adsorption. It
corresponds to a relative resistance change of approximately 26 % which is based on the effective
sensor area exposed to the liquid and the resistance value at 0 V (cf. Section 6.1.1). The signal-to-noise
ratio in this regime can be calculated by ∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 /(3 ∙ 𝜎𝜎𝑅𝑅 ), where 𝜎𝜎𝑅𝑅 is the standard deviation of the

baseline signal averaged over 200 s, and corresponds to a value of 216. The corresponding maximum
LSPR resonance peak change ∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 is 7 nm with a signal-to-noise ratio of 81.6 calculated by
∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 /(3 ∙ 𝜎𝜎𝜆𝜆 ), where 𝜎𝜎𝜆𝜆 is the standard deviation averaged over 200 s. The signal changes are stable

over long timescales until a maximum vertex voltage of ±0.7 V. Above this value, especially in the
positive direction, irreversible resistance changes have been seen due to the onset of oxidation
reactions, etc. Therefore, this voltage range represents the maximum sensing regime in pure buffer
solution. The nominal peak position at 0 V was around 800 nm.

Figure 6.8. Cyclic potential gating with simultaneous electrical and optical measurements in buffer solution (100mM NaCl,
10mM HEPES, pH 7.4). (a) Thin film resistance, LSPR peak position and electrochemical current. (b) Additional LSPR data such
as peak height or radius of curvature.

A CV representation of this data is shown in Figure 6.9 with the corresponding synchronized electrical
an optical signal changes. The CV data shows again the typical shape including the onset of hydrogen
evolution at the negative potential range and the Cl- adsorption peak at around 0.25 V. In addition, an
increase in the current at the positive vertex voltage can be observed, which was not visible at lower
ionic strength. This can be attributed to the onset of gold dissolution reaction, which occurs around
0.7 V against Ag/AgCl (standard electrode potential: 0.92 V [268]). The resistance curve again
represents the adsorption behavior of Cl- ions. In addition, the nanoplasmonic structure embedded
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into the thin gold film has enabled the simultaneous recording of optical data. Beside the LSPR peak
position (plasmon energy) it can be useful to consider more spectral parameters such as the peak
height (plasmon field strength) and radius of curvature (plasmon lifetime) [103,244]. An interesting
observation is the close resembling of the LSPR peak position change and the resistance curve. The
peak height decreases with increasing potential while the radius of curvature shows the opposite
behavior.

Figure 6.9. (a) CV of thin film with nanoholes in buffer solution (100mM NaCl, 10mM HEPES, pH 7.4) and synchronized (b) thin
film resistance, (c) LSPR peak position, (d) LSPR peak height and (e) LSPR radius of curvature. (f) Correlation between
resistance and LSPR peak position change. Scan speed: 10 mV/s.

While electrochemical sensing with SPR is a common technique [67], only some studies combining
electrochemistry with LSPR are available [101,102,269,270]. It is well known that electrochemical
potentials influence plasmon resonances [241], but still the interpretation of plasmonic data in
electrochemistry is challenging since it can depend on multiple effects even in the absence of electron
transfer reactions [271]. The influence of specific adsorption on plasmonic resonances has also been
addressed, but several discrepancies in their interpretation can be found and therefore the topic
remained somewhat unclear [101,244,272]. Only recently, two publications have addressed this topic
in more detail and clarified some of the remaining questions from an optical perspective. Sannomiya
et al. [103] combined the first time CV measurements with LSPR of gold nanoparticles immobilized on
indium tin oxide (ITO) while Dahlin et al. [244] extended the investigation on gold nanodisks and
nanohole arrays in thin gold films to explain the plasmonic response of chemical interactions with ions.
Their conclusions are based on experimental CV scans synchronized with spectroscopy in electrolyte
solution containing only NaCl and on simulations of optical spectra. In their work, mainly three
possibilities were accounted for the observed resonance behavior: (i) the electron depletion in the
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metal due to the charging of the metal, (ii) a refractive index change of the ions in the double layer and
(iii) specific adsorption. The mechanism (i) corresponds to the field effect from the diffuse double layer.
It was approached by simulations where the depletion of electrons was treated as a reduced bulk
plasma frequency on the basis of the Drude model. In extended calculations also a realistic surface
roughness was accounted for. Reasonable qualitative agreement was found with the resonance peak
shift to higher wavelengths and the decrease in height with increasing applied potentials. Although
observed in the experiments a peak broadening was not predicted. In addition, a quantitative analysis
of the peak shift only showed small effects compared to the large experimental changes. The
mechanism (ii), which assigned a change of plasmonic data to the RI change, was found both
experimentally and theoretically to be negligible. Therefore, it was suggested that mechanism (iii) is
the dominating effect. Specific adsorbed ions were treated as absorbing (lossy) layers on the surface.
Experimental analysis and simulations including the lossy layer were in good quantitative agreement
with the experimental data where resonance red-shifts, damping (decreasing peak height) and
broadening (increasing radius of curvature) of the peak was observed with increasing potentials.
Returning to the results obtained in Figure 6.9, the same influence on the resonance is found in the
optical response.
From the electrical point of view, the change in the resistance presented here can clearly be attributed
to specific adsorption of Cl- ions. For a detailed analysis, the resistance curve was correlated to the
peak resonance shift which resulted in a straight line (Figure 6.9f). This surprisingly good linear
relationship (∆𝜆𝜆 = 0.12 ∙ ∆𝑅𝑅) suggests that the observed optical response is indeed also originating

from specific adsorption and reconfirms that the LSPR response can be assigned to an absorbing (lossy)
layer which represents the metal-ion complex of the surface. Finally, the observed hysteresis in the
electrical and optical data is shortly addressed. In principle, such a hysteresis effect in the accumulated
ion charge on the surface during potential cycling could be observed only when the process of
adsorption and desorption is in the order of the EDL charging or slower (cf. Figure 3.9c-d in Section
3.4.6). However, measured rate constants for halide ions are typically faster [215,218]. In addition,
effects from the double layer are not expected at microelectrodes and with the used scan rate. The
hysteresis effect can then only be attributed to additional processes occurring at a much slower time
scale. Some possible explanations may include changes in the metal-ion complex including partial
charge transfer, changes in the structure of the ion layer itself or other adsorption effects [132,174].
All characteristic parameters for the resistance and peak position change observed from CV data at
±0.7 V and a scan rate of 10 mV/s in buffer solution is summarized in Table 6.1.
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Resistance
LSPR peak position
∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
0.9 Ω
∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
7 nm
∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 /𝑅𝑅
26 %
𝑆𝑆𝑆𝑆𝑆𝑆
216
𝑆𝑆𝑆𝑆𝑆𝑆
81.6
Linear relation: ∆𝜆𝜆 = 0.12 ∙ ∆𝑅𝑅

Table 6.1. Summary of maximum resistance and LSPR peak position change and signal-to-noise ratios (SNR) for CV
measurements of thin films with nanoholes in buffer solution in response to specific adsorption of Cl- ions (Scan speed:
10 mV/s, vertex voltages: ±0.7 V).

