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Abstract

Renewable energies such as biogas are gaining steadily in importance. The use of
methane gas obtained from fermentation processes in biogas plants takes on an
added interest for energy supply. Overloading such biogas plants with excessive
biomass may have considerable economic consequences including inactivation
of the biomass resulting in a cost-intensive restart. On the other hand, adding
too little biomass to the biogas reactor results in the generation of less electricity
and heat and revenue is lost. All plant operators have therefore a crucial interest
in running their biogas plant as efficiently as possible. To do this, reliable online
analysis is needed, since better monitoring and control can improve process
stability and enhance process performance for higher yield in terms of energy.
The fundamentals of the biogas production process with the focus on monitoring
and control are given in Chapter[1]

The present thesis focuses on the design and characterization of miniatur-
ized multi-parameter sensor chips for applications in biogas process monitoring.
Within the frame of this work, sensors for the detection of five physico-chemical
quantities were developed employing different transducer principles. These quan-
tities included the dissolved hydrogen concentration, the metabolic activity, the
electrolyte conductivity, the pH value and the temperature. General informa-
tion of the sensing principles of the sensors used in this work are described in
Chapter[2]

An one-chip combined amperometric/field-effect sensor for the detection of the
dissolved hydrogen concentration was developed. Two transduction principles
were integrated at the microscale, enabling new electrochemical detection oppor-
tunities. Special emphasis was devoted to the independent functionality of the
two transducers proving the indirect measurement of dissolved hydrogen (see
Chapter [3).

A cell-based sensor for monitoring the metabolic activity and thus, the vitality
of relevant organisms was utilized. Metabolic responses of the model bacterium
Escherichia coli in suspension as well as immobilized by gel entrapment on a
capacitive field-effect structure were studied to pulses of glucose and acetate.
Correlations between cell number, glucose and acetate concentration, acidifi-
cation rate, and time of the acidification period due to the consumption of the
carbon source were examined (see Chapter [4).

An extensive study of the high-k material barium strontium titanate (BST) as
passivation and protection layer of a miniaturized electrolyte-conductivity sensor,
which is referred to a capacitively coupled contactless conductivity detection
(C*D) sensor in the following, was examined. For better understanding, an equiv-
alent circuit model of the C*D sensor chip was developed and discussed. For
comparison, contact-mode electrolyte-conductivity (EC) sensors were addition-

\



ally fabricated. Both sensors (EC and C*D) were characterized in electrolyte
solutions with various conductivities using two- and four-electrode operation
modes to study the influence of the protective BST layer. The obtained results
clearly demonstrate the benefits of the use of the BST-based C*D sensor in a
four-electrode configuration for contactless conductivity measurements: A linear
dependence between the measured conductance and the electrolyte conductiv-
ity was obtained in a wide range of electrolyte conductivity from 0.3 mS/cm to
50 mS/cm; in addition, no negative influence of the protective BST layer on the
conductivity sensor performance was identified (see Chapter[5).

A multi-parameter sensor chip using BST as multi-purpose material was devel-
oped to monitor electrolyte conductivity, pH value and temperature in buffer solu-
tions and biogas slurry. This sensor united the capacitively coupled four-electrode
electrolyte conductivity sensor with a capacitive field-effect pH sensor and a
thin-film Pt-temperature sensor. Here, BST was utilized due to its multi-functional
properties as final outermost coating layer of the processed multi-parameter
sensor chip. It served as passivation and protection layer as well as pH-sensitive
transducer material at the same time. Multi-parameter characterizations of the
sensor chip in buffer solutions with different pH value and electrolyte conductivity
were conducted. Finally, the sensor chip was exemplarily examined in biogas
slurry to evaluate the sensor and the suitability of BST as multi-functional material
under harsh environmental conditions. The experiments demonstrated that all
three sensor parts exhibited a very stable sensor signal (see Chapter[6).

Chapter [7|closes the current thesis with a final summary of the results, new
experiences gained throughout this work and an outlook including potential
ongoing strategies.

Nederlandse samenvatting

Hernieuwbare energieén zoals biogas staan in toenemende mate in de open-
bare belangstelling. Hierbij gaat het in het bijzonder om methaangas dat door
fermentatieprocessen in biogasreactoren ontstaat en een hoge energetische
waarde bezit. Er zijn echter een aantal randvoorwaarden in acht te nemen zoals
het feit dat een overlading van bioreactoren met biomassa het proces onbe-
heersbaar maakt zodat een prijzige heropstart nodig wordt. Anderzijds leidt een
te geringe aanvoer van biomassa tot een verminderde opbrengst aan warmte-
en elektrische energie wat uit economisch oogpunt evenmin wenselijk is. Het
uitbaten van dergelijke reactoren is daarom erbij gebaat om de processen gecon-
troleerd en zo efficiént mogelijk te doen aflopen. Hieruit ontstaat de noodzaak om
bio-processen op een betrouwbare manier "online" te monitoren zodanig dat de
processen stabiel kunnen verlopen en een zo hoog mogelijk energierendement

Vi



opleveren. De basisprincipes van de biogasproductie en het monitoren van de
onderliggende processen worden samengevat in Hoofdstuk [1]

Dit doctoraatswerk richt zich op het ontwerp en de karakterisering van gem-
iniaturiseerde multiparameter sensorchips voor toepassingen in verband met de
monitoring van biogas-processen. In het kader van dit onderzoek werden dan
ook sensoren ontwikkeld voor de bepaling van vijf relevante, fysicochemische
parameters zijnde de concentratie van waterstof in oplossing, de metabolische
activiteit, de elektrolytische geleidbaarheid, de pH-waarde en de temperatuur.
Hierbij kwamen verschillende meetprincipes ("transducers") aan te pas, al dan
geintegreerd op ene sensorchip voor de gelijktijdige bepaling van verschillende
analytische grootheden. De fysicochemische aspecten van deze meetprincipes
worden in Hoofdstuk [2|uiteen gezet.

Als een eerste voorbeeld voor deze aanpak werd een gecombineerde sen-
sor ontwikkeld voor de kwantitatieve bepaling van opgeloste waterstofconcen-
traties door middel van amperometrie en elektrische veldeffecten. De twee
detectieprincipes werden hierbij op microschaal geintegreerd wat nieuwe elek-
trochemische analysemethoden mogelijk maakt. Een speciale uitdaging was
de correcte, onafhankelijke werking van de twee transducer-principes en finaal
werden daadwerkelijk concentraties van opgeloste waterstof bepaald. Deze
resultaten zijn beschreven in Hoofdstuk [3]

Met het oog op de metabolische activiteit en de vitale parameters van cellen in
biogas-reactoren werd een cel-gebaseerde sensor ontwikkeld met Escherichia coli
cellen als modelorganisme. De E. coli cellen werden hierbij met en capacitieve
veld-effect sensor onderzocht waarbij de cellen zich ofwel in suspensie bevonden
ofwel door middel van een gel rechtstreeks op de sensorstructuur werden geim-
mobiliseerd. De metabolische response werd geanalyseerd na toediening van
geijkte hoeveelheden van de nutriénten glucose en acetaat. Hiermee werden cor-
relaties verkregen tussen het aantal cellen, de glucose- en acetaat-concentraties,
de snelheid van verzuring en de blootstellingsduur, zie Hoofdstuk [4]

Vervolgens werd een nieuw, geminiaturiseerd sensortype ontwikkeld voor de
bepaling van de elektrolytische geleidbaarheid: Bij deze sensor dient het "high-
k" materiaal barium strontium titanaat (BST) als passivering en beschermende
laag op de sensorchip en het werkingsprincipe kan omschreven worden als "C*D
sensor". Dit staat voor "capacitively coupled contactless conductivity detection"
ofwel de "capacitieve, contactvrije geleidbaarheidsmeting". Voor de nauwkeurige
analyse van het werkingsmechanisme werd een elektronisch-equivalent model
opgesteld. Voorts werden de C*D sensoren uitgebreid vergeleken met geleidbaar-
heids-sensoren met een rechtstreeks contact tussen de elektrolyt en de sensor-
chip (electrolyte-conductivity "EC" sensors).

Beide sensortypes (EC en C*D) werden in elektrolytoplossingen met verschil-
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lende geleidbaarheidswaarden gekarakteriseerd en, door metingen in twee-
elektroden- en vier-elektroden configuratie, werd de invloed van de bescher-
mende BST lagen in detail geévalueerd. De behaalde resultaten tonen duidelijk
de voordelen van de BST-gebaseerde C*D sensor voor contactvrije geleidbaarhei-
dsmetingen aan: Enerzijds bestaat er een lineair verband tussen de gemeten
geleidbaarheidswaarden en de nominale geleidbaarheid van de elektrolyten in
een breed geleidbaarheidsgebied van 0.3 tot 50 mS/cm. Anderzijds is er geen
enkel aantoonbaar effect dat de beschermende BST-laag nadelig zou zijn voor de
gevoeligheid en precisie van de ontwikkelde sensor. Deze bevindingen worden in
detail uitgelegd in Hoofdstuk [5]

Hoofdstuk [6] beschrijft de integratie van de ontwikkelde technologieén in
een multiparameter sensorchip om de toestandsvariabelen geleidbaarheid, pH-
waarde en temperatuur simultaan te meten. BST deed hierbij dienst als een
multifunctioneel materiaal. De sensorchip zelf omvatte een capacitief gekoppelde
vier-elektroden geleidbaarheidssensor, een capacitieve veldeffect pH-sensor,
en een platina-temperatuur-sensor in dunschichttechnologie. Het BST zelf vor-
mde de bovenste, beschermende laag op de sensorchip en diende tegelijkertijd
als een pH-sensitief transducermateriaal. Deze multiparameter chip werd in
bufferoplossingen gekarakteriseerd voor een reeks van verschillende pH- en gelei-
dbaarheidswaarden. Tenslotte werd de werking van de sensorchip rechtstreeks
gevalideerd in vloeistoffen uit biogasreactoren om zodoende ook uitsluitsel te
verkrijgen over de stabiliteit van de BST-deklagen in een scheikundig agressieve
omgeving. De experimenten toonden twijfelvrij aan dat de drie deelsensoren van
de chip stabiele uitputsignalen geven en daarmee is inderdaad voldaan aan alle
voorwaarden voor monitoring-toepassingen in fermentatie-reactoren.

De thesis wordt afgerond met Hoofdstuk (7| dat een afsluitende samenvat-
ting van de behaalde resultaten geeft samen met nieuwe inzichten op de basis
van het voorliggende werk en mogelijke strategieén beschrijft met het oog op
toepassingen in de praktijk.
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1 Introduction

The global energy demand is growing rapidly, and about 86% of this demand is
currently met by fossil fuels [[1]. At the same time, concentrations of greenhouse
gasses in the atmosphere are rising increasingly. The most important contribu-
tor are fossil fuel-derived carbon dioxide emissions, which must be reduced to
minimize global warming [2]]. An important challenge is the security of energy
supply due to the fact that conventional oil and gas reserves are limited and are
concentrated in politically unstable regions [3]]. In this context, biogas from waste
products has risen attention and will play a vital role in future [3l].

In principle, any material of organic origin counts as biomass. Not just plants
and animals but also animal excrements or plant components such as straw, paper
and cellulose, abattoir waste, organic waste from households and industry can be
used as biomass. Biogas forms in any place where organic matter decomposes
in a moist environment without light and air [4]. Its potential for utilization and
commercialization is outstanding for the production of electricity and heat from its
direct combustion in co-generation plants and for the production of biomethane
as a natural gas substitute. When produced and used on a sustainable basis, it is a
carbon-neutral carrier and can make a large contribution to reducing greenhouse
gas emissions [3]. Among the renewables (e.g., wind and solar energy) biogas is
arguably the most versatile energy due to its determinate energy value and ease
of storage. Hence, potential utilization is significantly independent of factors such
as geographical location and season [5]].

1.1 The biogas production process

Anaerobic digestion is a biological process where organic matter such as energy
crops, organic residues and manure is converted by subsequent oxidations and
reductions mainly to carbon dioxide and methane. Minor quantities of nitrogen,
hydrogen, ammonia and hydrogen sulfide (usually less than 1% of the total gas
volume) are also generated [6]. The individual degradation steps are carried out
by different consortia of microorganisms, which partly stand in syntrophic interre-
lation (complex interaction) and place different requirements on the environment
(70

Figure [1.I] shows the degradation pathway in anaerobic digestion of organic
matter. The important processes in anaerobic digestion are hydrolysis, fermen-
tation, acetogenesis and methanogenesis. While hydrolysis is subject to the
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Complex polymers:

(carbohydrates, proteins, lipids)
Hydrolysis | Hydrolyzing bacteria
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Acetogenic
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Figure 1.1: Degradation pathways of the biogas production process (adapted
from [6} (8, [91]).
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Methanogenesis Aceticlastic
methanogens

Hydrogenotrophic
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fermentation process, acetogenesis, and methanogenesis are linked to each
other. Three major groups of microorganismsﬂ have been identified comprising
different functions in the overall degradation process:

1. Hydrolyzing and fermenting bacteriaE| are responsible for the initial attack
on polymers and monomers found in the waste material. They produce
mainly acetate and hydrogen and varying amounts of volatile fatty acids
(VFA) such as propionate and butyrate.

2. Acetogenic bacteriaﬂ convert the more reduced intermediate products such
as alcohols and volatile fatty acids (VFA) into acetate and hydrogen.

3. Two groups of methanogenﬂ produce methane from acetate or hydrogen,
respectively [6]].

LA brief overview of the main microorganisms participating in the process of degradation can be
found in [4].

°The genera Clostridium, Paenibacillus and Ruminococcus appear in all phases of the fermentation
process but are dominant in the fermentation phase.

3The genera Desulfovibrio, Aminobacterium and Acidaminococcus are examples for acetogenic
bacteria.

4Active methanogens appear in the second phase of fermentation, but the number of methanogens
increases in the last phase. The main genera are Methanobacterium, Methanosaeta and
Methanosarcina.



1.2 Monitoring and control of the biogas production process

In well-operating anaerobic digesters, the major part of the carbon flow occurs
between the fermenting microorganisms and the methanogens. Only 30% of the
carbon is transformed into intermediate products before these are metabolized
to methane and carbon dioxide [10].

A balanced anaerobic digestion process demands that the products of the
hydrolyzing and fermenting bacteria responsible for the production of acetate and
hydrogen are simultaneously used by the two groups of methanogens responsible
for the production of methane and carbon dioxide. Hydrolyzing and fermenting
bacteria can survive without the presence of methanogens. Under these con-
ditions, hydrolyzing and fermenting bacteria will form an increased amount of
the more reduced intermediate products. The acetogenic bacteria, however, rely
on the activity of methanogens to make their metabolism thermodynamically
favorable. This will be explained in further detail in Section[1.2.1]

1.2 Monitoring and control of the biogas production process

The anaerobic digestion process is influenced by numerous microbiological, chem-
ical and physical quantities which makes it due to its complexity a valid subject
for control and optimization. Process control requires therefore the acquisition
of a variety of measures to gain information on the different stages. A reliable
operation of biogas plants can only be achieved if the entire process chain be-
ginning from the fed substrate up to the products is controlled and monitored by
suitable measurement devices. Due to the diversity of used substrates and their
mixtures process monitoring is difficult. On the other hand, process disturbances
and process failures can have plenty of causes eventually ending up to a digester
break down. Process disturbances known to occur can be due to overload or lack
of macro- and micro-nutrients as well as entry of inhibitors (e.g., antibiotics, heavy
metals, high ammonia concentration). As depicted in Fig. several parameters
from the gas phase and liquid phase have been proposed to characterize the
anaerobic digestion process. These include among others gas production and
gas composition [11], chemical (e.g., pH, alkalinity, VFA, H,) [12H15] and physical
quantities (e.g., temperature and pressure), microbial communities (populations,
diversity) [16] as well as metabolic activities [9], [17]. In considering of the most
important parameters for process control of biogas digesters a distinction can
be made between early warning parameters and state variables [18]. The pa-
rameters highlighted in red (see Fig. will be discussed in more detail in the
following sections, since these parameters are the measurands of the designed
and developed miniaturized solid-state sensors of the present thesis.
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Gas production

& @
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Figure 1.2: Monitoring parameters of the biogas production process from liquid
phase and gas phase. The parameters highlighted in red are the measurands
of the designed and developed solid-state sensors of the present thesis.

1.2.1 Early warning parameters

To detect changes in the process flow before a drop in performance or digester
breakdown happens, early warning parameters are required. Therefore, these
indicators seek to improve effectiveness and economic efficiency of the biogas
process.