Based on the results above, it can be summarized that resistance changes in the thin metal film
originate almost entirely from the specific ion adsorption, which is linearly dependent on the surface
ion coverage. The surface coverage itself is determined by the voltage dependent adsorption isotherm,
which differs for each ion species. The concept of the layer formation on thin films for this buffer
solution is illustrated in Figure 6.10. At potentials 𝜙𝜙 < 0 V, only a small amount of adsorbed Cl- is
present while in the diffuse double layer Na+ is attracted. At higher potentials (e.g. 𝜙𝜙 = 0 V), the
adsorption of Cl- increases and only a small amount of Na+ is still present. At even higher potentials

(𝜙𝜙 > 0 V), a full coverage of Cl- is reached and the diffuse double layer shows an inversion effect. In
this case, an even higher number of Na+ ions are attracted to shield the negative adsorption layer.

Mainly surface scattering at the adsorbed Cl- layer is responsible for the resistance change while the
Au-Cl- complex with its lossy optical properties leads to the observed resonance shifts. Both effects
depend thereby linearly on the number of surface adsorbed Cl- ions.

Figure 6.10. Illustration of the interfacial layer formation concept of thin gold films with nanoholes in buffer solution. The
specific adsorption of Cl- starts at negative potentials and increases in a nonlinear manner with the applied potential until
almost full coverage is reached (a-c). Na+ ions in the diffuse layer are attracted at negative electrode potentials (a), while their
number is significantly reduced around the zero point (b). At positive potentials, a charge inversion occurs in the diffuse layer
and Na+ is again highly attracted to shield the negative adsorption layer (c). Changes in resistance can be attributed to surface
scattering at the adsorption layer while optical resonance changes originate from the lossy properties of the Au-Cl- complexes.
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Nanowire Measurements

Gold nanowire arrays are an interesting alternative nanostructure providing similar measurement
capabilities compared to thin films. From an electrical perspective, nanowires should provide even
more surface scattering effects since their size approaches the electron mfp in two dimensions. The
LSPR shift results from the local confinement of the nanostructure perpendicular to the length axis as
well as from the interaction between the nanowires. LSPR excitation is therefore also mainly reached
by light polarized in that direction.
Similar potential cycling experiments were conducted with gold nanowire arrays in 100 mM NaCl
solution using vertex voltages of ± 0.5 V at three different scan speeds. A detailed analysis regarding
their maximum changes and signal-to-noise ratio is given in the next section when comparing the
nanowires with thin film electrodes. Figure 6.11 illustrates the results of the CV with synchronized
resistance and optical data. In principle, the behavior can be compared to thin film results, but some
interesting phenomena occur.

Figure 6.11. (a) CV of gold nanowire arrays in 100 mM NaCl solution and synchronized (b) thin film resistance, (c) LSPR peak
position, (d) LSPR peak height and (e) LSPR radius of curvature. Scan speed: 10 mV/s. (f) Fluctuation in potential step
experiments (± 0.5 V, 10 mM NaCl) most probably caused by silver adsorption on nanowire arrays as explained in the main
text.

The CV in Figure 6.11a shows two significant reaction peaks around ±0.05 V which are more
pronounced with increasing scan speed where also additional peaks appear. This observation concerns
all nanowire samples used so far. The same phenomena was also seen, for example, in the work of
Dahlin et al. where the authors attributed these peripheral findings to reversible oxide formation on
the exposed Cr adhesion layer [244]. In principle, it could also explain the peak in this experiments
since all nanowire samples were produced with a 2 nm adhesion layer. However, recently an
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interesting publication was released which can explain the finding in a more reasonable way [273].
These authors attributed such observed peaks to redox reactions as well as adsorption/desorption
processes of a Ag/Ag+ pair emerging from Ag/AgCl nanoparticles when using a chlorinated silver wire
as pseudo reference electrode. By using a commercial reference electrode with a frit where silver is
not exposed to the liquid, these peaks disappeared. The peaks were again visible when the silver wire
was not part of the electrochemical setup (passively inserted into the solution). A similar situation is
given here with the nanowire samples since all chips contained also exposed Ag. The general purpose
electrodes on the nanowire chips were originally fabricated from silver since the intention was to use
them as on-chip pseudo reference electrodes. Due to the complications of silver oxidation over time
these electrodes where replaced by a commercial reference electrode in the tubing of the flow cell,
but all nanowire samples still had the exposed silver on the chip. The peaks of the cyclic voltammogram
overlap exactly with the peaks observed by these authors and also increase in a similar manner with
the scan rate. Another evidence that silver causes the phenomena on the nanowire chips is the fast
change in the resistance (Figure 6.11b) which coincides with the CV peaks. It can be easily imagined
that adsorbed silver on the nanowires significantly increases the conductance of the wires. The long
unexplained fluctuations in the resistance especially at the negative branch of potential step
experiments (Figure 6.11f) could then also originate from silver deposition. While during CV scans a
more predictive behavior can be observed, it is reasonable to assume that the fast increase in the
voltage during the application of a potential step leads to much more varying amounts of deposition.
Although the effects are also visible in the optical changes they are less pronounced. Unfortunately,
this hypothesis could not yet been proved due to the lack of additional nanowire chips, but it is
reasonable to assume that these findings result from such silver adsorption/desorption and reaction
processes.

6.3.4

Comparison of Thin Films and Nanowires

Finally, the response of thin films with nanoholes is compared to experiments with nanowire arrays in
electrolyte solutions of the same strength. CV curves with synchronized resistance change and LSPR
data were obtained with a scan speed of 10 mV/s at vertex potentials of ± 0.5 V (Figure 6.12). In
principle, similar overall behavior was seen with a few exceptions. As already explained in the previous
section, the nanowire measurements were influenced by the additional chemical and
adsorption/desorption reactions which are most probably related to exposed silver inside the solution.
In the CV diagram (Figure 6.12a), these reaction peaks can be seen around ±0.05 V. Another difference
is the increased hydrogen evolution branch at negative potentials. It can be explained by a different
diffusion behavior at nanowire array electrodes. A typical advantage of ultra-microelectrodes and
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nanoelectrodes is radial or hemispherical diffusion, which increases the mass transport to the
electrode surface [274–276]. In addition, array configurations can also lead to overlapping diffusion
layers with advanced properties. Such a situation is not given, since the Debye length of the EDL is in
the order of one nanometer for the used electrolyte concentration. The effect of specific ion
adsorption was similar between thin films and nanowire arrays.

Figure 6.12. Comparison of thin films with nanoholes and nanowire arrays. (a) CV and synchronized (b) thin film resistance,
(c) LSPR peak position, (d) LSPR peak height and (e) LSPR radius of curvature (Scan speed: 10 mV/s, thin films in buffer solution,
nanowires in 100 mM NaCl). (f) Correlation between resistance and LSPR peak position change.

Although the data for the resistance and LSPR peak position is more difficult to analyze due to the
additional reactions, it can be seen that both exhibit a similar shape. A clear exception is only the peak
width (radius of curvature) which is reversed at negative potentials. No reasonable explanation was
found except again the attribution to the silver deposition. Another indication for the silver
phenomenon might also be the more pronounced blue-shift of the peak position at negative potentials
compared to thin films since silver exhibit LSPR at shorter wavelengths.
A linear relationship between the resistance change and the LSPR peak position can again clearly be
seen for thin films. In contrast, the optical data of nanowires has to be treated with precaution since
the additional reaction effects cannot be completely excluded. Therefore, the linear fit was only
applied at relative resistance values above 0 Ω due to deviations especially at the negative potential
range. All characteristic parameters, such as maximum resistance and LSPR peak position change, as
well as signal-to-noise ratios (calculation as in Section 6.3.2) are summarized in Table 6.2. For the
calculation of the maximum resistance change for nanowires, the sharp step originating from the silver
reactions was effectively subtracted. The nominal LSPR peak position at 0 V was at around 800 nm for
thin films and around 580 nm for nanowires.
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Thin films
Nanowires
Resistance
LSPR peak position
Resistance
LSPR peak position
∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
0.46 Ω
∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
3.48 nm
∆𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
0.6 Ω
∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 5.6 nm
∆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥 /𝑅𝑅
13.3 %
𝑆𝑆𝑆𝑆𝑆𝑆
110
𝑆𝑆𝑆𝑆𝑆𝑆
40.6
𝑆𝑆𝑆𝑆𝑆𝑆
25.5 (74.3)
𝑆𝑆𝑆𝑆𝑆𝑆
29.9 nm
Linear relation: ∆𝜆𝜆 = 0.13 ∙ ∆𝑅𝑅
Linear relation: ∆𝜆𝜆 = 0.22 ∙ ∆𝑅𝑅
Effective surface area: 𝐴𝐴 𝑇𝑇ℎ𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 0.65 ∙ 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

Table 6.2. Summary of maximum resistance and LSPR peak position changes and signal-to-noise ratios (SNR) for CVs of thin
films with nanoholes and nanowire arrays due to specific adsorption of Cl- ions (Scan speed: 10 mV/s, vertex voltages: ±0.5 V).
The nanowire measurement was done with lower AC frequency which leads to higher noise. A corrected value for comparison
is given in brackets. The absolute resistance change of nanowires could not be determined since a two-electrode
configuration was used (cf. Section 6.1.1).

6.4

Chapter Summary

Within this chapter, the theoretically acquired knowledge of the solid-liquid interface, which also
included simulations regarding the important aspects of the EDL upon potential application, was
extended to practical experiments. The custom-made flow cell which was designed for this purpose
was used to demonstrate ion effects with respect to resistance changes in thin gold films and nanowire
arrays. Since electrical resistance measurements together with electrochemical gating require some
special care, this topic was introduced at the beginning. It was explained how resistance measurements
with the chip design were obtained and how interferences with the electrochemical circuit were
avoided. Afterwards, the nanostructure measurement systems were characterized. Bulk refractive
index sensitivity was shown to be more than two times higher at thin films with nanoholes compared
to nanowire arrays reaching a value of 254 nm/RI. In addition, it was shown that the measurements
are not sensitive to pH. Furthermore, thin films were used to demonstrate the effect of different ion
species on the resistance change during synchronized CV experiments which revealed a strong
sensitivity to specific ion adsorption at the electrode surface. The observed resistance changes were
in accordance with the shape of ion coverage data from literature. By using a buffer solution including
the most relevant ion, namely Cl-, the measurements were extended to synchronized optical sensing
based on LSPR. An almost ideal linear relationship was found between the resistance change and the
LSPR peak shift in the case of specific ion adsorption. The measurements also revealed exceptional
high resistance changes of 26 % during potential cycling between ±0.7 V. Corresponding LSPR
resonance peak shifts of 7 nm were found. Finally, experiments were carried out on nanowire arrays
and compared to the results of thin films. Similar behavior was observed although the analysis was
complicated by additional reactions, which are most probably related to adsorption/desorption of
exposed silver in solution. In summary, it was shown that the used nanostructures together with the
developed flow cell and measurement setup are well suited for combined optical and electrical
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measurements. Especially the high sensitivity to specific ion adsorption and insensitivity to faradaic
reactions is attractive for using them as a complementary method in standard electrochemical
measurements as well as for ion sensing.

7 Iodide Etching and Sensing
Iodine is an essential nutrient for humans and animals, primarily for the synthesis of thyroid hormones,
which are among others important for brain development. Iodine deficiency is a major public health
problem throughout the world, particularly for pregnant women and young children [277]. Insufficient
intake rises the risk of developing Iodine Deficiency Disorders (IDD) which have versatile effects on the
development and growth of humans and animals [278]. Especially during pregnancy it is known to
cause stillbirths, abortions and congenital abnormalities [278]. For over almost a century IDD control
was based on increasing iodine intake through supplementation or food fortification. In the 1990s, the
World Health Assembly adopted universal salt iodization as the method of choice to eliminate IDD
[277]. An estimate from 2011 showed remarkable progress over the past decade, but 1.88 billion
people of the global population, including 241 million schoolchildren, still have insufficient dietary
iodine intakes [279].
Affordable and accurate methods are required to quantify iodine in soil, plants, various foods and in
physiological samples, particularly in milk, serum and urine [280]. Urinary Iodine (UI) is the
epidemiological indicator to classify a population’s iodine status [281]. An optimal UI level corresponds
to 100-199 μg L-1 whereas lower concentrations are classified as mildly deficient (50-99 μg L-1),
moderately deficient (20-49 μg L-1) and severely deficient (<20 μg L-1). More than adequate
(200-299 μg L-1) or excessive (≥300 μg L-1) intake of iodine increases the risk of iodine-induced
hyperthyroidism and adverse health consequences. During pregnancy, a slightly higher level is defined
(150-249 μg L-1) for no deficiency. Iodized salt as the main supply of iodine also needs careful
monitoring since the stability can vary in different countries due to local conditions of productions,
climate, packaging and storage [282]. A typical iodine concentration at the point of production should
be 20-40 mg per kg salt based on the average intake per person per day [281]. Often overlooked in the
effort of eliminating IDD is the underlying deficiency of iodine in the environment and therefore a
better understanding of the geochemistry of iodine is needed [283]. Typical concentrations of iodine
in natural waters are 45-60 μg L-1 for seawater, 0.5-20 μg L-1 for river and lake water and 0.5-5 μg L-1
for rainwater [284]. These values represent the total amount of iodine. Dominant iodine species in
waters are typically iodide, iodate and organo-iodine [285].
* Parts of this chapter have been published in: B. Dielacher, R. F. Tiefenauer, J. Junesch and J. Vörös, Iodide Sensing via
Electrochemical Etching of Ultrathin Gold Films, Nanotechnology, 26 (2015) 025202 (11pp).
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Numerous methods have been developed to detect trace quantities of iodine in environmental and
biological samples [280,286]. Currently, titration is the most frequently used analytical method in
simple matrices such as salt whereas urinary iodine is almost exclusively measured by an old method
based on the Sandell-Kolthoff reaction or inductively coupled plasma mass spectrometry [286]. Other
techniques available for iodine detection include, for example, ion chromatography [287],
spectrophotometric methods [288], flow injection analysis [289], voltammetric [290] and
potentiometric methods [291]. Many of the methods meet the requirements for effective
determination of iodine, but only a few can be carried out without sample pretreatment [280]. Other
limitations often include long time consumption in analysis, the need of high volumes of analytes or
high costs. Low cost and simplicity are therefore crucial in determining iodine concentrations especially
for human samples in developing countries or for comprehensive and long-term studies in
environmental waters.
Here, the use of ultrathin gold films as a sensor for iodide in liquid environment is demonstrated. Gold
is one of the least reactive chemical elements and is known for its biocompatibility. Apart from a few
aggressive chemicals that can dissolve gold, like aqua regia or solutions of cyanide, there is one
prominent element from the halide group that is able to attack gold, namely iodine. If no iodine is
present, electrochemically induced etching of gold can be realized with the anion iodide, which is used
in this work. The detailed analysis of the measured resistance change of thin gold films shows that it is
due to a combination of surface effects and ablation from the etching process. As sensing
methodology, an amperometric multistep method is presented in an example buffer system as well as
in an environmentally relevant fluid (lake water). In addition, some of the thin films were prepared
using colloidal lithography to generate optically active nanoholes within the thin film. Previously, our
group has shown that LSPR can be used to follow the enhancement of gold nanostructures [292].
Here, it is shown that etching of plasmonically active nanoholes can also be used for optical (iodide)
sensing.