Hydrogen and dissolved hydrogen The concentration of hydrogen affects
the thermodynamics and degradation pathways of the anaerobic digestion pro-
cess. As depicted in Fig. hydrogen is a significant intermediate compound for
methanogenesis and electron carrier in the digestion process [[19]. It is produced
during fermentation of carbohydrates and other substrates by the fermenting
bacteria and in the subsequent degradation of intermediate products such as
propionate and butyrate to acetate by the acetogenic bacteria. On the con-
trary, hydrogen is consumed by hydrogenotrophic methanogens to reduce carbon
dioxide to methane gas [20].

In properly operating anaerobic digesters the hydrogen concentration is nor-
mally low. An imbalance between the acetogenic bacteria and hydrogenotrophic
methanogens can, however, lead to hydrogen accumulation. A build-up of hy-
drogen partial pressure above a critical concentration higher than 10 Pa [21] or
a dissolved hydrogen concentration higher than 40 nM [22]] has been reported
as initial stage of digester overloading. Higher hydrogen concentrations will
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1.2 Monitoring and control of the biogas production process

direct the electron flow from methane production resulting in the formation of
VFAs such as butyrate, propionate, lactate, or ethanol [23]]. These more reduced
products cannot be used directly as substrates in methanogenic fermentation. A
further degradation step by the acetogenic bacteria is hydrogen-dependent and
will be inhibited at elevated hydrogen concentrations. An increased hydrogen
concentration will also favor the production of acetate from hydrogen by the
homoacetogenic bacteria [21]. If hydrogen production exceeds the maximum
ability of the methanogenic biomass to degrade hydrogen, there will be a rapid
and large hydrogen consumption prior to digester failures. Thus, hydrogen is a
key factor in the intricate balance between microbial species involved in the multi-
step degradation during anaerobic digestion and has been reported to present
one of the most important parameters for biogas process monitoring [[12] [23H25]].

Intensive studies of hydrogen concentrations in both the gaseous and liquid
phase have found that the hydrogen concentration in the headspace does not
correspond to the actual concentration in the aqueous phase in which the microor-
ganisms are exposed to. This is due to a highly dynamic and non-linear gas-liquid
transfer of hydrogen and biological reasons, such as direct interspecies hydrogen
transfer in the liquid. Thus, the measurement of dissolved hydrogen is suggested
as a more reliable index [22], 26H28]].

Metabolic activity of microorganisms Sufficient nutrients and trace ele-
ments are important to microbial growth and metabolic activity, otherwise cells
stop proliferating. As a consequence, quality and diversity of microbes will re-
duce in digesters. The monitoring of microbial communities and their specific
metabolic activity is therefore a useful tool for describing the behavior of the
biogas process [20], 29]. In fact, all suggested monitoring parameters so far,
such as pH, hydrogen concentration, VFA, alkalinity and gas consumption, are
"external" parameters or products excreted by cell activity. The actual activity
of microorganisms is not necessary proportional to these measures [9]. If we
could assess the vital parameters of the microorganisms, this would be the most
reliable way of monitoring the biogas production process.

1.2.2 State variables

For maintaining constant operation conditions and for a continuous diagnosis
of process performance a number of process parameters have to be captured
regularly. Those state variables include, for instance, total solids’ content, biogas
production and composition, temperature, pH value as well as buffer capacity.
These parameters often do not allow adequate time for corrective action (e.g.,
stopping or decreasing of feed rate) to prevent digester failures as explained on
the basis of the pH value in the following.
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Temperature Thermodynamics and kinetics of biological processes such as
survival and growth of microorganisms as well as their metabolic activity are
affected by temperature [7, [30]. Temperature fluctuations are various includ-
ing fluctuations determined by season and weather, addition of new feedstock,
formation of temperature gradients due to insufficient insulation, inadequately
placed heating elements and mixers. Thus, temperature is one of the most im-
portant variables in controlling the rate of microbial metabolism in anaerobic
environments [31].

Biogas plants commonly operate either at mesophilic (32 °C to 42 °C) or ther-
mophilic temperature (48 °C to 55 °C) conditions as methanogens grow optimally
at those temperatures [3} [4]]. Thermophilic bacteria are more sensitive to temper-
ature fluctuations and require a longer time to adapt to a new temperature, in
order to reach the maximum methane production. Mesophilic bacteria are less
sensitive and temperature fluctuations of 3 °C are tolerated, without significant
reduction in methane production [32]]. Additionally, it is important to keep in mind
that physico-chemical properties (such as pH value, conductivity, viscosity and
solubility) are as well influenced by temperature. Therefore, only temperature-
dependent readings can be considered reliably.

pH value Enzymatic activity of bacteria is affected by the pH level, since each
enzyme is active only in a specific pH range and has maximum activity at its
optimal pH. The physiological pH value of the anaerobic digestion process occurs
in the pH interval of approximately pH 6 — pH 8.5 [6]. Most methanogens have
an optimum between pH 7 and pH 8, while the acid-forming bacteria often have
a lower pH optimum of about pH 5 - pH 7 [[33]. Typically, the pH value is kept
constant by natural processes. However, there are many factors in digesters
as well as in the feedstock that can affect the overall level of pH in the digester.
Especially, organic acids and carbon dioxide can lower the pH, while ammonia will
contribute to an increase of pH. In a reactor with low buffering capacity, the pH
value can be a useful indicator based on the fact that a pH drop corresponds to
VFA accumulation [8],[9]. On the other hand, the pH response has low sensitivity in
well-buffered systems, as an unintentionally large input of organic acids does not
necessarily result in a drop in pH [34]]. The high buffering capacity due to strong
buffers such as bicarbonate, ammonia and VFAs will resist pH changes and the pH
drop will often only occur just after the process is severely imbalanced. Therefore,
the pH value cannot be used as a "primary" process indicator. Nevertheless, the
pH value should be used as a significant additional information that describes the
actual state of the digester [35]].
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Electrolyte conductivity lonic conductivity of an electrolyte solution is a
measure of its ability to conduct (ionic) electricity. It is a sum parameter of
conductivity contributions from all cations and anions in the mixture, and depends
on many chemical components including organic acids and bases. The electrolyte
conductivity of biogas digestate correlates also with the content of free ammonia
and the total alkalinity [36]. Thus, electrolyte-conductivity measurements can be
applied as an extra process variable. In particular, if buffering substances such
as bicarbonate are added to the digester content, the electrolyte conductivity is
used as additional indicator for control purposes.

1.3 State of the art of biogas process monitoring

An increasing variety and number of sensing devices are used both in academia
and industry for the monitoring and control of the biogas process. An overview
of sensors and devices for the detection of the previously introduced parame-
ters (dissolved hydrogen concentration, metabolic activity of microorganisms,
temperature, pH value and electrolyte conductivity) will be given in the following.

1.3.1 Sensors for the detection of hydrogen and dissolved hydrogen

The hydrogen content in the headspace can be measured on-line using a manifold
of hydrogen gas sensors. A review about hydrogen sensors in general has been
given by HUbert et al. recently [37]. The hydrogen fraction in the headspace is
commonly determined by gas chromatography followed by a specific detector
cell. A thermal conductivity detector was applied for the detection of hydrogen
gas, giving a detection limit of about 1 Pa [[38-40]. With the GMI Exhaled Hydro-
gen Monitor (Gas Measurement Instruments Ltd., Renfrew, Scotland), originally
designed for measuring the hydrogen content of exhaled breath standards, hy-
drogen was measured accurately down to 0.1Pa [23] [35] [41]. Lundstrém has
developed a palladium metal-oxide-semiconductor (Pd-MOS) hydrogen gas sensor
[42]. With this sensor, H,-producing Escherichia coli fermentation were followed
on-line [43] 144]. Sakthivel et al. proposed a polymer-based limiting-current hy-
drogen sensor. With this sensor arrangement, the catalytic electrode poisoning of
carbon dioxide gas mixture along with hydrogen was eliminated by means of a
palladium diffusion barrier on top of the sensing platinum electrode [45]].

Several researchers have recognized the importance of hydrogen monitoring in
the liquid phase. Off-line dissolved hydrogen measurements of anaerobic systems
have been reported in [46H48]. Herein, methods were proposed consisting of the
measurement of hydrogen in the gas phase after its quantitative extraction from
the liquid phase. These extraction techniques involve several steps and cannot
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be automated or used where on-line and real-time analysis is required. Methods
for on-line monitoring include the transfer of hydrogen from the liquid through a
gas-permeable membrane, followed by gas-phase quantification. These quantifi-
cation techniques involve mass spectrometry [25] [49H53] or gas chromatography
equipped with specific detectors [54] [55]]. However, the sophistication and high
costs restrict these techniques to laboratory use. Recently, a novel approach for
the on-line measurement of dissolved gases in a biogas production plant was
reported by Schelter et al. [56]. This technique combines a membrane-free ex-
traction of dissolved gases with gas chromatography followed by a coulometrically
operated high-temperature solid-electrolyte cell. Low-cost methods to detect
the dissolved hydrogen concentration more directly include the hydrogen/air
fuel cell detector [22] [26]], the hydrogen-sensitive Pd-MOS sensor combined with
a liquid-to-gas membrane extraction procedure [13} [57]], membrane-covered
amperometric electrodes for the direct liquid-phase measurement of hydrogen
[19], 58] 59] and a trace-reduction gas analyzer [60]. These techniques exhibit
high sensitivity with a detection limit in the nanomolar range.

Also, two amperometric hydrogen sensors for the in-situ determination of hydro-
gen containing aqueous solutions have been launched on the bioanalytical market.
This includes the H, microsensor-500 from the company Unisense (Aarhus, Den-
mark), which has a 500 micron tip diameter and a detection limitation of 0.3 uM
in water as well as a H, measuring instrument with an amperometric microsensor
from the company AMT Analysenmesstechnik GmbH (Rostock, Germany). The
life time of these sensors is restricted to approximately six months due to the
formation of biofilms or other adherent layers on the membrane. In addition,
cross-sensitivities towards hydrogen sulfide lead to errors and/or a reduced life
time.

1.3.2 Methods for assessing of the metabolic activity

Monitoring of the metabolic activity is focused on the status of relevant organ-
isms of the biogas process [17]. Much is known about the basic metabolisms in
different types of anaerobic digestion processes, but little is known about the mi-
croorganisms responsible for these processes. Only a few percent of bacteria and
methanogens have been isolated so far [3]. Thus, monitoring of metabolic activity
takes the identification of organisms relating to environmental conditions and per-
formance for granted [61]. A number of methods have been exploited concerning
the screening of the microbial community and their specific activity, populations
and identification of organisms. Directly counting the number of methanogenic
population has shown to be related to methane production [62]. Near-infrared
spectroscopy (NIR) has been reported as an attempt to measure biomass den-
sity on-line [63] [64]]. A simple and rapid technique suitable for identification
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of microorganisms can be applied by using fluorescence in-situ hybridization
(FISH) [16]]. Measurement of microbial diversity and community structure can be
conducted by genetic fingerprinting techniques such as denaturing gradient gel
electrophoresis (DGGE) [65]], temperature gradient gel electrophoresis (TGGE)
[66] and terminal restriction fragment length polymorphism (T-RFLP) [67]. The di-
rect measurement of the metabolic activity can be performed by batch tests such
as specific methanogenic activity (SMA) [17]]. The level of specific co-enzymes
relating to cell metabolism such as F,,, and NADH (nicotinamide adenine din-
ucleotide hybrid) have been used to correlate with microbial activities or the
number of active organisms in the digester [[68]. Most of the above-mentioned
methodologies are only available off-line and require expensive instrumentation
and tremendous amount of laboratory work and expertise [8], [9]].

A relatively new approach is to analyze the metabolic activity of relevant
microorganisms of the biogas process by determining the uptake of nutrients
and/or release of metabolic end products by means of (bio-)chemical sensors
[69] [70]. More precisely, living microorganisms are applied to a pH-sensitive
sensor surface. Due to their metabolism, cells excrete acidic byproducts and
thus acidify their environment, which can be detected by the sensor. The aim of
this approach is to develop a tool sensitive enough for the detection of slightest
changes in activity of the microorganisms, which can be seen as overall indicator
of the biogas process.

The coupling of cells on field-effect-based semiconductor sensors was first
proposed by Hafeman et al. in 1988 [71]]. In this arrangement, a so-called light-
addressable potentiometric sensor (LAPS) was used, wherein the surface potential
of the sensor is determined via a photo-current measurement. In the 1990s, the
company Molecular Devices Cooperation (USA) launched a device "Cytosensor
Microphysiometer" on the market, which is based on the LAPS principle. With
this system, it was possible for the first time to monitor physiological processes
of cells under non-invasive environments, in particular, with respect to their
metabolic activity [72]. In recent years, various research groups studied the
development of such LAPS sensors to realize, for instance, a "chemical imaging"
using a scanning laser unit [[73, [74], to build up multi-LAPS arrangements for
the simultaneous detection of several analyte molecules to perform studies on
single cells [69, [70, [72], [75H77]] or to achieve improved spatial resolution of the
LAPS system [78 [79]. The results achieved by LAPS have in principle proven
the feasibility of cultivation of microorganisms such as cells and bacteria on
field-effect devices.
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1.3.3 Sensing of process temperature

In practice, the operation temperature is chosen with consideration to the feed-
stock used. In order to maintain a constant process temperature and to compen-
sate eventual heat losses, digesters are isolated and heated by external heating
sources such as floor- or wall-heating systems. To avoid temperature fluctuations
inside the digester, pre-heating of the feedstock is additionally applied [4]]. Reac-
tor temperature control is achieved preferentially in high-rate digesters by PID
(proportional-integral-derivative) control and temperature sensors available in
industrialized standards such as Pt100 or thermocouples.

1.3.4 Sensing of the pH value

In-situ or in-line pH monitoring of an anaerobic digester is more representative
of the pH contents than off-line due to the loss of CO, between sample drawing
and analysis. If the sample is allowed to stand exposed to the air for a few
minutes the dissolved CO, will be liberated, causing a pH change. Hence, the
pH value is usually measured in the liquid state [11]. The pH value is relative
straightforward to determine with conventional pH-glass electrodes. Due to drift
and fouling problems of the diaphragm of the internal reference electrode, pH-
glass electrodes require frequent re-calibration as well as washing and other
cleaning (e.g., ultrasonic) systems, respectively [[80]]. Polymer-filled electrodes
with a Ag/AgCl reference electrodes isolated by a Xerolyte® solid-electrolyte
sample interface are typically less susceptible to fouling and retain calibrations for
longer. These electrodes exhibit an open port, instead of the conventional ceramic
junction between the sample and the reference electrolyte, which substantially
reduces the risk of clogging.

1.3.5 Sensing the electrolyte conductivity

Electrolyte-conductivity measurements are routinely used as a fast, inexpensive
and reliable way of measuring the ionic salt content in the biogas broth as a sum
parameter. Especially, if buffering substances such as sodium bicarbonate are
used to prevent economic costs of loss of efficiency caused by acidification, the
measurement of electrolyte conductivity can be a useful supplementary process
variable. Depending on the demanded size and geometry, macroscopic and minia-
turized sensor cells with two or more electrodes (e.g., four-electrode conductivity
meter) are commercially available as conductometric sensors. Nevertheless,
none of these are developed for monitoring biogas processes.
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1.4 Outline of the thesis

This thesis is focusing on the design and development of miniaturized solid-state
transducers and their use as physico-chemical sensors to be applied for the
monitoring of several parameters in biogas digesters. The parameters of interest
are the dissolved hydrogen concentration, metabolic activity, electrolyte conduc-
tivity, pH value and temperature. For this, sensor structures based on different
transducer principles, namely amperometry, potentiometry and conductometry
have been designed and developed. The fabrication of these sensors was based
on standard silicon technology.

After an introduction to the main sensing principles of the sensors used in the
thesis in Chapter[2] the content of this thesis was split into scopes corresponding
to peer-reviewed publications, referring to Chapters 3|to[6}

Chapter[3]|describes the study of a combined amperometric/ field-effect sensor
for the detection of the dissolved hydrogen concentration. The most important dif-
ference of this sensor compared to other macro- and miniaturized amperometric
hydrogen sensors reported in literature, is the implementation of a pH-sensitive
capacitive (electrolyte-insulator-semiconductor) EIS sensor in addition to the am-
perometric H, sensor. The field-effect based pH sensor is capable for an indirect
detection of dissolved hydrogen. The output signal of the combined sensor is
considered as "hydrogen signal" only, if the signal changes of both transducers
are nearly simultaneous (with a small delay time necessary for the diffusion of
H™* ions generated at the amperometric electrode to the gate of the field-effect
sensor). In this way, the selectivity of the combined sensor can be achieved.
In contrast to macroscopic amperometric dissolved hydrogen sensors, a minia-
turized sensor could eventually produced more cost effective, combined with
other sensing principles and placed at different positions in the biogas reactor. In
Chapter[3} special emphasis is devoted to the feasibility of the integration of two
transducer principles on one chip, the study of their independent functionality as
well as, the direct and indirect measurement of dissolved hydrogen.