7.1

Iodide Induced Electrochemical Gold Etching

Gold etching is a frequently used technology especially in micro-fabrication. Apart from dry etching
techniques, the iodine-iodide system is by far the most used wet-etchant for patterning gold [293].
Typical etch-solutions are prepared from a mixture of iodine (I2) and potassium iodide or sodium iodide
(NaI). I2 is only slightly soluble in aqueous solutions, but the addition of iodide (I-) allows for high
solubility. Then iodine and iodide form tri-iodide (I3-) in a reversible reaction (7.1) [268]. Only if an
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aqueous solutions contains more than about 10-3 M dissolved iodine, the tri-iodide ion is present [268].
Gold etching occurs according to reaction (7.2) whereas I3- serves as an oxidant [268,294].
𝐼𝐼2 + 𝐼𝐼 − ⇌ 𝐼𝐼3−

2𝐴𝐴𝐴𝐴 + 𝐼𝐼 − + 𝐼𝐼3− → 2𝐴𝐴𝐴𝐴𝐴𝐴2−

(7.1)
(7.2)

In order to sense iodide traces without any iodine present, gold etching has to be induced
electrochemically. Electro-oxidation of iodide on gold electrodes compared to other metals such as
platinum is an extremely complex system [295]. Numerous possible reactions can be involved since
the standard electrode potentials of various iodine and gold species are very close.

Figure 7.1. Cyclic voltammogram of a gold wire (50 μm in diameter, approximately 5 mm in length exposed to solution) in 20
mM KI solution at a scan rate of 100 mV/s. The measurement was conducted in a conventional three-electrode configuration
with an Ag/AgCl (3 M KCl) reference electrode and a platinum wire as counter electrode. No supporting electrolyte was added.

A typical cyclic voltammogram of a gold electrode in 20 mM KI solution is shown in Figure 7.1. The
characteristics seen in this potential window are in agreement with previous reports [295–298]. Gold
dissolution occurs according to reaction (7.3) typically as a surface oxidation process and the observed
anodic peaks in the forward scan are usually a combination of this gold oxidation and direct oxidation
of iodide to iodine, according to reaction (7.4), with subsequent tri-iodide generation due to the
equilibrium reaction (7.1) [105,297–299]. The peak in the reverse scan corresponds to the fast
reduction of adsorbed iodine on the electrodes and or the reduction of tri-iodide. Standard oxidation
potentials of equation (7.3) and (7.4) are 0.54 V and 0.58 V, respectively.
−
𝐴𝐴𝐴𝐴(𝑠𝑠) + 2𝐼𝐼(𝑎𝑎𝑎𝑎)
⇌ 𝐴𝐴𝐴𝐴𝐴𝐴2−(𝑎𝑎𝑎𝑎) + 𝑒𝑒 −
−
𝐼𝐼2 (𝑎𝑎𝑎𝑎) + 2𝑒𝑒 − ⇌ 2𝐼𝐼(𝑎𝑎𝑎𝑎)

(7.3)
(7.4)
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Iodide Induced Resistance Change of Ultrathin Gold Films
in Physiological Buffer

In order to apply the iodide sensor to real samples, the resistance change has been investigated in near
physiological buffer (100 mM NaCl, 10 mM HEPES, pH 7.4). As already described in the theory chapter
in Section 3.3, resistivity changes in liquid environment can be attributed to three main contributions:
(i) the field effect, (ii) adsorption effects and (iii) the size effect. In Chapter 6 specific ion adsorption
effects were the main contributions to the observed resistance changes. In principle, also the field
effect was present, but in most liquids it is overlapped by specific adsorption which contributes to the
conductivity change mainly via the formation of new scattering centers. Both, the field effect and
adsorption effects, are also relevant for the measurements described here, but the most direct
contribution from the electrochemical iodide etching is related to the size effect. It describes the
increased resistivity compared to the bulk material when one of the dimensions approaches the
electron mfp. An estimate according to the equation 𝑅𝑅 = 𝜌𝜌 ∙ 𝑙𝑙 / 𝐴𝐴, where 𝑅𝑅 is the resistance, 𝜌𝜌 is the

bulk resistivity of gold (2.44 · 10-8 Ωm), 𝑙𝑙 is the length of the film and 𝐴𝐴 is the cross-section, results in a

corresponding bulk resistance of 2.44 Ω for the dimensions of the thin film between the inner

electrodes. Typical measured resistance values with this configuration are in the range of 10 Ω, which
is approximately 4 times higher than the corresponding bulk value. This leads to an increased
sensitivity in that regime. The thickness of 10 nm for the thin gold film was chosen as a compromise
between enhanced sensitivity and enough margin to the onset of conductivity, which is at about 4 nm
film thickness. In addition, this thickness was the lowest limit for observing a suitable LSPR resonance
peak.
To demonstrate the etching behavior of thin gold film electrodes in buffer solution, CV curves (± 0.4 V)
with increasing potassium iodide concentration were compared to the corresponding resistance
change (Figure 7.2 and Figure 7.3). The maximum anodic potential has been chosen at 0.4 V, slightly
higher than the onset of gold dissolution at 0.35 V vs Ag/AgCl (3 M KCl) according to Figure 7.1. Figure
7.2a shows the behavior in buffer solution without any iodide added. The CV has no significant
chemical reaction except hydrogen evolution at negative potentials. The small broad anodic peak
around 200 mV corresponds to the adsorption of chloride ions [175]. The higher concentration of
chloride and its strong adsorption affinity supports that this is the dominant effect (cf. Section 6.3.2).
The strong sensitivity of the resistance to specifically adsorbing ions, such as chloride, is reflected in
the significant change around this potential (Figure 7.2aˈ). Effects of the EDL charging are minimized
due to the small capacity of the electrode with its micro-sized dimensions. In addition, the scan rate of
the potential cycling is slow. As already shown in Section 6.3, one important feature of thin film

7. Iodide Etching and Sensing

101

electrode conductance is the insensitivity to faradaic reaction currents [175,267], as can be seen in the
flattening of the resistance curve in the region of hydrogen evolution. This ensures that any other
electrochemical reaction that might occur under the influence of electrical potentials is not interfering
with the measured resistance signal except those few involving the gold itself. However, such gold
dissolution reactions induced, for example, by bromide, chloride or the formation of gold oxide occur
all at higher electrode potentials than the reactions of iodide. Despite of all this effects, the overall
resistance does not change. After adding 1 μM potassium iodide to the buffer solution (Figure 7.2b)
and increasing the concentration to 10 μM (Figure 7.2c), no change is seen in the cyclic voltammogram.
However, the resistance curve shows a slight irreversible behavior. The variation is not yet clearly
resolvable, but a tendency towards higher resistance can already be seen.