In Chapter [4] a cell-based sensor for monitoring the metabolic activity by
determining their extracellular acidification rate is presented. This new approach
represents a straightforward way to study the "vitality" of relevant organisms of
the biogas process. Metabolic responses of the model bacterium Escherichia coli
in suspension as well as immobilized by gel entrapment on a capacitive field-effect
structure were studied to pulses of glucose and acetate. Correlations between
cell number, glucose and acetate concentration, acidification rate, and time of
acidification period are examined. Advantageously a differential measurement is
applied, which might give additional information of the pH value of the analyte.
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Chapter E] deals with the intensified study of the high-kﬂ material barium
strontium titanate (BST) as passivation and protection layer of a miniaturized
electrolyte-conductivity sensor, which is referred to a capacitively coupled con-
tactless conductivity detection (C*D) sensor in the following. The choice of the
insulating material that covers the electrodes in C*D sensors is of primary im-
portance. For optimal working and accurate measurements of the electrolyte
conductivity with the C*D sensor, the permittivity-to-thickness ratio of the protec-
tive layer should be larger than 0.4nm™!. Due to the high dielectric constant of
BST (e.g., ten-fold higher than Ta,O.) and the possibility to deposit this material
via thin-film technology, this requirement can be met very well for the high-k BST
films used in this study as protective material. An equivalent circuit model of
the C*D sensor chip is developed and discussed. The platinum electrodes were
buried into the substrate material to obtain a planar structure for the protective
coating with a thin but homogeneous coverage. For comparison, contact-mode
electrolyte-conductivity (EC) sensors were also fabricated. Both sensors (EC and
C*D) were characterized in electrolyte solutions with various conductivities using
two- and four-electrode operation modes to study the influence of the protective
BST layer.

In a continuing study, presented in Chapter [6] a sensor chip for the multi-
parameter detection of three physico-chemical parameters such as electrolyte
conductivity, pH value and temperature is investigated using BST as multi-
purpose material (e.g., high permittivity and pH-sensitive properties). This chip
combines the capacitively coupled four-electrode electrolyte conductivity sensor
introduced in Chapter[5| with a capacitive field-effect pH sensor and a thin-film
Pt-temperature sensor. Here, BST is used due to its multi-functional properties
as final outermost coating layer of the processed multi-parameter sensor chip. It
serves as pH-sensitive transducer material for a field-effect pH sensor, as an insu-
lation layer due to the high-k of BST for developing the contactless-conductivity
sensor, and as passivation layer, which protects the metal electrodes of the
conductivity and temperature sensors from corrosion, contamination and fouling.
Multi-parameter characterization of the sensor chip in buffer solutions with differ-
ent pH value and electrolyte conductivity are conducted. Finally, the sensor chip
is exemplarily examined in biogas slurry to evaluate the sensor and the suitability
of BST as multi-functional material under harsh environmental conditions.

Chapter [7|closes the current thesis with a final summary. The main findings
of this work and potential future actions and challenges are discussed.

5The term high-k dielectric applies to a material with a high relative permittivity later on denoted
as €; for barium strontium titanate.
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2 Theory

This section provides general information on the physics and chemistry of the
sensing principles of the sensors used in the present thesis.

2.1 Amperometric gas sensors

An combined amperometric/field-effect sensor for the detection of dissolved
hydrogen is introduced in Chapter [3] The basic concept of the amperometric
sensing part is explained in the following on the basis of amperometric hydrogen
gas sensors. Amperometric gas sensors work at a constant applied voltage,
which allows conversion of the electro-active analyte and the sensor signal is a
concentration-dependent limited current. A review of amperometric gas sensors
is given by Stetter and Li [2]] and the state of the art in electrochemical hydrogen
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Figure 2.1: lllustration of amperometric gas sensors in (a) two- and (b) three-
electrode configuration (adapted from [1])).
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sensing has been reviewed by Korotcenkov et al. [I]. As depicted in Fig.[2.1] an
amperometric gas sensor consists of three major constituents:

e The first of these are the electrodes, at which the electron transfer occurs.
According to Fig.[2.1j, the simplest amperometric cell requires at least two
electrodes, namely the working and the counter electrode. Commonly, a
potentiostat is used to maintain a constant potential. The two-electrode
detection principle implies that the potential of the counter electrode re-
mains constant. In reality, the surface reactions at each electrode cause
them to polarize and significantly limit the concentrations of reactant gas
they are able to measure. In practice, most sensors include therefore also
a third electrode, as depicted in Fig.[2.1p. In three-electrode designs, a
potential is applied between a reference and working electrode and the
current is measured between the latter and the counter electrode. Since
the reference electrode is often shielded from reactions, it remains the
thermodynamic potential of the working electrode constant during sensing.
The electrodes are usually composed of noble metals, mostly in porous
or high surface area designs. Often, platinum is applied, which acts as a
catalyst for the hydrogen oxidation reaction.

e Secondly, the amperometric gas detector consists of a solid or liquid elec-
trolyte to allow the transport of ions between the electrodes. The electrolyte
is usually a proton-conducting material and in hydrogen sensing the most
commonly used liquid electrolyte is sulphuric acid [[3H5]]. Solid electrolytes
have some advantages over liquid electrolytes as they prevent leakage,
corrosion and volatilization. The most commonly used proton-conducting
solid polymer electrolyte is Naﬁon® [6H9]l, while ceramic materials are
employed for high-temperature applications [[L0H12].

e Finally, a gas-permeable barrier may cover the inlet to the working electrode.
It determines the rate of mass transport and controls the limiting current.
In addition, the layer prevents leakage or drying out the electrolyte. If an
appropriate material is utilized, it allows selective passage of the analyte
and thereby preventing interference from other gases. In many cases, the
membrane is composed of polytetrafluoroethylene (PTFE), which is well
known by the trade name of Teflon™> by DuPont.

Hydrogen participating in the electrochemical reaction diffuses through the
porous layers (if present), dissolves in the electrolyte and is oxidized at the
working electrode as follows:

H,— 2e” +2H" (2.1)
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2.1 Amperometric gas sensors

This results in a change of the working electrode potential. At the counter
electrode the reduction of oxygen takes place according to the following equation:

1/20, + 2H, + 2¢~ — H,0 (2.2)

This process results in a flow of electrons from the working to the counter electrode
and constitutes an electric current. Depending on the sensor design, the observed
current can be either limited by the rate of reaction at the electrode surface or
the rate of diffusion including the mass transport of the reactant to the electrode
surface.

In the first case, if the rates of diffusion processes are much faster than the
rate of reaction at the electrode, the current is controlled by the analyte reaction
kinetics. The analyte reaches the surface much faster than it is reacted. The
concentration is almost the same in the bulk of the solution and at the electrode
surface. The expression for the current will take the form of:

. a;n.FE

l—ne-F~k'A~c~exp(R—T) (2.3)
where n, represents the number of electrons per molecule reacting, F is the
Faraday constant, k is the standard rate constant, A is the area of the electrode,
c is the concentration, R is the universal gas constant and T is the absolute
temperature in Kelvin, a; and E are the transfer coefficient and the overpotential
of the electrode reactions, respectively. If all conditions are held constant, the
rate-limited current is proportional to the concentration ¢ of the analyte with
an exponential temperature coefficient. Equation and derivation of this
expression can be found in many textbooks [[13}[14]]. Due to degradation of the
electrode’s catalytic activity the limited current that is obtained in this kinetically
controlled electrochemical region is not always stable.

This drawback can be overcome by operating the amperometric gas sensor
in the region of diffusion control rather than the electrode’s kinetic control. If
the current is limited by a mass transport, e.g., by diffusion, the analyte is much
slower than its consumption by reaction at the electrode surface. The analyte
concentration at the electrode surface virtually falls to zero and each molecule of
analyte that reaches the surface is immediately reacted. Under these conditions,
the rate of the electrode reaction may be limited by the rate of diffusion through
a gas-permeable membrane that is placed somewhere between the bulk analyte
sample and the catalyst layer of the electrode. On the basis of Fick’s first law,
the limited current i;;,, should now be governed by the rate at which the analyte
transports to the surface of the electrode. This can usually be written as shown

by Eq.[2.5}
. n,-F-A-D
llim = T - C (24)
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where A is the effective area of the membrane, D is the diffusion constant for the
gaseous analyte in the medium of the membrane and § is the thickness of the
membrane.

The current can also be limited by the rate of diffusion across the diffusion
layer in solution, and an expression similar to Eq.[2.5|can be used to calculate
the current. However in this case, Ain Eq. is the effective surface area of the
electrode, D is for diffusion of the analyte in solution and & is the thickness of the
diffusion layer in solution at the electrode surface [14],[15].

In these two cases, the limited current i, can be expressed as:

ilim :k[HZ]gas (2.5)

where the measured current is directly proportional to the gaseous concentration
- here H, - in convenient units such as part per million by volume (ppm (v/v))[2].

2.2 Field-effect-based potentiometric sensors

Potentiometric sensors differ from amperometric sensors in that they ideally
operate at zero current conditions, i. e., in equilibrium. The measured quantity
is the potential difference between the ion-selective electrode (ISE) and the
reference electrode delivering a constant potential. The exchange of the analyte
between the electrode and the electrolyte generates an interface potential at the
electrode surface, which is given by the Nernst equation as:

_ 0 r ‘
E=E"+ Fln(al) (2.6)

1

where E? is the standard electrode potential and z; and a; are the ionic charge
and activity, respectively, of the ion. Equation predicts that the electrode
potential is proportional to the logarithm of the activity of the ion monitored.
For example, at room temperature a 59.1 mV change in the electrode potential
should result from a tenfold change in the activity of a monovalent ion (z;). Similar
changes in the activity of a divalent ion should result in a 29.6 mV change of the
potential.

In conjunction with the light-addressable potentiometric sensor (LAPS), the ion-
sensitive field-effect transistor (ISFET) and the electrolyte-insulator-semiconductor
(EIS) structure belong to the group of field-effect-based potentiometric sensing
devices. These structures feature most of the advantages over the conventional
ISE including properties such as small size, solid-state nature, mass fabrication,
short response time [16]. The structural composition of an EIS structure as a
capacitive layer sequence resembles the basic gate region of an ISFET, which
was initially introduced by Bergveld [[17]. In this work, pH-sensitive EIS structures
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2.2 Field-effect-based potentiometric sensors

were examined within three aspects: (i) for the indirect measurement of dissolved
hydrogen in Chapter|[3] (ii) for the measurement of metabolic activity of microor-
ganisms in Chapter[4], and (iii) as a pH sensor modified with barium strontium
titanate as alternative pH-sensitive material for biogas monitoring applications in
Chapter|[6}

The EIS structure consists of an electrolyte-insulator-semiconductor structure
as shown in Fig.[2.2p. The general sensing principle comprises two effects: The
effect of the concentration-dependent surface potential and the field effect used
to read out the surface potential. The field effect can be explained on the basis
of the electric analogue, being a metal-insulator-semiconductor (MIS) structure.
Therein, the electrolyte-transducer layer is replaced by a metal gate contact (see
Fig.[2.2b). The MIS structure can be described as a parallel-plate capacitor. The
difference and useful property of the MIS structure is, however, that the applied
voltage on the gate modulates the space-charge distribution in the semiconductor
and thus, the capacitance of the MIS structure.

Figure depicts a theoretical C-V curve for an ideal MIS structure. The
procedure for obtaining such a C-V curve includes the application of a DC bias
voltage across the capacitor while superimposing a small AC signal. Depending on
the magnitude and polarity of the applied gate voltage, the C-V curve shows three
distinct regions comprising accumulation, depletion and inversion. These three
states are usually clarified by means of energy-band diagrams and can be found
in detail in many textbooks [18]. Qualitatively, the theory is explained on the
basis of a p-typeE] semiconductor in the following and a schematic representation
of the charge distribution is given in Fig.[2.4}

1An n-type semiconductor shows an identical behavior but the polarity of the voltage and the
charge sign of the charge carriers are reversed.

(a) (b)
Electrolyte
T Gate metal
ransducer material |
Insulator Insulator
emiconductor emiconductor
1 Metal contact 1 Metal contact

Figure 2.2: Schematic illustration of an EIS structure (a) and a MIS structure (b).
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e Accumulation (Vg < Vgg): The application of a negative potential on the
gate electrode attracts positive mobile charge carriers (holes) from the
substrate to the insulator-semiconductor interface (Fig. [2.4p). The MIS
capacitor behaves like a conventional parallel-plate capacitor. Thus, the
total capacitance of the structure is solely defined by the capacitance of
the insulator (C = C)).

e Depletion (Ve;g < Vg < V;): By applying a small positive voltage to
the gate electrode, the electric field pushes the mobile holes from the
interface insulator/semiconductor into the substrate, thereby depleting
the semiconductor of the mobile charge carriers and leaving a negative
charge in the space-charge region, which is due to the ionized acceptor
ions (Fig. ). The width of the depletion region (wy) depends on the
applied voltage, the doping concentration, the dielectric constant and the
insulator thickness [[19]]. The transition between accumulation and depletion
condition is referred to as flat-band condition and occurs at the gate voltage
(Veg) by which the energy bands in the silicon continue horizontally up to
the surface . This condition is met when there is no electric field in the

Accumulation Depletion Inversion

Low measuring
frequency (LF)

C
' s =20
CLFmin ................ ....... ngh measuring
: frequency (HF)
Chpmin |
Vg Vig Vr +Vg

Figure 2.3: Theoretical C-V curve of an ideal p-type MIS structure at high and
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low measuring frequency. ¢: semiconductor-surface potential, ¢5: potential
difference between the Fermi level in the bulk semiconductor E; and the
intrinsic Fermi level E;, C;: insulator capacitance, Crg: flat-band capacitance,
Ciemin: low-frequency minimum capacitance, Cyrmin: high-frequency minimum
capacitance, V;;: gate voltage, V;: threshold voltage (adopted from [19]).



2.3 Solid/liquid interface

(a) Ve < Vi (b) Ves<Vg<Vq (c) V< Vg

‘ Insulator \

Insulator Insulator

(DN CHRCHN)

p-type silicon
Metal contact

p-type silicon

p-type silicon
Metal contact

Metal contact

Accumulation Depletion Inversion

Figure 2.4: Schematic representation of accumulation, depletion and inversion
of an ideal MIS structure (adopted from [18] [19]]).

silicon, and the net-charge density in the silicon is zero.

e Inversion (V; < Vg): If a more positive voltage, which is larger than
the threshold voltage (V4), is applied, the electron concentration on the
interface exceeds the hole concentration and an inversion layer is formed
(Fig. [2.4k). In other words, a thin n-type layer is created within the p-
type semiconductor. The width of the space-charge region has reached its
maximum. In the inversion region, the measured capacitance is strongly
dependent on the measurement frequency. In the low-frequency regime, an
increase of capacitance occurs as the gate-charge fluctuations are slowly
enough that the inversion charge can follow the variation directly. At higher
frequencies, the supply of charge carriers to the inversion layer is not
sufficiently rapid to attain an equilibrium. As a result, C-V curves measured
at high frequencies do not show the increase of capacitance in the inversion

region [18, [19].

2.3 Solid/liquid interface

2.3.1 Electrical-double layer

If a solid surface (electrode) and a liquid are brought into contact, the charges of
the solid surface cause an electric field at the solid/liquid interface. This electric
field attracts counter ions from the electrolyte. The region which contains surface
charges and counter ions is termed electrical-double layer. This arrangement
creates an electrical potential difference between the bulk of the metal electrode
and the bulk of the solution. In general, there are three models for the description
of the electrical-double layer.
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Figure 2.5: Schematic representation of the double-layer according to the
Helmholtz model (a), the Gouy-Chapman model (b) and the Stern model (c) to
describe the electrode-solution interface and the electrical-potential difference
between electrode and bulk solution (potential of the metal ¢ and the bulk
solution ¢gs) adapted from [21], 22].

The simplest model of an electrical-double layer was defined by von Helmholtz
as schematically depicted in Fig. for a negatively charged electrode. In
the Helmholtz layer model solvated-counter ions arrange themselves along the
surface of the electrode but are held away from it by their hydration shell. The
location of the layer of ionic charge, which is called outer Helmholtz plane (OHP),
is identified as the layer through the centers of the solvated ions. In this simple
model, the electrical potential changes linearly within the layer bounded by the
electrode surface on the one side and the OHP on the other side. The inner
Helmholtz plane (IHP) is formed by specifically-adsorbed ions that have discarded
their solvating water molecules and have become attached tightly to the electrode
surface by chemical bonds. Inner and outer Helmholtz layers form the compact
or Stern layer [20]. One drawback of the Helmholtz model is that it ignores
disrupting factors such as diffusion and mixing in the solution. As a result of these
influences, counter ions loosen from the Stern layer and the excess charge is
smeared out in the direction of the electrolyte bulk to form a rather diffuse-double
layer [20] [21].

This diffuse-double layer is also referred as Gouy-Chapman layer, which takes
the disordering effect due to thermal motion into account. As shown in Fig.[2.5p,
the local concentrations of cations and anions differ in the Gouy-Chapman model
from their bulk concentrations. lons of opposite charge cluster close to the
electrode reflecting the counterbalance of ordering forces of the electrical field,
whereas ions of the same charge are repelled from it due to the random thermal
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motion. The Gouy-Chapman theory considers ions as point charges that can
approach the surface arbitrarily close. As a result, the Gouy-Chapman model is
not a very good representation of the structure of highly charged double-layers
causing unrealistic high concentrations of ions near the surface [21].

The Gouy-Chapman model overemphasizes the rigidity of the local solution,
whereas the Helmholtz model underemphasizes its structure [21]. In order to re-
solve this problem, the two models are combined in the Stern model. A schematic
representation of the Stern model is shown in Fig.[2.5k. In the Stern model, the
ions closest to the electrode are constrained into a rigid Helmholtz plane while
outside that plane the ions are dispersed as in the Gouy-Chapman model.

2.3.2 Site-binding model

If the metal layer of the MIS structure is replaced by the electrolyte-insulating
layer (see Fig.[2.2), an additional potential is formed at the interface between
electrolyte and transducer which in turn depends on the analyte concentration.
This potential modulates the flat-band voltage and thus, the width of the space-
charge region of the semiconductor. The mechanism of the interface potential on
the pH-sensitive gate insulators such as SiO,, Ta, O, or Si3N4EI can be explained
by the site-binding model. The surface of any metal-oxide layer comprises neutral
amphoteric hydroxyl groups (MOH). The neutral surface hydroxyl sites of oxides
are either able to bind (MOH;) or release (MO™) a proton according to the following
reactions:

MOH = MO~ +Hj (2.7)

MOH, = MOH +Hj (2.8)

Herein, H; represents the protons in the bulk of the solution. As illustrated in
Fig. at a material-specific pH value, the so-called point of zero charge pszﬂ
the surface potential is equal to zero. At higher pH values (pH > pH,,.), the
oxide surface is negatively charged and at a smaller pH value (pH < Pszc) the
surface is positively charged. A change in pH value changes the oxide-surface
potential. The resulting pH-dependent electrical surface charge of the gate
insulator will lead to a modulation of the capacitance of the EIS structure and thus,
shifts the C-V curve along the voltage axis (see Section Fig.[4.1p). The pH
sensitivity of the capacitive EIS structure at the interface electrode/electrolyte in

2In contrast to oxides, the pH sensitivity of Si;N, is explained by a modified site-binding model,
which is based on the presence of two types of sites (amine, SiNH, and silanol, SiOH) on the
surface [19].

3The PHpyc is 2.5 4 0.3 for SiO,, 2.8 £ 0.3 for Ta, 05 and 3-3.5 for Si;N, [23].
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Figure 2.6: Schematic of the electrolyte-oxide interface with respective surface
groups. Depending on the pH value of the electrolyte solution, the surface
groups can be proton donors (a), neutral sites (b) or proton acceptors (c). The
pH value for neutrality of the surface groups is the point of zero charge (pszc)
modified from [19]].

response to a change of the surface potential is given by:

o kT
=—-2.3—"ag (2.9)
OpHp e

with
1

(2.3-kgT/e*)(Car/Bine) +1
wherein kg is the Boltzmann constant, T is the absolute temperature and e is
the elementary charge. The parameter ag describes a dimensionless sensitivity
parameter, which varies between 0 and 1. The value ag depends on the intrinsic
surface-buffer capacity B, as well as the differential-double layer capacitance
Cq - The surface-buffer capacity B, characterizes the ability of the oxide surface
to accept or donate protons, whereas the double-layer capacitance Cy describes
the ability of the electrolyte solution to adjust the amount of stored charge as
a consequence of a small change in the electrostatic potential. Thus, it can be
concluded from Eq. and Eq. [2.10] that the maximum theoretical Nernstian
sensitivity of 59.1 mV/pH for an univalent ion at 25°C is achieved only if the
parameter ag approaches 1. This is the case for oxides with a high value for
the surface buffer capacity S, (high density of surface-active sites) and a low
value of the differential double-layer capacity Cy, (mainly determined by the ion
concentration). Due to the large surface-site density of Ta, 0, (~10'> cm™?), this
oxide possesses higher pH sensitivity than for instance SiO, with less surface
sites of ~5 x 10* cm™2 [24} [25]. As a result, a nearly Nernstian pH sensitivity for
the material TaO; is obtained in a pH range from pH 2 to pH 12 [26].

ag (2.10)
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2.4 Conductometric sensors

Electrical conductivity is a measure for the ability of a solution to pass electric
current. In contrast to metal conductors that pass electrons, in electrolyte solu-
tions this current flow is carried out by positively and negatively charged ions.
All ions present in the solution contribute to the current flow through the sensor
and therefore, contribute to the conductivity measurement. The electrolyte con-
ductivity o depends on three main factors: (i) the concentration of ions c, (ii) the
ability of ions to move in an electric field referred to as molar conductivity A,
and (iii) the valency z of ions in solution (Eq.[2.11):

O':Z(Am’i'zi'ci) (2.11)

Conductivity cannot be applied for the selective determination of a single type
of ion, unless the sample solution consists of a single salt or the concentrations
of all other ions are known. The molar conductivity A, is mainly influenced by
inter-ionic effects for strong electrolytes and the degree of dissociation for weak
electrolytes. More concentrated salt solutions are expected to exhibit higher
conductivities. This expectation is generally true and fails only at very high salt
concentrations (strong electrolytes) near the solubility limit where the properties
of the electrolyte drastically change mainly due to the limited availability of sol-
vent. In addition, the viscosity of strong electrolytes can be large, which limits the
ion mobility and yield diminished conductivity. For strong electrolytes, the relation
between the concentration and the molar conductivity follows Kohlrausch’s law

(Eq.[2.12):
A=A —AVC (2.12)

Here, A% represents the limiting molar conductivity and A is a constant consider-
ing the inter-ionic effects that occur at finite dilution. A linear relationship is found
for low concentrations if the molar conductivity is plotted as a function of the
square root of the concentration. At infinite solutions, the graphical extrapolation
for diluted solutions of strong electrolytes defines the limiting molar conductivity
A?n. In this case, no inter-ionic effects can occur arising in an independent migra-
tion of cations and anions within the electric field. The limiting molar conductivity
is defined as (Eq.[2.13):

A2 =20 +2° (2.13)

where Ag and QLE are the limiting ionic conductivities of the cations and anions,
respectively. Due to the non-linear relationship between the molar conductivity
and the concentration for weak electrolytes, a linear extrapolation cannot be
executed. Weak electrolytes normally exist in a partially dissociated state such
that some portion of the dissolved electrolyte exists in an uncharged form. This
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fact makes the conductivity of a weak electrolyte much less than would be
predicted [27H29]].

The basic equipment needed to perform a conductivity measurement includes a
conductivity meter, the analyte solution and a conductivity cell, as schematically
depicted in Fig.[2.7] The conductivity meter applies a small alternating electrical

() ()
) G,

< >

\_ /

Figure 2.7: Schematic illustration of a basic conductivity cell.

current to a pair of electrodes immersed in a solution and the voltage drop is
recorded. If the current and voltage are not shifted in phase, the electrolyte
conductivity is inversely proportional to the solution resistance multiplied by the
cell constant K. according to (Eq.[2.14):

— =R, =— (2.14)

The basic parameter of all conductivity cells is the cell constant, which is a scale
factor dependent on the geometry of the sensor and the current path (often
influenced by the overall geometry and volume of the sample). Considering a
solution volume defined by two plane-parallel electrodes, the cell constant is
equivalent to the distance d between the electrodes in relation to their surface

area A (Eq.[2.15): g

K. = a (2.15)
Due to variations in manufacturing tolerances, variations in surface area of the
electrodes as well as Fringe effects on the electric field, the calculation in Eq.
is rather imprecise. For high-accuracy measurements, the cell constant has to
be evaluated experimentally by calibration measurements in standard solutions

having a specific conductivity [30]. Once the cell constant is assigned, the
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conductivity can be calculated from the measured resistance R according to

(Eq.[2.16):
1 d d

o=—-—=G-— (2.16)
R, A A

lonic movement and therefore, conductivity measurement is directly proportional

to temperature. In order to compare conductivity values at different temperatures,

these are commonly related to a reference temperature Ty of 25 °C. Typically, a

linear temperature compensation is immediately performed by the transmitter

according to (Eq.[2.17):

g
Opes = (2.17)
T4 S (T — Tref)
Ao -100%
oy = ———— (2.18)
AT 'GRef

where oy represents the conductivity for the reference temperature Tpe, O
corresponds to the conductivity measured at the present temperature T and ar
is the temperature coefficient of the solution. This temperature coefficient a; can
be experimentally derived or can be found in textbooks for certain salt solutions
[311.
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3.1 Abstract

Real-time and reliable monitoring of the biogas process is crucial for a stable and
efficient operation of biogas production in order to avoid digester breakdowns.
The concentration of dissolved hydrogen (H,) represents one of the key para-
meters for biogas process control. In this work, a one-chip integrated combined
amperometric/field-effect sensor for monitoring the dissolved H, concentration
has been developed for biogas applications. The combination of two different
transducer principles might allow a more accurate and reliable measurement
of dissolved H, as an early warning indicator of digester failures. The feasibility
of the approach has been demonstrated by simultaneous amperometric/field-
effect measurements of dissolved H, concentrations in electrolyte solutions.
Both, the amperometric and the field-effect transducer show a linear response
behavior in the H, concentration range from 0.1 to 3% (v/v) with a slope of
(198.4 £13.7)nA/% (v/v) and (14.9 £ 0.5) mV/% (v/v), respectively.

3.2 Introduction

A stable and efficient operation of the biogas production has the potential to
replace some of the limited fossil fuels [[1]. The use of biogas as energy source
is currently establishing in the group of alternative energies. In general, the
natural process of anaerobic digestion is a relative stable system that occurs in
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nature without the need for precise process control. However, under high loading
conditions, process failures such as disadvantageous biogas yield or stoppage
of the biogas production due to acidification of the medium are known to occur
[2H4]. Therefore, real-time and reliable controlling and monitoring of the biogas
process is crucial for a stable and efficient operation of biogas production in order
to avoid digester breakdowns.

The concentration of dissolved hydrogen (H,) represents one of the most
important parameters for biogas process control in anaerobic digesters [5] [6].
Accumulated H, strongly inhibits the degradation of volatile fatty acids, such
as propionate and butyrate, resulting in a consequent deterioration of normal
operation [7]]. A build-up of hydrogen above a critical concentration of higher
than 0.04 uM has been reported as initial stage of digester overloading [7, 8]. If
hydrogen production exceeds the maximum ability of the methanogenic biomass
to degrade hydrogen, there will be a rapid and large increase in the hydrogen
concentration prior to digester failures. Thus, dissolved hydrogen is a key factor
in the intricate balance between microbial species involved in the multi-step
degradation during anaerobic digestion, making it a useful parameter for biogas
process monitoring and early warning of process disturbances [2), (3], [9H12]].

Most of hydrogen sensors, used for monitoring the anaerobic biogas production,
are based on the detection of H, in the gas phase of the digester [5] [13H15].
Dissolved H, in the liquid medium is thus calculated from the gas fraction, as-
suming that the hydrogen-transfer rate between the gas and the liquid phase is
not limited. However, H, mass-transfer coefficients in anaerobic digesters are
much smaller than those typically found in aerobic fermentation digesters [[16].
That is because the culture broth of anaerobic digestion consists of a complex
physico-chemical composition with respect to the H, solubility [17,[18]. This limits
the rapidity with which an increase in H, concentration in the biomass can be
detected in the gas phase of the digester. As a consequence, serious overloading
of the digester may occur before the raised H, concentration in the gas phase
is detected. Therefore, having a practical, reliable and low-cost instrumentation
that provides a continuous and in-situ measurement of dissolved hydrogen in
anaerobic digesters would be highly advantageous.

In this work, a Si-based combined chemosensor capable for the simultaneous
amperometric/field-effect detection of the concentration of dissolved H, has been
developed for biogas applications. Such a combination of two different transducer
principles for the detection of the same parameter might allow a more accurate,
selective and reliable measurement of dissolved H, as an early warning indicator
of digester failures. The functioning of the developed one-chip integrated dual
amperometric/field-effect chemosensor has been tested in electrolyte solutions
with different concentrations of dissolved H,.
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3.3 Experimental

3.3.1 Structure and functioning principle of the combined H, sensor

The schematic layer structure of the combined dissolved H, sensor and the
measurement setup for the simultaneous amperometric/field-effect detection of
dissolved H, in electrolyte solutions is shown in Fig. . The developed sensor
combines a pH-sensitive capacitive EIS (electrolyte-insulator-semiconductor) sen-
sor consisting of an Al-p-Si-SiO,-Ta, O, structure and two circular-type thin-film
Pt electrodes. The specific feature of the combined H,-sensor chip is the imple-
mentation of the field-effect pH sensor in addition to well-known amperometric
measurements. The field-effect pH sensor is a basic structural element of current
chemical sensors and biosensors [[19H25]] and is used in this approach for an
indirect detection of the dissolved H, gas. This new approach has been intro-
duced by the authors for the first time in [26]. Thus, two transduction principles
are closely combined at the microscale, enabling new electrochemical detection
opportunities.
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Figure 3.1: Schematic structure and measurement setup of the combined
amperometric/field-effect dissolved H, sensor.

The operation principle of the combined sensor structure is assumed to be
as follows. Dissolved H, diffuses to the polarized Pt working electrode and is
electrochemically oxidized according to the following reaction [27, [28]]:

H,— 2e” +2H" (3.1)
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This causes a current depending on the dissolved hydrogen concentration. If
the potential of the working electrode is adjusted (usually +0.55 mV vs. Ag/AgCl
reference electrode) that any hydrogen molecule reaching the electrode surface
is immediately oxidized, then the current will be controlled solely by the diffusion
rate of hydrogen to the electrode surface. The most important difference of
our H,-sensor chip and other macro- or miniaturized amperometric H, sensors
reported in literature [[15] [27], 29, 130], is the existence of the one-chip integrated
field-effect sensor, capable for an indirect detection of dissolved H,. The product
of H, oxidation, i.e., H* ions generated at the working electrode (see Eq. ,
will diffuse to the pH-sensitive gate-insulator surface (in this study, Ta,O.) and
will be detected there. A resulting local pH decrease near the surface of the
pH-sensitive layer leads to a change in the surface charge and thus, modulates
the space-charge capacitance in the Si and consequently, the flatband voltage
and capacitance of the EIS structure. In previous experiments, field-effect de-
vices have been successfully used for the detection of H* ions that have been
electrochemically generated via electrolysis of water [31},[32]]. The output signal
of the combined sensor is considered as "H, signal" only, if the signal changes
of both the amperometric and the field-effect sensor are nearly simultaneous
(with a small delay time necessary for the diffusion of H" ions generated at the
amperometric electrode to the gate region of the field-effect sensor) and if the
signal of the field-effect sensor is shifted towards more negative potentials that
corresponds to an increase of the H* concentration. In this way, the selectivity of
the combined sensor to H, detection can be achieved.

3.3.2 Fabrication of the combined sensor structure

The flowchart for the fabrication of the combined amperometric/field-effect H,
sensor is shown in Fig. For the realization of the field-effect sensor, capacitive
Al-Si-Si0,-Ta, O, (p-Si, p = 10Q2cm; 30nm thermally grown SiO, (Fig. ))
structures with a Ta, O layer as pH-sensitive gate insulator material have been
fabricated. Ta,O; is widely used for field-effect pH sensing, due to its high pH
sensitivity [33]] as well as high corrosion-resistance properties in a wide pH range
[34]. The Ta, O, films were prepared by means of thermal oxidation of an electron-
beam deposited, 30 nm thick tantalum layer in dry oxygen atmosphere at 517 °C
for about 30 min, yielding a ~60 nm thick Ta, O, layer (Fig. ). After etching
the SiO, from the rear side of the wafer, a 300 nm Al film was deposited as a
contact layer for the field-effect sensor (Fig. [3.2k).