Figure 7.2. CV of ultrathin gold film in (a) pure buffer solution and (b-c) with increasing concentrations of KI (1 μM and 10 μM).
(aˈ-cˈ) Synchronized film resistance change. Scan speed was 20 mV/s.

Further increasing the potassium iodide concentration from 100 μM (Figure 7.3a) to 1 mM (Figure
7.3b) and finally to 10 mM (Figure 7.3c) results in a clear shift of the resistance curve. In the cyclic
voltammogram, an increase of current at both the positive and the negative vertex voltage can be
seen. The peak on the anodic side corresponds to the gold and iodide oxidation, which is responsible
for the irreversible change in resistance. The increase in the cathodic current can be attributed to
iodide desorption during the negative scan and adsorption in the positive scan direction leading to an
increase in hysteresis at negative potentials [171,178,300]. This effect can be most clearly seen by
comparing Figure 7.3aˈ and bˈ.
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Figure 7.3. CV of ultrathin gold film in buffer solution with increasing concentrations of KI (100 μM, 1 mM and 10 mM).
(aˈ-cˈ) Synchronized film resistance change. Scan speed was 20 mV/s. (The small spikes in the CV data in (c) between 0.35 V
and 0.4 V are artefacts from the potentiostat due to current range changes.)

7.3

Iodide Sensing in Physiological Buffer

Potential cycling as shown in the previous paragraph is an effective tool to analyze the resistance
behavior of thin gold films in iodide solution. Since relatively high concentrations (mM) of iodide
already lead to drastic etching effects, this technique is suitable for sensing in that regime. The scan
speed can be adjusted to optimize the time span of the voltage being in the range of gold dissolution
to allow for adequate limits of detection while preventing over-etching.
Here, a multistep amperometric detection scheme is used to demonstrate iodide sensing at lower
concentrations in physiological buffer. Three consecutive voltage steps of 0.5 V were applied for a
duration of 5 minutes each with an interval of the same time span at 0 V. The baseline at the beginning
and end of the experiment corresponds to 0 V as well. Figure 7.4a shows the resistance response to
buffer solutions with increasing potassium iodide concentrations. Each concentration was tested on
the same thin film starting from pure buffer solution. Buffer solutions were also tested after the
experiments with 5 μM and 50 μM KI to verify the base measurements on already etched thin films.
Both curves were similar to the first buffer experiment and the results were included in the statistical
analysis. It is worth noting that for the shown iodide concentrations, the irreversible resistance changes
resulting from gold etching can be seen within a linearized regime of the otherwise exponential
dependence of film thickness and resistance. Each measurement was started with MilliQ water and
buffer solutions with different potassium iodide concentrations were injected 2 min before starting
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the potential steps. The potential of 0.5 V was chosen clearly in the range of gold dissolution.
Experiments at higher potential values (> 0.7 V) have shown adverse effects on the resistance caused,
for example, by (pre-) oxide formation. Much higher potentials can also lead to gold dissolution due to
electrochemical reactions with chloride or with only a few other ions such as bromide [301]. Higher
potentials would also include higher order reactions of iodide and gold, which would unnecessarily
complicate the analysis.

Figure 7.4. Potential step sensing of iodide in buffer solution with thin gold film electrode (10 nm) and nanoholes. Three
consecutive potential steps of 0.5 V were applied for 5 minutes (begin at 0, 10 and 20 min, baseline at 0 V). The corresponding
(a) thin film resistance and (b) LSPR peak shifts were recorded simultaneously. All curves are displaced in vertical direction
for better visualization.

A positive potential step in pure buffer solution leads first to a rapid increase in the resistance due to
the double layer formation. Simultaneously the resistance starts to increase due to the specific
adsorption of chloride ions and other processes such as changes in the structure of the ion or metal-ion
complex layer (cf. Section 6.3.2). Ideally, this response should decay after a certain time. In the case of
buffer solution, an almost constant value is reached approximately 2 min after the potential step.
Iodide containing solutions leading to gold etching show an increasing slope with increasing iodide
concentration, which can be used as parameter for sensing. At constant potential, the slope represents
the irreversible resistance change caused by iodide induced gold etching which is related to the rate
of the reaction and thereby to the concentration. For this experiment, the thin film was fabricated with
nanoholes to additionally explore and compare the capability of optical iodide sensing. The optical
resonance peak (initially at ca. 820 nm) originating from the LSPR of nanoholes is sensitive to changes
in the local RI of the surrounding media and is used for fundamental studies as well as detection of ion
or molecule adsorption [244,302]. In addition, the resonance peak position is also dependent on the
size and distribution of the nanoholes [245]. Iodide induced gold etching leads to an increase in the
size of nanoholes, which can be seen as a shift of the resonance peak to higher wavelengths. Figure
7.4b shows the change in LSPR peak position acquired simultaneously with the resistance change
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measurements. Similar to the resistance change, the slope of the LSPR signal is characteristic for the
iodide concentrations. The highest measured iodide concentration (500 μM) has led to a degeneration
of the LSPR peak and therefore, this signal was no longer traceable. The normal variation of LSPR
spectra during electrochemical etching and the degeneration is illustrated in Section 7.3.2.
The resistance changes and LSPR peak shifts were analyzed in terms of the responding slope as well as
the difference between the peak values of two consecutive steps. Both parameters are characteristic
of the etching rates and therefore according to the iodide concentrations. In Figure 7.5a-b the
corresponding dose response curves for the resistance change are shown. Slope measurements were
averaged over all three steps whereas peak resistance differences are the average of two values. Both,
the slope and the peak values have been calculated from a linear fit of the last 2 minutes of each step.
The value for 0 μM KI was averaged with all results from the two additional buffer experiments (see
above). It can be clearly seen that both measurement parameters exhibit an identical response with
similar sensitivity, which makes the two methods exchangeable or supplementary. The limit of
detection (LOD, mean value of buffer solution + three times standard deviation) for the slope
measurements is in the range of 1 μM (127 μg L-1), for the peak difference method a LOD in the range
of 2 μM (254 μg L-1) was determined. The response curve shows an enhanced sensitivity at low
concentrations and an almost linear behavior at higher concentrations. This nonlinear effect can be
attributed to the complexity of reactions and adsorptions of the gold iodide system. One reasonable
explanation could be the adsorption of iodine on the electrode surface at higher concentrations
leading to a reduced efficiency of gold oxidation [295]. Experiments with higher concentrations, such
as 1 mM, have shown an onset of exponential resistance increase during the potential steps instead of
a linear increasing ramp. This can be attributed to the exponential dependence of resistance and film
thickness for such high etching rates. Therefore, for the highest concentration (500 μM) shown in
Figure 7.5, the exponential dependence cannot be neglected.
Most current iodide sensing techniques often have troubles with the differentiation between different
iodine species, such as iodide and elemental iodine. Although not explicitly shown within the scope of
this analysis, one can imagine excluding the effect of iodine by analyzing a possible irreversible shift of
resistance at 0 V or without any applied potentials. According to the chemical reaction (7.1) and (7.2),
iodine at sufficient high concentrations together with iodide is able to etch gold without voltage. Such
a pre-measurement could be used for the recalibration of slope and peak difference results. However,
as described above iodine is usually not present in natural water.
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Figure 7.5. Dose response curve of potential step sensing of iodide in buffer solution (a-b) for the resistance change and (c-d)
for the LSPR peak shift determined via the slope and the difference of consecutive peak values, respectively. (aˈ) and (bˈ) have
a linear concentration axis compared to all other figures, which are shown in a semi-logarithmic scale. The green lines
correspond to the determined limits of detection.