For the preparation of the amperometric transducer, a Pt layer with a thickness
of 200 nm was deposited together with an adhesion layer of 20 nm Ti by means of
electron-beam evaporation and patterned as circular electrodes via photolithogra-
phy and lift-off technique, respectively (see Fig.[3.2[d). Platinum has an excellent
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(a) (b) Ta,0s 60 nm
SiO, 30 nm SiO,
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Figure 3.2: Flowchart for the fabrication of the combined dissolved H, sensor:
(a) p-Si wafer with thermally grown SiO,; (b) deposition of tantalum and thermal
oxidation to Ta, O;; (c) etching of SiO, on the rear side and deposition of the
Al back side contact; (d) deposition and patterning of the circular Pt thin-film

electrodes.

electro-catalytic activity for hydrogen oxidation as compared to other metals
[36]. In a following step, the wafer was separated into single sensor chips with
a size of 10 mm x 14 mm and assembled onto a printed circuit board (PCB). For
electrical connection of the field-effect sensor, the Al rear-side contact of the EIS
structure was glued with electrically conductive adhesive onto the PCB substrate.
The front-side contacts to the platinum electrodes were provided by means of an
ultrasonic wedge bonder. Finally, the electrical contacts were encapsulated with
silicone rubber.

3.3.3 Measurement setup

For experiments, the PCB substrate with the combined dissolved H, sensor was
mounted into a home-made measuring cell as it is schematically shown in Fig.[3.1]
The front side of the sensor chip was contacted by the electrolyte and a conven-
tional liquid-junction Ag/AgCl reference electrode (Metrohm). The sidewalls of the
combined sensor chip were protected from the electrolyte solution by means of an
0O-ring, thereby circumventing the need for a complicated encapsulation process.
The contact area of the combined sensor with the solution was about 0.4cm? in
total. Since the response of the field-effect pH sensor is inversely proportional
to the buffer capacity [37], the measurements were performed in a low-capacity
buffer solution to obtain a high sensor signal. As electrolyte, a 0.25 mM polymix
multi-component buffer solution (pH 7) containing 100 mM sodium chloride (NaCl)
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as an ionic-strength adjuster was used [38|, 39]].

The test chamber was provided with a gas inlet and outlet. Hydrogen gas
was dissolved in the electrolyte through a perforated tube. The required gas
composition was obtained by mixing hydrogen and nitrogen in various ratios (from
0 to 3% (v/v) H,) using commercial mass flow controllers (EI-Flow, Bronkhorst
High-Tech). The experiments were performed in a dark Faraday cage at room
temperature (ca. 22 °C) and at a gas flow rate of 100 sccm.

The combined sensor has been characterized by means of amperometry us-
ing a potentiostat (PalmSens handheld potentiostat/galvanostat), and constant-
capacitance (ConCap) method using an impedance analyzer (IM6, Zahner Elektrik).
For the amperometric detection of dissolved H,, a standard two-electrode config-
uration under potential control was used. The potential was set at +0.55V vs. the
Ag/AgCl reference electrode and the hydrogen concentration-dependent current
was sampled every second. The ConCap mode allows a dynamic characterization
of the field-effect EIS sensor. In this mode, the capacitance of the EIS sensor
is kept constant (usually within the depletion region of the capacitance-voltage
curve at ~60 % of the maximum capacitance) using a feedback-control circuit,
and potential changes at the transducer/electrolyte interface were directly moni-
tored. For operation of the field-effect sensor, a DC (direct current) polarization
voltage is applied via the reference electrode to set the working point of the EIS
sensor, and a small AC (alternating current) voltage (20 mV) is applied to the
system in order to measure the capacitance of the sensor. All field-effect mea-
surements were carried out at a frequency of 120 Hz. A custom-made LabVIEW
"virtual instrument" program was developed for experimental control and data
acquisition.

3.4 Results and discussion

3.4.1 pH sensitivity of the capacitive EIS sensor

Before the H, experiments were performed, the pH sensitivity of the capacitive
field-effect p-Si-SiO,-Ta, O, structure has been characterized. Fig. depicts a
typical dynamic ConCap response of the EIS sensor recorded in Titrisol buffer
solution with different pH values. The EIS sensor shows an average pH sensitivity
of 57.4 mV/pH in the linear range from pH 3 to pH 9, which is in good agreement
with pH sensitivity values reported in literature for a Ta, O, layer [34] 140, [41].
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Figure 3.3: Typical dynamic ConCap response of a capacitive p-Si-SiO,-Ta, O,
field-effect EIS structure recorded in Titrisol buffer with different pH values
from pH 3 to pH 9 and corresponding calibration curve (inlet, red line).

3.4.2 Validation of independent functioning of the one-chip integrated
field-effect and amperometric transducers

The functioning principle of the pH-sensitive field-effect sensor is based on the
detection of pH-induced potential changes at the gate-insulator/electrolyte inter-
face, whereas the amperometric detection relies on an electron-transfer reaction
(reduction or oxidation) of an electro-active specimen at the working electrode.
Since the developed dissolved H, sensor combines both transducer principles,
in separate experiments, the independent functioning of the field-effect and
amperometric transducers integrated on one single chip has been investigated.
For this, HCl was added in the measuring solution to stimulate a response of the
field-effect sensor and simultaneously, to study the impact of pH changes on
the amperometric signal. On the other hand, the well-known electrochemically
reversible ferricyanide/ferrocyanide ([Fe(CN),1*"/[Fe(CN),1*) redox couple was
used to clarify whether the signal of the field-effect transducer is affected by the
electron-transfer reactions (without the proton generation) at the amperometric
transducer or not. The results of these experiments are summarized in Fig.
Here, the time-dependent responses of the combined amperometric/field-effect
sensor simultaneously recorded at different measuring conditions are presented.
The working electrode of the amperometric transducer was polarized at a po-
tential of +0.4V vs. the Ag/AgCl reference electrode related to the reduction of
[Fe(CN)6]3‘. A phosphate buffer (0.1 mM, pH 7) adjusted with 100 mM NaCl was
used as electrolyte solution and stirred continuously. The pH value of the elec-
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Figure 3.4: Validation of independent functioning of the one-chip integrated field-
effect and amperometric transducers. The pH value of samples was controlled
with a conventional pH-glass electrode, simultaneously.

trolyte solution was monitored in addition with a conventional pH-glass electrode
(Metrohm).

During the start-up period of the experiment (initial 30 min), both transducers
show a stable response behavior in phosphate buffer. After 30 min, 3 uL HCI
was added to the electrolyte and the titration with HCIl was repeated twice with
titration volumes of 3 uL (34 min) and 10 pL (38 min) HCI. A total potential shift
of 22mV towards more negative potential values was observed for the field-
effect device, which corresponds to a pH decrease of ApH~0.4. An additional
analysis with a pH-glass electrode of samples drawn before and after each titration
step confirmed this pH shift (see Fig.[3.4). On the contrary, the amperometric
transducer shows a stable signal throughout this first part of the experiment and
is therefore, not affected by the pH change of the solution.

In the next step, 5mL of potassium hexacyanoferrate (Ill) (K;[Fe(CN)4]1) was
added to the solution (42 min, 46 min, 50 min) to stimulate redox reactions at
the Pt working electrode. As expected, the amperometric transducer responds
immediately with an increase of the current of about 45 nA after each addition of
K;[Fe(CN)¢]. At the same time, the field-effect sensor signal remains practically
stable (some small changes in the ConCap response could be attributed to an
intrinsic drift of the field-effect sensor), and thus, was not influenced by the
current of the amperometric sensor. The results presented in Fig. not only
underline the functioning of the one-chip integrated field-effect and amperometric
transducers, but also verify their independent functioning that is essential for
further experiments on dissolved H, detection with the combined sensor chip.
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3.4.3 Detection of dissolved H, with the combined
amperometric/field-effect sensor

Fig. demonstrates an example of a simultaneous amperometric/field-effect
detection of dissolved H, in the concentration range from 0.05 to 3% (v/v) H,.
The data were collected by exposing the combined sensor chip to the electrolyte
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Figure 3.5: Simultaneous amperometric/field-effect detection of dissolved H, in
the concentration range from 0.05 to 3 % (v/v) H, (a) and calibration curves of
both the amperometric and field-effect transducer, respectively (b).
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with different concentrations of dissolved H, for 10 min. Prior to the introduction
of a new hydrogen gas mixture, the electrolyte was flushed with nitrogen in order
to remove the residual content of dissolved H,.

The amperometric sensor responded instantaneously to the H, dosage with a
H, concentration-dependent increase of the output current. At the same time,
the ConCap signal of the pH-sensitive field-effect sensor shifted towards more
negative potentials in response to an increasing hydrogen concentration. The
negative signal shift in the ConCap mode corresponds to more positive gate-
surface charges as a consequence of proton generation (see Eq. at the Pt
electrode. The resulting H, concentration-dependent local pH decrease near the
surface of the pH-sensitive layer modulates the flatband voltage and output signal
of the field-effect EIS sensor. For instance, with the 1 % (v/v) H, dosage, the output
signal of the field-effect sensor shifts about (13.5 = 0.1) mV. Taking into account
that the pH sensitivity of the Ta,O.-gate EIS sensor is about 57 mV/pH, this signal
shift corresponds to a local pH change near the surface of the pH-sensitive layer
of ApH~0.25.

As can be seen from Fig. , with ascending and descending H, dosages,
a good correlation between the ConCap response of the field-effect sensor and
the output signal of the amperometric sensor has been observed. The respec-
tive calibration curves of the sensors evaluated from Fig. are presented in
Fig.[3.5b. Both the amperometric and the field-effect transducer show a linear
response in the H, concentration range from 0.1 to 3 % (v/v) with a H, sensitivity
of (198.4 £13.7)nA/% (v/v) and (14.9 £ 0.5) mV/% (v/v), respectively. The lower
detection limit has been estimated to be about 0.05 % (v/v) and 0.1 % (v/v) for the
amperometric and field-effect sensor, respectively. Both transducers displayed
practically no hysteresis (less than 2 nA for the amperometric transducer and
~0.35mV for the field-effect device). The noticeable increase of noise in the
amperometric sensor signal at high H, concentrations might be probably due
to the rather random flow conditions at the Pt working electrode during the H,
gassing.

Fig.[3.6] shows the amperometric and field-effect responses of the combined
sensor chip to 3% (v/v) H, dosage over a substantial number of measuring
cycles (36 cycles). Almost identical maximum output currents of approximately
580 nA were observed for the amperometric sensor over the whole measuring
period, showing the stability and reproducibility of the developed sensor. The
output signal of the field-effect EIS sensor changes about 45 mV in the direction
corresponding to lower pH values. Whereas the amperometric signal was very
stable, a relatively small drift about 2.5 mV/h was observed for the field-effect
sensor.
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Figure 3.6: Amperometric and field-effect responses of the combined sensor
chip to 3% (v/v) H, dosage over a substantial number of measuring cycles (36
cycles).

3.5 Conclusions

In the present work, a one-chip integrated combined amperometric/field-effect
H, sensor has been developed and tested in electrolyte solutions with different
contents of dissolved H,. Both the amperometric and the field-effect transducer
show a linear response in the H, concentration range from 0.1 to 3 % (v/v) with a
slope of 198.4 nA/% (v/v) and 14.9 mV/% (v/v), respectively. With increasing or
decreasing H, dosages, a good correlation between the ConCap response of the
field-effect transducer and the output signal of the amperometric transducer has
been observed.

The obtained results demonstrate the independent functioning of both trans-
ducer principles on the same chip as well as the feasibility of the presented
approach for a simultaneous amperometric/field-effect detection of dissolved H,.
Such a combination of two transducer principles, namely, the amperometric and
field-effect, might allow a more accurate, selective and reliable measurement of
dissolved H, in biogas reactors and can serve as an early warning indicator of
digester failures.

To overcome possible problems related to the functioning of the combined
sensor in real biogas broths, future work will be directed to a direct coupling of the
sensor setup with a biogas reactor via a bypass system filled with a suitable buffer
solution, which will be separated from the biogas medium by a H,-permeable
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membrane (of e.qg., polytetrafluoroethylene). In this way, the selectivity, life-time
and signal-to-noise ratio of the combined sensor can be improved. Moreover, to
achieve a high output signal for the field-effect pH sensor, the bypass system can
be filled with an appropriate low-capacity internal buffer solution.
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4.1 Abstract

Living cells are complex biological systems transforming metabolites taken up
from the surrounding medium. Monitoring the responses of such cells to cer-
tain substrate concentrations is a challenging task and offers possibilities to
gain insight into the vitality of a community influenced by the growth environ-
ment. Cell-based biosensors represent a promising platform for monitoring the
metabolic activity and thus, the "vitality" of relevant organisms. In the present
study, metabolic responses of the model bacterium Escherichia coli in suspen-
sion, layered onto a capacitive field-effect structure, were examined to pulses of
glucose in the concentration range between 0.05 and 2 mM. It was found that
acidification of the surrounding medium takes place immediately after glucose
addition and follows Michaelis-Menten kinetic behavior as a function of the glu-
cose concentration. In future, the presented setup can, therefore, be used to
study substrate specificities on the enzymatic level and may as well be used to
perform investigations of more complex metabolic responses. Conclusions and
perspectives highlighting this system are discussed.
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4.2 Introduction

Applications for biosensors employing living cells are widespread in different scien-
tific fields. Such sensors may be used in drug screening, cell-growth observations,
environmental monitoring as well as for fundamental research of physiologi-
cal processes (see e.g., recent review [1]] and references there). Considerable
research efforts have been devoted to the development of light-addressable
potentiometric sensors (LAPS) [2H5] and ion-sensitive field-effect transistors (IS-
FET) [6] for cellular metabolism and extracellular acidification measurements. In
contrast to ISFETSs, field-effect capacitive electrolyte-insulator-semiconductor (EIS)
sensors are simple in layout, easy and cost-effective in fabrication and usually,
no photolithographic process steps or complicated encapsulation procedures are
required in case of the capacitive field-effect structure [7H11]]. Usually, a simple
O-ring is sufficient for the electrical isolation of the sensor chip from the aqueous
solution.

In this work, metabolic responses of the model bacterium Escherichia coli
(E. coli) in suspension, layered onto a capacitive field-effect sensor, were exam-
ined to pulses of glucose. The gram-negative metabolically versatile model bac-
terium E. coli displays a promising biological system to study cellular responses
to substrate pulses or changing environmental conditions. Such responses can
be monitored when rapidly convertible molecules such as glucose are added to a
suspension culture of vital cells, since their consumption results in an acidification
of the surrounding medium [6), (12}, [13]]. Using a capacitive field-effect sensor, this
pH change can be monitored online, allowing detailed metabolic studies or simply
the use of the system as a device that measures given glucose concentrations in
unknown samples.

Since glucose is the most important carbon and energy source, the genes
for the responsible enzyme machinery are constitutively expressed and, conse-
quently, immediately venturous. Before entering glycolysis, glucose is actively
transported into the cells by a group-translocating system called phosphotrans-
ferase system (PTS) [14] [15]. PTS converts glucose to glucose-6-phosphate
(G-6-P) and, thereby, ensures that active transport is possible even towards a
concentration gradient. The following glycolysis breaks down G-6-P to pyruvate,
which yields two moles of the cell’s energy carrier adenosine triphosphate (ATP)
per mol glucose. Under aerobic conditions, the Krebs cycle and subsequently,
the respiration chain ensures complete oxidation of the carbon to carbon dioxide
(CO,), reoxidizes the reducing equivalents (NADH/H™) and yields the predominant
energy fraction for the cell. However, under oxygen limitation E. coli switches to
fermentation in order to reoxidize the reducing equivalents and partly to regain
energy [16H19]. The fastest way for the cell to do so is by reduction of pyruvate
to lactate, which is readily excreted. Since E. coli is a mixed acid fermenting
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bacterium, ethanol, acetate and even formiate may be formed. However, under
oxygen limitation and especially under overflow conditions, the acetate branch is
the predominant one, since pyruvate is almost completely converted to the acetyl
coenzyme A (acetyl-CoA). With oxygen being limited, acetyl-CoA does not enter
the Krebs cycle and energy regeneration is only ensured via conversion to acetyl-
phosphate and finally, to acetate [[20H28]. Under these conditions, acetate and
lactate are directly excreted and acidify the surrounding medium. This advantage
was exploited in the present study: A cell suspension (unpurged) always runs
rapidly out of oxygen, which is poorly soluble in water. Consequently, glucose
added to the cells is entirely subjected to fermentation, yielding two moles of
acid per mol of glucose. Taking benefit of this correlation, key parameters for a
glucose sensor setup were determined. Optimum scopes for the glucose start
concentration and the cell number were examined and correlations between the
cell number, acidification rate, substrate concentration, surface potential and
acidification time were established. It is evident from our data that these parame-
ters correlate with the applied glucose concentration and can, therefore, be used
for determination of the compound level in general. In view of the presented
results, the setup might as well be exploited in future experiments to gain insight
into substrate specificities.

4.3 Experimental

4.3.1 Functioning principle of a cell-based capacitive field-effect
sensor

The structure and operation principle of the biosensor is shown in Fig.[4.Ij. The
developed pH-sensitive field-effect sensor consists of a p-Si-5i0,-Ta, O, (p-Si,
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Figure 4.1: Structure and operation principle of the capacitive field-effect sensor
setup with E. coli suspension on the sensor surface (a), schematic capacitive-
voltage curve of the EIS in dependence of different substrate concentrations
(b) and constant-capacitance curve (c).
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P =108cm; 30nm thermally grown SiO,, 60 nm Ta, O,) structure. Information
about the fabrication process can be found elsewhere [29] [30]. A suspension
of exponentially grown E. coli cells in Tris-buffered saline (TBS, pH 7.2) buffer is
layered onto the sensor surface. The operation principle of the cell-based sensor is
as follows: The pH-sensitive transducer material (here: Ta,O.) detects variations
in the H*-ion concentration. The resulting local pH decrease near the surface of
the Ta, O, layer changes the surface potential of Ta,O, and thus, modulates the
space-charge capacitance in the Si and consequently, the flat-band voltage and
the capacitance of the EIS structure. This results in a pH-dependent shift (AV) of
the capacitance-voltage (C-V) curve along the voltage axis (see Fig.[4.1p). As
stated before, the proton accumulation correlates with the metabolism of E. coli,
which is a nonlinear biochemical response evaluated in this study using different
parameters.

4.3.2 Measurement setup and data acquisition

For sensor operation, a DC polarization voltage (V) is applied via a reference
electrode (conventional liquid-junction Ag/AgCl electrode, Metrohm) and a rear-
side contact. V. creates a depletion region inside the semiconductor. The width
of this depletion region is additionally influenced by the sensor surface potential
¢, which depends on the local concentration of H* ions. A small AC voltage
(Vac) with an amplitude of 20mV and a frequency of 120 Hz is superimposed in
order to measure the capacitance of the sensor. The realized p-Si-SiO,-Ta, O,
capacitive field-effect structure has been characterized using a cell suspension
with different glucose concentrations by means of C-V and constant capacitance
(ConCap) methods using an impedance analyzer (Zahner Elektrik; see Fig.[4.1p-c).
The ConCap mode allows a dynamic characterization of the field-effect EIS sensor.
In this mode, the capacitance of the EIS sensor is kept constant (usually within the
depletion region of the C-V curve at ~60 % of the maximum capacitance) using
a feedback-control circuit, and potential changes at the transducer/electrolyte
interface are directly monitored.

For the measurements, four field-effect sensors from one wafer were mounted
into a home-made measuring cell in parallel, contacted on their front sides by
electrolyte and a combined reference electrode, and on their rear sides by four
gold-plated pins. The side walls and backside contacts of the field-effect sensors
were protected from the electrolyte solution by means of an O-ring, thereby
circumventing the need for a complex encapsulation process. The contact area of
each sensor with the cell suspension amounted to 37.5 mm?. All measurements
were performed in a dark Faraday cage at room temperature. For the measuring
procedure, a volume of 2 mL was applied to the four EIS surfaces and the sensor-
output signal was recorded in the ConCap mode for several minutes until the

56



4.3 Experimental

sensor signal stabilized (see stabilization period (1) in Fig.[4.Ik). Subsequently,
the desired glucose pulse was added to the cell suspension. This leads to an
immediate production of extracellular protons and, therefore, to a pH drop over
time. This period is referred to as the acidification period (Fig. [4.Ic) and is
followed by a second stabilization period (2) at the point of glucose consumption
or metabolic stagnancy, respectively.

4.3.3 Extracellular acidification rate and data analysis

As introduced vide supra, the extracellular acidification rate displays the immedi-
ate response of the cell collective to glucose consumption via excretion of acidic
waste products. The acidification rate indicates the amount of H* ions produced
on average per cell and per second. By determining the potential-change rate ¢
(¢ = Ap/At; see Fig.[4.1), the acidification rate can be calculated according to
Refs. [31] [32]]. For determination of the acidification rate «a, the potential-change
rate ¢, the Avogadro constant N,, the specific pH-buffer capacity 8 (0.7 mM/pH
for TBS), the volume V (2 mL) of the suspension, the pH sensitivity S (58 mV/pH)
and the cell number n are required. Eq.[4.1] highlights the relation between the
potential-change rate ¢ and the acidification rate a.

N,BV
Sn

a=g (4.1)
The potential-change rate ¢ within the acidification period was estimated by
linear regression during the first 10 min as schematically represented in Fig. [4.1.
This procedure was applied on the basis that the correlation between a and the
glucose concentration follows Michaelis-Menten kinetics, which accounts for the
measurement of initial maximum velocities. Apart from the acidification rate a, an
additional parameter is introduced: The time between stabilization period (1) and
stabilization period (2), referred to as acidification period, is termed acidification

time t, (see Fig.[4.1k).

4.3.4 Preparation of cells and buffers

All measurements in this study were performed using E. coli strain K12. For
cell preparation, 50 mL M9-minimal mediurrE] supplemented with 1 mM thiamine,
50 uM FeSO,, 1 mg Lt pantothenate and 20 mM glucose in 500 mL baffled flasks
were inoculated 1:100 with an overnight culture in the same medium and grown
for 12 - 16 h at 37 °C and 300 rpm. Cells were harvested at the point when the

IM9-minimal medium is a culture medium for microorganisms that contains the minimal necessities
for growth. It basically contains a carbon source (in this case glucose), inorganic salts, and
water.
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culture attained an optical density (ODgponm) Of 0.4 — 0.8 (exponential growth
phase). For harvesting, cells were pelleted (16.000g, 1 min), washed twice with
TBS and resuspended in the appropriate volume of TBS to reach the desired
OD. During exponential growth, an OD of 1 corresponds to a cell number of
1 x 10% cellsmL™?, a correlation used throughout the study. Resuspended cells
were either used directly for sensor measurements or stored for up to 8 h in the
fridge without loss of activity. A glucose stock solution (200 mM) was prepared
with TBS. All buffers and substrates were purged with N, before usage to remove
dissolved oxygen.

4.4 Results and discussion

Glucose uptake and catabolism in living cells is a biochemical cascade involving
a battery of enzymes. Consequently, a response in form of an acidification
is a kinetically intricate phenomenon, depending on several factors. As a first
approximation, the system can be described as multiple-coupled enzyme catalysis
with one or more steps being rate-limiting. The glycolytic enzymes, however, are
constitutively produced and capable of converting G-6-P at maximum rate even
when trace levels of cytosolic substrate are present. It has been demonstrated,
that the rate limiting-step in this cascade is the glucose uptake system, namely
the PTS [33]. Evolutionarily justified, this could be mainly due to the fact that
organisms have to cope with low substrate concentrations rather than exuberance
in their native habitats.

Figure [4.2] exemplarily depicts a typical dynamic ConCap response recorded
with a cell-based capacitive field-effect sensor. After a stabilization time of 10 min,
glucose was added to the cell suspension on the sensor surface. Upon substrate
pulsing indicated by the black arrow, an immediate acidification was observed.
Following an initial maximum velocity, the acidification rate decreases and finally
disperses at the point of glucose consumption (second stabilization period).

Applying different glucose concentrations in the range between 0.05 - 2 mM, it
was found that the initial maximum acidification rate a follows Michaelis-Menten
kinetic behavior as a function of the glucose concentration as depicted in Fig.[4.3p.
For calculation of the kinetic parameters, data were additionally plotted in the
double-reciprocal Lineweaver-Burk plot in Fig.[d.3p. The two characteristic values,
which can be obtained, are the maximum acidification rate a,,,x and the Michaelis
constant Ky, that is the substrate concentration at which the reaction rate is half
of Apay- Ky values of 0.22 mM (Hill-Fit; dashed line; Fig.[4.3k) and 0.27 mM (linear
fit; dashed line; Fig.[4.3p) were obtained, which is in good agreement with the
values previously reported for enzyme Il (EII®') of the PTS glucose permease
of E. coli (0.22 mM) [34]. These data are consistent with the earlier presumption
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Figure 4.2: Dynamic ConCap response of all four sensors with 1 x 10° cells mL™!
in TBS. After a stabilization time of 10 min, 0.1 mM glucose was added to E. coli
in suspension indicated by the black arrow.

that the PTS is the rate-limiting enzyme in glucose fermentation and that further
breakdown of G-6-P after translocation into the cytoplasm proceeds at maximum
velocity [33].

A second parameter for possible calibration of the potential glucose sensor is
the acidification time t, (see Fig. as a function of the glucose concentration.
The acidification time is calculated from the initial point of glucose addition to
the point where the slope slabs, determined by using the first derivative of the
surface-potential change-rate ¢. Using the same experimental data set, the rela-
tion between acidification time and glucose concentration is presented in Fig.
The acidification time prolongs with increasing glucose concentration. This is
explainable as follows: While the acidification rate a is calculated from the initial
potential-change rate ¢ and, consequently, displays the maximum activity of the
PTS, the acidification time is a function of the glucose concentration as well as the
pH. The pH value drops during the measurement, thereby increasingly inhibiting
the biological activity. At the same time, substrate levels subside, which further
slows down the uptake rate. This inhibition might be demonstrated on the basis
of our data: For a glucose concentration of 2 mM, an acidification rate a of approx-
imately 81 x 10*H* s™! cell™ was determined (see Fig. ), which corresponds
to0 4.86 x 10*H* min! cell™t. Hence, for a cell density of 1 x 10° cellsmL™* and
a volume of 2mL as usually applied, 9.72 x 10** H min™! are generated. Fur-
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Figure 4.3: Acidification rate a (mean value of all four sensors; calculated by
Eq[4.1]) as a function of the glucose concentration follows Michaelis-Menten
kinetic model (a), and corresponding double-reciprocal Lineweaver-Burk plot
(b). The error bars in (a) specify the standard deviation of the four sensors and
the dashed lines indicate the Hill-Fit and the linear fit, respectively. For the
experiment, a cell number of 1 x 10° cellsmL™! was used.

thermore, a glucose concentration of 2mM in 2 mL suspension yields 2.41 x 108
glucose molecules. Assuming a production of two protons for each glucose
molecule, 4.82 x 10 H* are theoretically produced. These assumptions allow
a comparison between the expected acidification time with the experimental
acidification time. For this, 4.82 x 10'® H* is divided by 9.72 x 10 H* min~!.
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Figure 4.4: Acidification time t, as a function of the glucose concentration of
the data presented in Fig. The acidification time increases asymptoti-
cally with the glucose concentration. For the experiment a cell number of
1 x 10% cellsmL™! was used. The error bars indicate the standard deviation of
the four sensors.

Thus, the cells should theoretically consume the glucose within 50 min, while an
acidification time t, of 87 min was determined. This discrepancy demonstrates
that the acidification time is a function of a, capturing not only the initial maxi-
mum activity but also its decrease over time resulting from a shift towards more
unfavorable conditions. Furthermore, as depicted in Fig. there is no sharp
transition from the acidification period to the stabilization period (2) as introduced
in Fig.[4.Ilc. This could lead to an inaccurate determination of the acidification
time. As expected, both acidification rate a and acidification time t, strongly
depend on the number of cells present in the suspension. For convenience, regu-
lar determinations of both parameters were performed using 1 X 10° cellsmL™?
(ODgoonm = 1). However, we investigated the influence of different cell numbers
on both a and t, and found remarkable correlations in a range of 0.5 cellsmL™*
to 3 x 10° cellsmL ™. The acidification rate follows a saturated fit behavior, while
the acidification time values may be correlated using an exponential decay-like fit,
which in both cases points to an inhibiting factor. This may be explained by the
following two considerations: Higher cell numbers lead to a higher pH change in
the surrounding medium. Consequently, the pH value of the medium distinctively
differs from physiological conditions. As a result, the enzyme activity is naturally
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Figure 4.5: Correlation between the acidification rate a as well as the acidifica-
tion time t, and the cell number. The error bars indicate the standard deviation
of the four sensors.

inhibited affecting the acidification rate as well as the acidification time, which is
a function of a. Bearing in mind that the cell suspension is a non-stirred solution,
a higher cell number increases the contingency of aggregation, which might
affect or disturb the diffusion or substrate molecules to reach the underlying
cell layer (directly on the chip surface). This inhibition might as well affect both
the maximum acidification rate and the acidification time (Fig. [4.5). Another
interesting phenomenon with regard to metabolic control mechanisms by cells
was observed when the monitoring of the potential-change rate ¢ was prolonged
beyond the second stabilization time (stabilization period (2) in Fig.[4.Ic). At this
stage, glucose is entirely consumed and the waste product acetate is present
in significant concentrations. We observed that after a sufficient time period,
a realkalinization to almost the original pH took place, although at significantly
lower ¢ than the acidification (data not shown). This is explainable by the fact
that E. coli is able to reutilize acetate via a glyoxylate cycle, provided the cells
are adapted, which takes minutes to hours depending on the concentration of
acetate. This finding is in agreement with earlier publications [35] and clearly
opens up the possibility to use the same sensor setup for future experiments
regarding the measurement of acetate and a wide range of different substrates
utilizable by certain organisms.
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4.5 Conclusions and outlook

The present study displays the capabilities of a field-effect sensor applied to
basic metabolic studies. This was demonstrated using an on-chip suspension of
E. coli, a well-studied model bacterium. Upon addition of defined concentrations
of glucose in an oxygen-limited setup, immediate acidification of the surrounding
buffer occurred, which was monitored by the sensor. Correlations between
cell number, glucose concentration, acidification rate and duration of the latter
were clearly demonstrated to follow nonlinear complex biochemical behavior.
Careful evaluation determined the correlation between initial acidification rate
and glucose concentration to mimic enzyme kinetics of highly specific glucose
uptake system of E. coli.

In future studies, this direct enzymatic correlation might clearly be exploited
to adapt this setup to different substrates as well as different organisms. Since
substrates such as lactose, which require an additional hydrolytic step, are ex-
pected to lead to a more complex response captured by the sensor, the setup
employed might open up possibilities to create substrate-, concentration- as
well as cell-specific fingerprints in form of an acidification behavior. Examples of
other organisms and nutrient combinations are described in Ref. [12]. Cell-based
capacitive field-effect sensors in general might as well be applied to cell-growth
observations and fermentation processes in the field of food or pharmaceutical
industry. Their sensitivity to different nutrients as well as inhibiting substances
that are affecting the metabolic activity might serve as an overall indicator to
define the status of fermentation processes. Likewise, the vitality of microbial con-
sortia present in highly sensitive syntrophic communities, like biogas fermenters
could be monitored with such a setup by simply adding a complex substrate to
a portion of withdrawn reactor content. Studies highlighting these issues are
currently underway.
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4.8 Supporting information

In the present study, metabolic responses of the model bacterium E. coli in sus-
pension, layered onto a capacitive field-effect structure, were examined to pulses
of glucose. As mentioned in Section[1.3.2] the monitoring of metabolic activity
also involves the identification of relevant organisms of the biogas production pro-
cess. Within the Institute of Nano- and Biotechnologies at the Aachen University of
Applied Sciences research activities were conducted in recent years in the field of
quantification of organisms relating to environmental conditions and performance
of the biogas production process. Due to the syntrophic and complex interrelation
of microorganisms, none of the organisms involved can fulfill its function without
the partner of the other group. The versatile model bacterium E. coli can be
easily cultivated and, more importantly, is able to metabolize selectively acetate,
which is a relevant intermediate produced during anaerobic digestion. For further
exploitation of the cell-based sensor, E. coli was immobilized directly on the
Ta,O,-sensor surface. For the realization of differential-mode measurements, a
measuring cell was designed capable of holding four EIS sensor chips at the same
time. The metabolic responses of E. coli towards glucose as well as acetate were
studied.

4.8.1 Immobilization of microorganisms

In order to determine the acidification rate over time, it is necessary to fix the
microbes on the sensor surface. In this study, the performance of E. coli immobi-
lized by gel entrapment on the Ta, O, surface was examined. This immobilization
technique is widely used if cells are not growing adherently such as many bacteria
[36]. The distinct interest in this technique is a result of its undoubted advan-
tages in contrast to other immobilization techniques, such as controllable pore
size, no need for reactive groups for the attachment to an insoluble support and
high residual cellular activity [[37]. Selecting an appropriate gel matrix, the gel
thickness, the complete coverage of the gel on the sensor surface, the nutrient
transport through the gel as well as the long-term stability of the gel were taken
into consideration. As gel matrix a polyacrylamide (PAA) gel with a composition
specified in Table[4.I]was chosen. In a test phase, the ratio of acrylamide and
bisacrylamide as well as the concentrations of the radical initiators ammonium
persulfate (APS) and tetramethylethylenediamine (TEMED) were varied and opti-
mized. The aim of this study was to obtain a layer as thin as possible to ensure a
sufficient mass transport of substrates and products. Microscopic observations in
Fig.[4.6] affirm that the gel matrix is a survivable habitat for E. coli.
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Table 4.1: Optimized composition of the polyacrylamide gel for immobilization
of microorganisms on the Ta, O surface of the sensor chip.