Furthermore, the dose response curves have been determined also for the optical measurements
based on the LSPR effect of the nanoholes. Figure 7.5c shows that the method of slope determination
is comparable to the corresponding electrical response curve, however, the noise is considerably
higher. This could be explained by the limits of the used spectroscopic measurement method. The
actual limit of detection was estimated in the range of 10 μM. Nevertheless, it could be demonstrated
that the slope of the optical signal based on LSPR is an alternative method for the detection of iodide.
The difference between peak values from each potential has shown to be an inappropriate
measurement scheme for optical detection (Figure 7.5d). Although the same tendency in the dose
response curve can be seen, the overall signal acquisition is affected by long term drifts of the LSPR
peak shift (compare Figure 7.4b) whereas the short term determination of the slope correlates well
with the increasing concentrations of iodide.

7.3.1

Interference of Common Ions

To study possible interference of common ion types, a series of different salts (NaCl, KCl, NaF, CsCl and
NaBr) were added into the buffer solution. For each experiment, one salt was added at a concentration
of 10 mM, which is 20 times higher than the maximum iodide concentration used. Such high iodide
levels would immediately lead to a complete removal of the gold film during the measurement. All
measurements were conducted and analyzed as described before. All salts except NaBr showed a slope
and peak resistance change that is in the range or smaller than that of the buffer solution (Figure 7.6).
This is not true for NaBr since both values are approximately two times higher than that of buffer
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solution. This is probably due to the higher specific adsorption affinity of Br- compared to Cl- (and F-)
on gold surfaces [171] which leads to longer stabilization due to the adsorption process. Br- induced
gold etching is rather improbable since the standard electrode potential for this reaction is 0.85 V
although an onset of AuBr4- formation could be possible. Although such high Br- concentrations would
increase in this case the LOD from 1 μM to 2 μM the influence can be neglected if the concentrations
are lower. The results from all other salts demonstrate that those ions have no influence on the iodide
detection method.

Figure 7.6. Test of different ions for interference with iodide sensing. Both, the slope and peak difference of the resistance
for all added salts (10 mM) except NaBr are in the range or below the values for pure buffer solution. The slightly higher
values resulting from bromide ions are within an acceptable range.

7.3.2

Degeneration of LSPR Spectra at High Etching Rates

Slow and moderate iodide induced etching rates of nanoholes in thin gold films lead to a shift in the
corresponding LSPR peak due to the increasing diameter of the holes (Figure 7.7a). In addition, a peak
broadening and intensity decrease occurs. If the diameter exceeds a certain limit and the film thickness
decreases, a degeneration of the LSPR peak can be observed, especially at higher iodide concentrations
(Figure 7.7b). When reaching this limit, a parabolic peak fit is no longer possible.

Figure 7.7. LSPR extinction spectra during electrochemical etching of nanoholes in thin gold film with (a) 200 μM and
(b) 500 μM potassium iodide in buffer solution. The first spectra corresponds to the initial 0 V whereas the second spectra
were taken approx. 1 min after the first potential step. Spectra 3-5 represent the end of each potential step.
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Iodide Sensing in Lake Water

In order to test the device in real samples, experiments were conducted in lake water from Lake Zürich
(Switzerland). Potassium iodide with increasing concentrations was spiked into samples of filtered lake
water without any further pretreatment. Natural iodide content of this lake water is very low, i.e. in
the range of tens of nM [287] and can therefore be neglected for these experiments. The detection
scheme has been adapted to the lower conductivity (ion concentration) of lake water since the
adsorption processes take longer to reach equilibrium. In contrast to the buffer experiments, the
potential steps at 0.5 V were applied two times longer (10 min) and only two steps were measured
with a 10 minute 0 V interval in between. Again, the slope and the peak values were evaluated from a
linear fit of the last 2 minutes of each potential step. The results demonstrate clearly the feasibility of
iodide sensing in real samples (Figure 7.8). The dose response curves show a similar shape compared
to buffer experiments. An increased sensitivity can be seen at lower concentrations and the linear
regime seems to start at slightly higher concentrations. A LOD in the range of 2 μM (254 μg L-1) was
determined. The overall sensitivity in lake water is reduced compared to the buffer solution but still
well suited for iodide detection.

Figure 7.8. Dose response curve of potential step sensing of iodide in lake water determined via (a) the slope of resistance
change and (b) the difference between consecutive peak resistance values. The left figures are shown in semi-logarithmic
scale whereas the right figures have a linear scaled concentration axis. The green lines correspond to the determined limits
of detection.
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Chapter Summary

In summary, the feasibility of iodide sensing at moderate concentrations via electrochemical etching
of ultrathin gold films has been demonstrated. Experiments were conducted with potassium iodide in
buffer solution and lake water. The observed resistance changes can be used as an alternative, low
cost and simple technique for measuring iodide. In addition, nanoholes were incorporated in a simple
fabrication process to evaluate simultaneously the optical response of LSPR for detecting iodide. The
electrical method has shown to be more accurate and more suitable as a sensing device. Limits of
detection with resistance-based measurements have been achieved in the range of 1 μM (127 μg L-1)
for buffer solution and 2 μM (254 μg L-1) for lake water experiments. Detection times are in the range
of 10 to 20 minutes. The LODs are well within the range of optimal urinary iodine levels, but further
improvements are necessary for measuring levels of iodine deficiency. Measurement of iodide loss in
table salt is another suitable application if the salt is dissolved in water to similar concentrations as the
tested buffer solution (100 mM NaCl).
Reaching lower limits of detection would be feasible by variation of the detection schemes especially
if time is not a critical parameter. Longer timescales leave more scope for decaying adsorption effects
and thereby stabilizing the baseline. Such detection schemes with lower limits of detection could be
relevant for long-term continuous measurements of environmental waters. In addition, a dramatic
lowering of the limit of detection could be imagined by reducing the thickness of the thin films closer
to the onset of conductivity. In this regime, the resistance sensitivity is much more increased, but the
sensor could only be used for low concentrations due to the small margin for etching. This regime has
to be evaluated in further experiments. An improvement in sensitivity could also be achieved by slightly
increasing the window between the electrodes and thereby increasing the area of the thin film that is
affected by the solution.