Components Volume (uL)
Mircoorganisms in tris-buffered saline (TBS; pH 7.2) 80.0
Acrylamide : Bisacrylamide (ratio 37.5: 1.0) 10.0
Ammonium persulfate (APS) 5.6
Tetramethylethylenediamine (TEMED) 4.4

Figure 4.6: Microscopic picture of E. coli K-12 in polyacrylamide gel.
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4.8.2 Differential measurement setup

For experiments, a measurement cell was designed to perform differential-mode
measurements of up to four pH-sensitive field-effect sensors with one reference
electrode in parallel. In Fig. a schematic cross section of the measurement
cell and the differential-mode setup is shown. Thus, differential measurements
can be obtained between active sensors with immobilized cells and reference
sensors without cells. The aim of obtaining differential signals is to reduce

Impedance
analyzer

Vaci[Cell

Electrolyte

Gel + E. coli

T XY

Active sensor

Ggl only O-ring

Reference sensor

Rear-side
contacts

Figure 4.7: Schematic cross section of the measurement cell and the differential-
mode setup with one sensor chip with E. coli immobilized by gel entrapment
and the other without microorganisms as reference sensor.

external influences such as sensor drift, temperature fluctuations and external
pH changes that might interfere. For preparation of the active sensor, E. coli
with an optical density ODgypnm = 10 (10 X 10° cellsmL™) were cultivated as
described in Section diluted after harvesting in TBS buffer and mixed with
the other components specified in Table[4.1] For the preparation of the reference
sensor, only gel was implemented without E. coli. A volume of 20 uL gel was
applied to each sensor surface forming a height of approximately 520 um gel on
top of each sensor. It is important to mention that also other gel compositions
were utilized to reduce the gel thickness. This was performed by decreasing
the volume of APS and TEMED in order to create a less solid gel. In addition, to
induce hydrophobicity to the sensor surface a pretreatment was performed by
means of an oxygen plasma. However, all these attempts failed due to insufficient

2In Section the cultivation of E. coli for a glucose-measuring system is specified. For the
cultivation of E. coli for an acetate-measuring system, sodium acetate is used as carbon source
instead of glucose. Further details are given in Sectionm
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Figure 4.8: Biosensor test system for glucose and acetate measurements: a)
photograph of the measuring cell hosting four EIS-sensor chips; b) sensor chip
with immobilized microorganisms by gel entrapment (active sensor); c) sensor
chip with gel only (reference sensor).

surface coverage. The gel spread to the sides and by doing that, the center of
the sensor was left without gel. In Fig. [4.8p, a photograph of the measuring
cell including four pH-sensitive field-effect sensors is shown. Fig. depicts
the sensor surface with immobilized E. coli and Fig. illustrates the sensor
surface with polyacrylamide gel but without bacteria. The sensor with E. coli
avoids optical transmission, therefore, the surface with bacteria appears white,
whereas the normal gel is transparent and the Ta,O.-surface is visible. The gel
showed good adhesion to the sensor surface and appeared stable over long time
of about 48 h in solution.

4.8.3 Differences between an E. coli-based glucose- and
acetate-measuring system

E. coli employ the "mixed acid" fermentation pathway. The mixed acid pathway
makes alternative end products and in variable amounts (e.g., lactate, acetate,
formate, ethanol, carbon dioxide) [38]]. Thus, E. coli are able to metabolize glucose

Table 4.2: Differences between an E. coli-based glucose- and acetate-measuring
system in terms of the requirements for the cell preparation.

Glucose-grown cells  Acetate-grown cells

Bacteria E. coli K-12 E. coli K-12
Cultivation M9-minimal medium M9-minimal medium

+ 20 uM glucose + 25 - 50 uM sodium acetate
Harvesting Begin or middle of Begin of

exponential phase exponential phase
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Table 4.3: Differences between an E. coli-based glucose- and acetate-measuring
system in terms of the measuring principle.

Glucose-grown cells Acetate-grown cells

Substrate Glucose Acetate and glucose
O, condition O, not necessary O, mandatory
Response behavior Acidification Alkalinization (acetate) /

Acidification (glucose)

as well as acetate. However, there are some differences in the cell preparation,
which are displayed in Table [4.2] and have to be taken into consideration. The
preferred carbon source for E. coli is glucose. In order to utilize less preferred
carbon sources, such as acetate, the bacterium needs to adapt its metabolism
already at the state of cultivation. To understand the experiments in the following,
the characteristics of the glucose- and acetate-measuring system in terms of
the measuring principle should be mentioned as well. As shown in Table
glucose-adapted E. coli are only able to metabolize glucose, whereas acetate-
adapted E. coli are capable to metabolize both acetate and glucose, respectively.
Oxygen is mandatory for E. coli to metabolize acetate, while no oxygen is needed
for the metabolism of glucose. The expected sensor response of the E. coli-
based sensor towards a glucose pulse is an acidification and towards an acetate
pulse an alkalinization resulting either in a decrease or increase of the pH value,

respectively (see Fig.[4.1p).

4.8.4 Measurement of acetate and glucose

A typical response behavior of the acetate-measuring biosensor system is de-
picted in Fig.[4.9a. The measurement setup consisted of four pH-sensitive field-
effect sensors. Two of them served as reference and two sensors were provided
with acetate-adapted E. coli immobilized in PAA gel (active sensors). A high con-
centration of E. coli with an ODgg,m, Of 10 was utilized in the case of the active
sensors and a total gel volume of 20 uL was applied to each sensor surface. As
can be seen from Fig.[4.9p, the two reference sensors (1 and 4) as well as the two
active sensors (2 and 3) follow the similar characteristics. The differential signals
from Fig are shown in Fig.[4.9p, in which the signal from sensor 4 has been
chosen to be the reference for the two active sensors 2 and 3. In order to obtain a
stable sensor signal, the sensors were conditioned with TBS buffer. Due to the fact
that the intended stabilization did not occur even after 65 min, 3 mM acetate was
added to the sensors. After approximately 25 min a clear alkalinization due to the
microorganisms was observed. This is identified as a positive potential shift of ap-
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Figure 4.9: (a) Surface potential shifts of all four sensors (with (active; sensor
2 and 3) and without (reference; sensor 1 and 4) E. coli immobilized by gel
entrapment) obtained by applying repeating acetate and glucose pulses. (b)
Potential difference, calculated by the subtraction of reference sensor 4 from
the active sensors 2 and 3, at different acetate and glucose concentrations.
TBS was used for stabilization. The arrows indicate the time at which the
measurement medium was changed. The concentration values imply the
acetate and glucose concentrations in TBS buffer.
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proximately 45 mV starting at minute 100 followed by a stabilizing sensor signal,
which can be attributed to the acetate consumption of E. coli. A further increase
of 3.2mV is shown after a second application of 3 mM acetate. Repeatedly and
alternately TBS buffer for stabilization and acetate for alkalinization was applied
to the sensors. Slight changes were noticeable, however, not comparable to the
first alkalinization response. To demonstrate the vitality of the microorganisms,
3 mM glucose was added, which resulted as expected in a significant acidification.
A reason for the stagnating alkalinization response may rely on the fact that E. coli
needs oxygen to degrade acetate. After the first and main alkalinization event,
most of the dissolved oxygen in the electrolyte may have been consumed.

In order to use acetate as a carbon source, E. coli must adapt its metabolism.
In the case of conventionally used "standard media" to cultivate cells (e.g., LB
medium or M9-minimal medium with glucose) no alkalinization due to acetate
addition will occur. Thus, a specific cultivation strategy with sodium acetate as
carbon source as specified in Table [4.2] was used to adapt the cells to acetate
already at the state of the cultivation.

The oxygen dependence of the acetate-measuring system represents a difficult
task regarding its direct use in a biogas digester (in-line) that is known to pre-
suppose strictly anaerobic conditions. To overcome this problem, this cell-based
acetate-measuring system could be coupled with the biogas digester via a bypass
system. In this way, the acetate-measuring system could be supplied with addi-
tional oxygen. Although, a direct application of the system in a real fermenter
requires further optimization steps, the functionality of such an acetate-sensitive
biosensor based on E. coli was demonstrated.
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5.1 Abstract

A miniaturized capacitively coupled contactless conductivity detection (C*D) sen-
sor based on high-k perovskite oxide of barium strontium titanate (BST) has been
implemented for the first time. The BST film (~120 nm thick) of Bag 555rq 75TiO;
composition were prepared on a p-Si-SiO,-Pt structure by pulsed laser deposition
technique using BST targets fabricated by the self-propagating high-temperature
synthesis method. The Pt electrodes were buried into the SiO, layer to obtain a
planar structure. For comparison, contact-mode electrolyte-conductivity (EC) sen-
sors without the protective BST layer were also fabricated. To study the influence
of the protective BST layer, both sensors were characterized in electrolyte solu-
tions with various conductivities using two- and four-electrode operation modes.
The impedance spectra were recorded in a frequency range from 1 Hz to 1 MHz.
An equivalent circuit of the C*D sensor is discussed as well.

Both, the EC and C*D sensor, demonstrate nearly identical sensor characteris-
tics. The obtained results clearly show the benefits of the use of the BST-based
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5 Capacitively coupled electrolyte-conductivity sensor

C*D sensor in a four-electrode configuration for contactless conductivity mea-
surements. A linear dependence between the measured conductance and the
electrolyte conductivity is obtained in a wide range of electrolyte conductivity
from 0.3 mS/cm to 50 mS/cm. Moreover, typical problems associated with contact-
mode EC detection such as the effect of possible redox processes, contamination
and fouling of electrodes during continuous measurements can be minimized,
thus, enhancing the life-time of conductivity sensors considerably.

5.2 Introduction

The measurement of electrolyte conductivity (EC) is nowadays common practice
in analytical chemistry, process industry, food analysis and water-quality control
[1H3]. In addition, a manifold of applications can be found in pharmacology, blood
and urea analysis, and tissue-perfusion measurement as well as in the chemical
and biological sensing field for the detection of a wide range of biochemical
species, (e.g., amino acids, proteins, peptides, DNA), explosives and chemical
warfare agents [4H6]]. Usually, EC measurements are performed using nearly
ideally polarizable inert metal electrodes (e.g., platinum or gold), which are in
direct contact with the electrolyte. Generally found problems of contact-mode
EC detection techniques are bubble formation due to electrolysis, the effect of
redox processes and double-layer capacitance as well as contamination and
fouling of electrodes during continuous use. As a consequence, the life time of
the EC sensor can be shortened considerably [[7H11]. These problems play a
less dominant role in the sensor behavior, when the electrodes are electrically
insulated from the electrolyte solution. For this, the electrodes are covered with
a thin protective layer and the sensor couples capacitively with the electrolyte
(so-called capacitively coupled contactless conductivity detection, abbreviated
as C*D). As a result, the formation of gas bubbles and degradation of electrodes
can be prevented, thereby allowing the application of a wide variety of electrode
materials. However, this protective layer introduces an additional capacitance,
which raises the electrode impedance. As a consequence, C*D sensors have a
lower sensitivity when compared with contact-mode conductivity detection and
require an application of higher measuring frequencies because the capacitance
of the protective layer is usually much lower than the double-layer capacitances of
non-protected electrodes [9][12] [13]. In order to overcome these drawbacks and
improve the C*D sensitivity, different strategies have been described in literature.
These include, for instance, increasing the detection area [[14], minimizing the
stray capacitance arising from direct capacitive coupling between the electrodes
[15] [16] and the application of thin protecting materials having a high dielectric
constant (e.g., Ta, O, [81, SIiC [17], TiO,-doped protecting layer [18]). In this
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context, due to the multi-functional material properties and high permittivity,
perovskite oxides could be very attractive as protective material for those C*D
sensors.

In this paper, a novel C*D sensor using a high-k perovskite oxide film of barium
strontium titanate (BST) as protective layer has been developed. BST belongs to
the most popular ferroelectric materials exhibiting unique ferroelectric, pyroelec-
tric, piezoelectric, microwave and electro-optic properties [19421]]. Recently, BST
films of various compositions have been used as pH-sensitive material in semicon-
ductor field-effect-based pH sensors [22H24]. The developed C*D sensors with a
thin protective BST layer were tested in a two- and four-electrode configuration
in different conductivity standard solutions. For comparison, contact-mode EC
sensors (without a protective BST layer) were also fabricated and characterized.

5.3 Experimental

5.3.1 Self-propagating high-temperature synthesis (SHS) of BST

The perovskite oxide of Bag 555r( 75TiO; composition has been synthesized by
means of the SHS method using home-made technological equipment [25]]. In
comparison to the conventional high-temperature ceramic technique, the SHS
method provides a short synthesis time and improved material properties. By
variation of the initial mixture components and the combustion conditions, it
is possible to produce multi-phase materials with a given chemical and phase
composition. In addition, the SHS method is simple, ecologically clean, wasteless,
energy-saving, highly productive and cost-effective [22],26].

Details of the process steps of the BST synthesis are described in [22]. Briefly,
the initial materials (Ti, TiOZ, SrCO3 and BaOz) have been milled to powder with
grain sizes of about 5 - 10 um. Then, the mixture of reactant powders is placed
in a quartz-tube reactor and ignited by a heated wire. After initiation, a highly
exothermic combustion of the powder mixture proceeds in the mode of self-
propagation that converts the initial materials into the final high-quality product
with a minimal amount of impurities. To prepare targets for the pulsed laser
deposition (PLD) process, the synthesized SHS product has been milled to grains
of 0.5 — 5um, pressed into cylindrical pellets, and then heated at 1350 °C for
4-5h.

5.3.2 Fabrication of the C*D sensor chip and physical characterization
of the BST film

Planar four-electrode C*D chips were fabricated by means of conventional silicon
and thin-film technologies. The flowchart of the technological process steps
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(a) Wet oxidation of Si (b) Photolithography (c) Development (d) HF etching
= B E £ BST
1 Ti/Pt
- 1 Photoresist
1 Sio,
(e) Metallization ) Lift-off process (g) BST deposition 1 p-Si

Figure 5.1: Fabrication-process flow of the planar EC sensor (a-f). The final c*D
sensor with a protective BST layer is presented in (g).

is schematically shown in Fig. . Initially, a 440nm SiO, layer was grown
(Fig. ) by thermal wet oxidation on a silicon substrate (p-Si, p = 1000 cm,
Topsil Semiconductor Materials, Denmark). This thick SiO, layer was used to
reduce the influence of the parasitic capacitance of the SiO, and the Si resistance
on the electrolyte-conductivity sensor. Then, a photolithography process was
done to define a trench area for burying of the metal electrodes (Fig. [5.1p-c).
In order to bury the metal electrodes into the SiO, layer and thus, to achieve a
planar sensor surface, shallow trenches with a depth of ~175nm were obtained
by etching the SiO, with hydrofluoric acid (Fig. ). In a next step, the Ti/Pt
layers were deposited by means of electron-beam evaporation (Fig.[5.1) followed
by a lift-off process (Fig.[5.If). A thin layer of ~10 nm Ti served as adhesive layer
and ~165 nm Pt as electrode material. Each of the four electrodes had a length
of 4mm and a width of 1 mm with an inter-electrode spacing of 1.3 mm between
the inner electrodes and 0.1 mm between the inner and outer electrodes. The
processed wafer was diced into separate chips (chip size: 10 mm x 10 mm). Part
of these chips was used for contact-mode EC sensors, while another part was
covered with a protecting BST layer to complete the C*D sensors. The BST
films (~120nm thick) of Bag ,55ry 75TiO; composition were prepared by PLD
technique using targets fabricated by the SHS method (Fig. [5.1lg). The main
advantages of the PLD technique are the compatibility with silicon technology,
the short deposition time, the possibility of deposition of insulators as well as
of multi-component materials. To protect the bond pads, the BST films were
deposited using a Si-shadow mask. The deposition was performed in an oxygen
atmosphere (gas flow 30 ml/min, pressure 2 X 103 mbar) using a KrF-excimer
laser (wavelength 248 nm, pulse length 20ns, pulse frequency 10Hz and an
energy density of 2.5)/cm?). The photo of the fabricated four-electrode C*D chip
with BST as protective layer is presented in Fig.

In a next step, the four-electrode EC and C*D chips were mounted to custom-
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Figure 5.2: Photograph of the fabricated four-electrode C*D sensor chip with
BST as protective layer.

made printed circuits boards. Electrical connection was provided by means of
ultrasonic wedge-wedge bonding. Finally, contact pads and bond wires were
encapsulated by silicone rubber (RTV 118, Momentive Performance Materials Inc.,
USA) for electrical isolation from electrolyte solution.