8 Conclusions and Outlook
Today, electrical sensing systems are wide spread due to the remarkable progress in miniaturization in
the semiconductor industry. Another large group of sensing devices is optically based. Together, they
represent the most popular sensing concepts in research an industry. Especially nanostructures are
attractive building blocks for both groups of sensing devices since their surface-to-volume ratio makes
them extremely sensitive to surface perturbations. Combining such systems can be highly attractive
for future sensing devices. Following this concept the development of a combined electrical, plasmonic
and fluidic measurement system based on metal nanostructures has been presented. In particular, thin
metal films with short range ordered nanoholes and metal nanowire arrays were used to demonstrate
advanced ion sensing concepts. Within this chapter, the main achievements are again highlighted with
conclusions and perspectives.
In the first part of the thesis, the probably most relevant structure of the presented sensing system
was introduced, namely the EDL. It plays a key role in surface sensitive electrochemical sensing systems
and was therefore subject of simulation studies based on the common PNP equations. This mean-field
approximation describes the basic features of the EDL quite well although it is only valid for small
potentials and low ion concentrations. It was shown that even small additional features such as the
Stern layer can extend the model validity to much higher values of potentials and concentrations. This
extension is already commonly used, but further improvements are necessary in order to describe
many of the observed phenomena in real systems. Although the PNP system is based on a mean-field
description, appropriate modifications of the simulation domain and of the equation system can
account for physical properties beyond that description. Within this work, it was shown how multiple
ion sizes can be implemented with different closest approach planes at the surface. In contrast to
previous simulation studies carried out only in the vicinity of the electrode, the whole electrochemical
cell was taken into account. The results demonstrated that already small changes between the ion radii
lead to significant perturbations of the bulk potential. This is an important observation since an
electrochemical cell is always a closed system surrounded by different charged or uncharged surfaces.
Changes on one surface or electrode can immediately lead to variations in the ion distribution on
surfaces far away since the electrical field tends to vanish in the bulk solution. This can also be of
particular importance when multiple sensors or electrodes are present in the same liquid. In addition
to unequal ion radii, descriptions of steric hindrance in the bulk solution and specific ion adsorption at
the electrode were implemented. For the first time, all these extensions were used simultaneously
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within the framework of the PNP system and applied for CV simulations. The results are in accordance
with typical measurement curves of solutions containing specifically adsorbing ions. Especially the
shape of the simulated specific adsorbed ion concentration versus potential diagram is able to
reproduce corresponding experimental resistance and LSPR changes from the metal nanostructures.
In addition, a fast impedance spectroscopy calculation was adopted from literature and implemented
to demonstrate the effects of all these extensions of dilute solution theory on the impedance spectra
of an electrochemical cell. Although the model system is still a simplification and far away from real
systems, it is extremely useful and flexible to modifications which are able to capture some of the
important observed phenomena in experimental electrochemistry. In the same way, other
improvements can be realized. Examples are ion-ion interactions, solvent effects, electric field
dependent dielectric constants and many more. In contrast to detailed molecular dynamic simulations
which have a high computational cost and are restricted to small domains or simple circuit element
models which often use empirical parameters to describe effects, the PNP system is a good
compromise in analyzing electrochemical phenomena in the future.
In order to realize the sensing system, a custom-made flow cell and chip design was developed for the
special needs of a combined optical and electrical sensing device. The use of transparent materials and
the small dimensions for the compatibility with standard optical equipment was of significant
importance. The flow cell was designed for the use with nanowire arrays or thin films but kept as
general as possible for easy adaption to other sensor elements of similar dimensions. The
implementation included nine sensor elements which are individually addressable via fluid injection.
In addition, the system is modular with a reusable flow cell element and an exchangeable sensor unit.
One important characteristic of a flow cell is its efficiency in transporting analytes to the sensor surface,
especially at low concentrations. It could be demonstrated, assisted by fluid dynamic simulations, that
the developed flow cell design is able to exchange concentrations at the sensor surface fast and
efficient.
Resistance measurements together with electrochemistry require special care. This issue had to be
addressed since electrochemical potentials can easily influence the resistance measurement and vice
versa. AC methods can therefore be highly recommended for such a combination, but the frequency
of the signal should be chosen well. Another important aspect was the use of a floating potentiostat
since the resistance measurement system had a ground connection. This ensures that the
electrochemical potential is always correctly applied with respect to the reference electrode and no
shortcuts are generated. In general, all the difficulties arising from a common electrode for both
systems were identified and an optimal sensing technique was developed allowing resistance and
electrochemical current measurements with high accuracy.
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In sensing systems made for physiological or environmental fluids, often a high background salt
concentration is given which includes usually ions that specifically adsorb onto the electrode surface.
It was shown that the measurement system is highly sensitive to such adsorption effects which have
to be taken into account when other analytes are targeted instead of the ion themselves. This does
not mean that the signal of specifically adsorbing ions always overwhelms the one from other
adsorption effects, but the choice of the right measurement scheme is important. If multiple sensor
elements are in use, it could also be reasonable to have one as a reference sensor. The resistance
pattern in CV experiments showed that the signal is selective to individual ion species, but it was also
observed that the mixture of non-specifically adsorbing ions influences the signal. Therefore, it could
be imagined to develop a measurement scheme for non-specifically adsorbing ions. In addition, various
other metals with different affinities to ion species could be used. CV experiments between ±0.7 V on
thin gold films of 10 nm thickness showed a remarkable resistance change of 26 %, which was caused
by the specific adsorption of Cl-. As an important result, combined electrical and optical measurements
were able to strengthen a previously reported suggestion from LSPR data that the signal change is
entirely caused by specific ion adsorption during electrochemical potential gating. This observation
also made it possible to present a detailed model about this physical phenomenon at the solid-liquid
interface. Although the LSPR change is caused in this case due to a thin lossy layer formed by the
ion-metal complex right at the interface, the decay length of the plasmonic field in terms of
refractometric sensing can extend several nanometers or more into the bulk solution. This generally
makes the combination with resistance changes, which are restricted to processes only occurring close
at the interface (e.g. specific adsorption, bond formation), very attractive for the investigation of larger
(bio-) molecules. Another interesting phenomenon regarding resistance changes is the insensitivity to
faradaic reactions. Therefore, combined sensing systems can be highly useful in combination with
electrochemical reaction experiments as well.
Regarding the sensitivity of the system, several possibilities for further improvements can be imagined.
In terms of electrical sensing, the film thickness or the nanowire dimensions can be even more reduced
until the onset of conductivity. This would, for example, lead to higher surface scattering although the
noise of the resistance measurement might increase. On the other hand, it was found that a reduction
of size is not always in favor for the LSPR sensitivity. For thin films with nanoholes, the thickness of
10 nm was the lowest limit for observing a suitable LSPR resonance. It might be therefore necessary to
make a compromise between electrical and optical sensitivity, but still further improvements are
possible.
In electrolyte solutions containing specifically adsorbing ions, the resistance is mainly affected by
surface scattering of conduction electrons. In contrast, the resistance of metals can be altered when
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reducing their size. This effect is much more pronounced at the nanoscale when at least one dimension
approaches the order of the electron mfp. In the last part of the thesis, a simple and low-cost sensing
device was presented which made use of this phenomena. Based on electrochemical etching of
ultrathin gold films, the concentration analysis of the physiological relevant ion species, iodide, was
demonstrated. In addition, LSPR sensing was evaluated, but electrical sensing has shown to be more
accurate and suitable for this device. LODs with resistance-based measurements were achieved in the
range of 1 μM (127 μg L-1) for buffer solutions and 2 μM (254 μg L-1) for lake water experiments. In
principle, such a detection scheme can be extended to other ions or molecules that react with the
metal itself. The formation of surface oxides would be easily traceable with resistance based metal
sensing too.
In summary, it was shown that the combination of resistance and LSPR based sensing is highly suitable
for a number of different applications and can extend the obtainable information far beyond systems
using only one transduction mechanism.

9 Appendix
Within this chapter, two more interesting experiments are shown which have not been included in the
main part of this thesis. They either do not yet have a solid explanation or they extend the topic of the
thesis, however they may inspire future research.

9.1

Self-Assembled Electrodes on Gold Nano-Particle Film

Beside metal nanowire arrays or thin metal films fabricated by EUV-IL or colloidal lithography,
respectively, other fabrication techniques were also investigated. Previous work has, for example,
shown the controlled nanoscale enhancement of gold nanowires [292]. Thereby a nanoline pattern in
the photoresist, which was processed with EUV-IL, was used as a base for gold colloid adsorption. After
a lift-off process the resulting nanolines consisting of colloidal gold particles were chemically
enhanced. The enhancement was controlled and analyzed by LSPR. After this process the particles
were grown into nanowires. Such a process can be a valuable method to produce conducting
nanowires from gold particle lines. In this particular case, nanowire conduction was not tested.
To avoid the process of nanowire fabrication by lithography, it can also be an interesting approach to
deposit whole particle films between micro-electrodes and to use a chemical enhancement solution
to obtain conductivity. The tunable process of nanoparticle enhancement should thereby lead first to
single conduction paths through the network of the particle film before the film is completely
enhanced. These individual conduction paths can be used for electrical and maybe also optical sensing
experiments, similar to perfectly aligned nanowires, but with the advantage of a simple and low-cost
fabrication.
Following this idea, DNA-coated gold nanoparticles with a diameter of 5 nm were deposited on
negatively charged PEI coated Nb2O5 substrates similarly as in [292]. The films were structured and
electrodes were deposited with standard lithography. A commercially available solution (GoldEnhance,
Nanoprobes, US) was used for enhancement of gold particles while measuring the resistance between
the electrodes with the lock-in amplifier setup at 10 mV AC. Unfortunately, during the gold
enhancement no conductance was observed in several experiments. On the other hand, the applied
potentials during the simultaneous resistance measurements have led to an interesting observation
during some experiments.
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Figure 9.1. Self-assembled electrodes on gold nanoparticle film. (a) Microscope Image of Au film with electrodes after gold
enhancement and film growth. (b) Impedance measurement during gold enhancement and film growth. (c) SEM image of
such a film structure.

In cases were an AC potential of 100 mV or more was applied, a rapid gold growing mechanism
occurred between the electrodes which was also clearly visible under a standard microscope. This gold
film connected the particles starting at the electrodes. After 10-20 min a low conductivity was
measured. An example of such a structure is shown in Figure 9.1a with the corresponding resistance
measurement in Figure 9.1b. Shortly after injection at 𝑡𝑡 = 0, the film structure was visible around the
electrodes but interestingly also at the right edge of the gold film. A slow decrease in impedance is

already visible during the first period. After about 12 min the structure connected the electrodes,
which can be seen in the rapid decrease of impedance. Since the phase of the signal also switched
to 0°, the observed conduction path is purely resistive. Surprisingly, this conduction path resulted from
the grown structure at the edge of the gold particle film. This phenomenon could be attributed to an
increased Au+ ion diffusion at the edge or to enhanced electric fields in the surrounding structure which
support the growing process. After about 45 min a second decrease in resistance was observed due to
the direct connection between the electrodes. Figure 9.1c presents a SEM image. Since the process
was poorly reproducible, the underlying mechanisms could not be identified yet. However, this
interesting phenomenon could be the basis for a new electrode fabrication process where standard
lithography is not possible. Gold colloids can be adsorbed on substrates in many different ways. This
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can also be supported by molecules and binding processes which could make the electrode growth
process relevant for biosensor devices. Further investigations are necessary in order to explain all
observed phenomena.

9.2

DNA Adsorption

The focus within this thesis was laid on the development of a combined optical and electrical
measurement system for ion sensing. It was shown that especially specific ion adsorption can lead to
remarkable resistance changes and LSPR peak shifts. The main reason was the close interaction of
specifically adsorbed ions with the surface. A natural extension is the use of the combined optical and
electrical system for biosensing. Within this section a preliminary experiment is presented which
measures the adsorption of thiol-modified DNA on the sensor surface. Thiol as the surface binding site
of the DNA strand usually forms a strong bond with gold and therefore also changes in the resistance
are expected.
The experiment was conducted in a buffer solution (10 mM PBS, 300 mM NaCl, 0.1 % SDS, pH 7.4).
Thiol-modified DNA was purchased from Eurogentec S.A. (Belgium) with a sequence of (5’ → 3’)
AAA-AAA-AAA-CGC-ATT-CAG-GAT (HPLC-RP purification). The total 21 base pairs include a spacer of
9 A base pairs at the 5’ end where a Thiol C6 192.2 was attached. DNA (in buffer solution) was injected
at a concentration of 10 µM. The result presented in Figure 9.2 shows clearly an increase in resistance
and a red-shift in the LSPR peak. The adsorption curve itself was verified with QCM experiments and
shows a similar shape and time behavior. The resistance variation corresponds to an absolute change
of about 28 % whereas the peak position shifted almost 5 nm.

Figure 9.2. Adsorption of thiol-modified DNA on thin gold metal film with nanoholes. (a) Resistance change. (b) LSPR peak
position shift.
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These results suggest that the presented system is also well suited for a variety of biosensing
applications. Finally, one more suggestion with respect to this DNA sensing experiment is given.
Especially in biosensor devices it is often crucial to functionalize surfaces with different biomolecules
in order to gain specificity. Thiol-modified DNA forms strong bonds with the gold surface and therefore
it is often difficult to fully remove it from the interface. The iodide-induced gold etching mechanism,
which is presented in the last chapter of this thesis, could play a key role in such gold surface
functionalization. With relatively small applied potentials the gold surface can be etched gently and in
a controlled manner. If low enough iodide concentrations are used, it can be imagined that only a few
atomic layers are subject to dissolution. The thiol-Au bond could thereby be removed and the surface
would be free for the functionalization of other molecules.
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