The prepared BST layers have been physically characterized (thickness, stoi-
chiometry and crystal morphology) by means of random Rutherford backscatter-
ing spectrometry (RBS), scanning electron microscopy (SEM) and X-ray diffraction
analysis (XRD) methods. RBS was performed using 1.4 MeV He" ions. Figure
depicts a typical RBS measurement of a BST film deposited on a Si substrate. The

Energy / MeV
0.8 1.0 1.2

Normalized yield

0 L I 1 1 ]
200 400 600 800 1000
Channel
Figure 5.3: RBS measurement of a Bag 555rg 75 TiO5 (120 nm) film deposited on

a Si substrate. Simulation (solid line) is compared to experimental data (full
squares).
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measured RBS spectrum is in good agreement with the simulation performed with
Rutherford universal manipulation program (RUMP) [27]. Clear steps correspond-
ing to the constituent elements (Ba, Sr, Ti, O) were detected. The energy edges of
the respective elements are indicated by arrows. The analysis of the RBS measure-
ment verifies the stoichiometric composition of the deposited Bag ;55rq 75TiO;
and gives a layer thickness of 120 nm.

FigureHshows a cross-sectional SEM picture of the layer stack p-Si-SiO,-Ti-Pt-
BST with a buried Pt electrode. This SEM image was obtained using focused-ion
beam for sample preparation resulting in perpendicular profiles. For this proce-
dure an additional, protective Pt film was deposited on top of the BST layer. As
can be clearly seen, the Pt electrode is perfectly buried into the trench within the
440 nm thick SiO, layer. This becomes obvious when adding up the thicknesses
of SiO, below the electrode (265 nm) and the Ti/Pt electrode (10 nm/165 nm) and
comparing these heights with the SiO, thickness next to the electrode (440 nm).
The PLD-prepared BST layer with a thickness of 120 nm is in accordance with the
RBS analysis and completely closed over the total sensor structure.

The XRD study was carried out using a Bruker D8 diffractometer in the scanning
range from 10° to 60° in 26. The XRD pattern (data not shown) indicates that the
BST film had amorphous nature.

For the determination of the dielectric constant €; of the BST layer, separate
structures were prepared. Capacitance-voltage measurements were performed
of BST films in the metal-insulator-metal configuration with BST films sandwiched
between bottom and top Pt electrodes. An average dielectric constant ¢; for the
120 nm thick BST film was about 186 £ 9.

¥

Ti/Pt (10 nm/165 nm)

SiO, (265 nm) SiO, (440 nm)

p-Si

Figure 5.4: Cross-sectional SEM picture of the Si-SiO,-Ti-Pt-BST layer stack with
buried Pt electrodes.
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5.3.3 Impedance measurement setup

To analyze the impact of the protective BST layer, the bare and the C*D sen-
sors were characterized in two- and four-electrode configuration by means of
impedance spectroscopy. For the measurements, the sensors were exposed to
different electrolyte-conductivity standard solutions from 0.3 mS/cm to 50 mS/cm
(Mettler-Toledo AG, Switzerland and Sigma-Aldrich Chemie GmbH, Germany) and
impedance spectra were recorded with an impedance analyzer module (Zennium,
Zahner Elektrik GmbH, Germany) covering a frequency range from 1 Hz to 1 MHz.
Since electrolyte conductivity is strongly dependent on temperature, all mea-
surements were performed at a constant temperature of 25 °C inside a Faraday
cage.

As shown in Fig.[5.5p, for the two-electrode configuration only the two inner
electrodes of the C*D sensor were used (two outer electrodes are disconnected).
The same electrodes were utilized for applying an alternating voltage V;, of 20 mV
and measuring the current I, through the same electrodes. The electrolyte
resistance R, is derived from the ratio V,,/I;. In reality, the voltage V;, con-
tains a voltage drop across the electrode impedance (series combination of the
protective-layer capacitance C; and the double-layer capacitance Cg;). Therefore,
the resistance measured in this way is always greater than the bulk electrolyte
resistance. This error can be eliminated (in theory) or minimized (in practice)

(a) Two-electrode setup
WA
Cdl—l— —l— Cdl
== E=C Protective layer
[ [ T| Electrodes
v, @ i Substrate
—
(b) Four-electrode setup
Rel Rel Rel
C C
dl—l_ —l— dl —l— .
= == C, == | Protective layer
| [ T Electrodes
I i _QK/TL—L 0 Substrate
|

Figure 5.5: Measurement setup for the four-electrode C*D sensor in a two-
electrode (a) and four-electrode setup (b).
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applying a four-electrode configuration [28]] as presented in Fig.[5.5p. In the four-
electrode configuration the two outer electrodes were used as current-driving
electrodes (applying an alternating current of Iy = 20 pA), while the two inner
electrodes were used as potential-sensing electrodes. The key assumption by
four-electrode measurements is that the potential-sensing electrodes are open cir-
cuits. This implies that no current enters the electrodes (in theory), avoiding any
polarization effects. In practice, the voltage drop V;, at the two inner electrodes is
measured with negligible current. Thus, the ratio Vy/Iy, is accurately equal to the
bulk electrolyte resistance and does not include the electrode impedance and/or
polarization effects. The four-electrode setup increases the linearity, accuracy,
and sensitivity of the measurement.

5.4 Equivalent circuit of a C*D sensor

Fig. illustrates the equivalent circuit model of the developed C*D sensor chip
consisting of the Si-SiO, structure with Pt electrodes buried into the SiO,, layer
and protected from the solution with an insulator layer (in this study, BST film).
The capacitance of the BST insulator layer is presented by C;. Its value can be
determined by the thickness and permittivity of the protective layer and the area
of the covered platinum electrodes. The formation of the electrical-double layer
known from metal electrodes also takes place at the protective layer/electrolyte
interface [29] [30] and can be denoted by Cg. The conductive and dielectric
contribution of the liquid is represented by the electrolyte resistance R, to be
measured and a capacitance Cq (placed in parallel to Rg)), respectively. The
resistance R, is linked to the conductivity o by a geometric factor, the cell
constant K., according to Eq. :

Rel = — (5-1)

The cell constant is connected to the spacing between the metal electrodes, the
area of the electrodes, and the sensor design. The value of Cg is determined by
the dielectric constant and of the electrolyte (€,, = 80) and the cell constant [28]:
Cel = €9€w/K., where € is the permittivity of vacuum. For a cell-constant value
of K. = 1cm™?, the Cq is very small (< 7 pF) and its influence on the conductivity
detection can be neglected. Thus, the impedance of the upper branch of the
equivalent circuit Z; can be described as a series combination of C;, C4 and R
and is given by:

Z] :Rel +

+ =R, —j————— 5.2
jwCq  jwC; ) wCq G 5:2)

where j represents the imaginary unit, w = 27tf, and f is the frequency.
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5.4 Equivalent circuit of a C*D sensor

The lower half-space of the sensor structure consisting of the silicon substrate
and SiO, can electrically be considered as a series configuration of two capaci-
tances, CSiOZ' and a resistance Ry, through the silicon substrate. With a SiO,
thickness of approximately 265 nm and a dielectric constant of 3.9 the insulation
capacitance per unit area can be calculated to Csio, = 1.3 x 10~ F/mm?. The
capacitance of SiO, with a surface area of a single Pt electrode (A = 4mm?) is
approximately 0.5nF. The capacitance between the electrodes is represented
by C,,. Due to the large electrode distance (~1.3mm) and the low electrode
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Sio,
p-Si
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Figure 5.6: Equivalent-circuit model of the C*D sensor (a) and comparison of a
typical frequency response of C*D and EC sensors using a simplified equivalent
circuit (inlets) (b). Rg: electrolyte resistance; Rg,,: silicon resistance; Cg,
Ca1» Cpst = C;, G and CSio2 are capacitances of the electrolyte, double layer,
protective insulating layer (BST), between electrodes and SiO,, respectively. An
additional capacitance Cp in parallel is associated with all parasitic elements,
including stray capacitances of the sensor structure, cables and measurement
system.
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thickness (180 nm), the value of G, is very small. Thus, the impedance of the
elements of the lower branch of the equivalent circuit is much higher than of the
upper branch. As a consequence, these elements can be neglected.

With the above mentioned considerations, the equivalent circuit model in
Fig. can be simplified to the model presented as inset in the upper right
corner of Fig. for a two-electrode C*D sensor. For comparison, a simplified
equivalent circuit of the EC sensor (without protective layer) is presented, too
(lower left corner). Note, in Fig. an additional parasitic stray capacitance
Cp is included, which takes into account the influence of all parasitic elements,
including the stray capacitance of the sensor structure, electrical cables and
input capacitances of the measuring device. The parasitic capacitance, being
parallel to the sensor impedance, causes a loss in sensitivity. The impedance of
this capacitance is Z, = 1/jcon. Thus, the total impedance Z(jw) of the c*D
sensor is retrieved from the parallel combination of Z; and Z5, and is given by
the expression:

. 212y Z1
Z(jw)= Z = - (5.3)
1+ 2, (1 +]a)Cle-)

As can be seen from the Eq.[5.3]and typical shape of the log-log scaled impedance-
spectroscopy curves in Fig.[5.6p, the total impedance is not only a function of
the electrolyte resistance R,. At different frequencies, the overall impedance
is dominated by different circuit elements. At lower frequencies the impedance
is dominated by the series combination of the double-layer and protective layer
capacitance, Cyq; and C;, respectively. The low cut-off frequency can be expressed
as:

flow = ﬂ (5.4)
TR Cq1 C;
In contrast, at frequencies higher than a high cut-off frequency of:
1
fhigh= —ZnRele (5.5)

the impedance is dominated by the parasitic stray capacitance Cp' Only in an
intermediate frequency band, the measured impedance is mainly governed by
the electrolyte resistance. This plateau region is of interest in terms of measuring
the electrolyte conductivity. The width of this frequency band depends on the
ratio fpigh/fiow, Which is equal to:

f . C C.
high _ di i (5.6)
flow 2Cp Ci + Cdl

The closer the term in parentheses of Eq.[5.6]approaches unity, the wider is the
frequency band in which the electrolyte resistance R, can be measured. As
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presented in Fig.[5.6p, it becomes obvious, that an additional protective layer
shifts the impedance curve in the low-frequency range to the right (towards higher
frequency values) yielding a smaller frequency band compared to a conventional
EC sensor. Increasing the measurement frequency, on the other hand, increases
the effect of stray capacitance on the signal. Thus, to minimize this effect, a high
value for C; is desired.

Generally, the choice of the insulating material that covers the electrodes in
C*D sensors is of primary importance. Because the capacitance of a protective
insulator material used (e.g., Ta, O, [8], SiC [171]) is usually an order of magnitude
smaller than the double-layer capacitance (C; « C4;) depending on electrolyte
composition and concentration, the presence of C; decreases the influence of
the double-layer capacitance. However, very low values of the insulator-layer
capacitance will also increase the influence of the parasitic capacitance Cp. On
the other hand, in order to obtain sufficient capacitive coupling of the C*D sensors
to the liquid, a very thin insulator layer with a high dielectric constant is required.
The use of thin high-permittivity films yields a high value for C; that makes it
possible to work at lower measuring frequencies but, at the same time, increases
also the influence of Cg. Thus, some compromise should be found. As it has
been described in [10], for optimal working and accurate measurements of
the electrolyte conductivity with the C*D sensor, the permittivity-to-thickness
ratio of the protective layer should be larger than 0.4 nm~L. This requirement
can be met very well for the high-k BST films used in this study as protective
material. Besides the high permittivity-to-thickness ratio of about 1.55nm™}, the
BST/solution interface has a stable, relatively low impedance, which is, similar to
other pH-sensitive materials such as Ta, O, Si;N, or SiO, [31K35], almost totally

25!
determined by the activity of protons in the solution [122] [23].

5.5 Results and discussion

5.5.1 Two-electrode setup

Figure[5.7]shows typical impedance (modulus) spectra for an EC sensor without
a protective layer (a) and a C*D sensor with a protective layer of 120 nm BST
(b). These impedance spectra were recorded in a two-electrode setup in various
standard conductivity solutions in the range between 0.3 mS/cm and 50 mS/cm.
Both spectra can be divided in three distinct regions.

At low frequencies (f < 1Hz - 1kHz depending on electrolyte conductivity of
the solution), the impedance of the EC sensor in Fig. is mainly governed by
the unfavorable influence of the double-layer capacitance Cy; resulting in a poor
sensitivity in that frequency range. The double-layer capacitance (conditioned by
the Stern layer [[36]) increases with increasing ionic strength of the solution. As
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a consequence, the impedance decreases. As expected, this effect of the ionic
strength is not observed for the C*D sensor. The impedance of the C*D sensor
in Fig. in the low frequency range is independent of the ionic strength of
the solution and approximately two times higher (~400k{) at 1 Hz) compared
to the impedance of the EC sensor (~200k2 at 1 Hz). As mentioned above, the
low-frequency range of the impedance spectra is determined by the series combi-
nation of the double-layer capacitance and the protecting-layer capacitance. The
protecting-layer capacitance is smaller compared to the double-layer capacitance
and thus, dominates this frequency region.

At high frequencies (e.g., at f > 20kHz in the solution with a conductivity of
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Figure 5.7: The impedance (modulus) as a function of frequency of the EC sensor
(a) and the C*D sensor with 120 nm BST as protective layer (b), recorded in a
two-electrode setup in various conductivity standard solutions.
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0.3mS/cm), a second capacitive impedance regime can be identified, that is due
to parasitic capacitances Cp, which makes the sensor insensitive to conductivity
changes. This parasitic capacitance influences the impedance characteristic of
the EC and the C*D sensor in the same manner.

In the frequency range between these cut-off frequencies, the impedance is
mostly governed by the resistance of the solution. In this frequency band, the
sensors are sensitive to changes in conductivity. However, due to the shift of the
resistive plateau towards higher frequencies for higher electrolyte conductivities,
an adaption of the measuring frequency is required, in order to get optimal
accuracy, linearity, sensitivity, and dynamic range. Comparing the impedance
spectra of the EC sensor with the C*D sensor, it becomes apparent, that the
plateau region of the C*D sensor is slightly narrowed and not purely resistive. The
impedance of the protecting BST layer is superimposed to the solution resistance
in the intermediate frequency range. Nevertheless, due to the benefits of the
high dielectric constant and the thin BST layer, a clear dependency on electrolyte
conductivity can be recognized. In addition, the problems associated with contact-
mode EC detection techniques, such as bubble formation due to electrolysis, the
effect of redox processes, as well as contamination and fouling of electrodes
during continuous use, can be eliminated or at least minimized.

5.5.2 Four-electrode setup

In Fig. the impedance spectra of the EC and C*D sensors measured in a
four-electrode setup are presented. Exemplarily, the phase as a function of the
frequency is presented for the C*D sensor additionally (see Fig. ). Both
sensors exhibit identical impedance spectra in standard conductivity solutions
from 0.3 mS/cm to 50 mS/cm. As expected, the four-electrode setup significantly
increases the measuring frequency range up to five decades. The influence of
double-layer capacitance Cy4 and the protection-layer capacitance C; are elimi-
nated. However, at low electrolyte conductivities and above 10 kHz, the impact
of the parasitic capacitance Cp becomes apparent as in case of the two-electrode
setup. In Fig. it can be seen that the phase remains to 0°, the impedance
exhibits purely resistive behavior. The parasitic capacitance contributes to the
impedance at frequencies f > 1kHz and in solutions with low electrolyte conduc-
tivity.

For more detailed analysis, Fig.[5.9]shows the conductance as a function of the
electrolyte conductivity for the EC sensor and the BST-based C*D sensor in the
two- and four-electrode setup. The data were obtained from the measurements
at 10 kHz for the two-electrode setup and at 1 kHz for the four-electrode setup,
respectively. A linear dependence between the measured conductance and the
electrolyte conductivity is obtained in a wide range of electrolyte conductivity for
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Figure 5.8: The impedance as a function of frequency of the EC sensor (a) and
the C*D sensor with 120 nm BST as protective layer (b) is presented. The phase
as a function of frequency of the C*D sensor is shown in (c). All measurements

ggare performed in a four-electrode setup.
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Figure 5.9: Conductance as a function of the electrolyte conductivity for the EC
sensor and the C*D sensor in two- and four-electrode setup, respectively. The
curves are obtained from the measurements at 10 kHz for the two-electrode
setup and at 1 kHz for the four-electrode setup.

both the EC and the C*D sensor using a four-electrode setup (dashed lines). This
was used to determine the cell constants of the investigated sensor structures.
The cell constant is attributed to the geometry of the sensor (i.e., electrode area
and spacing) [37]. Note, the cell constant is the inverse of the slope, thus, a
higher slope refers to a lower cell constant. The cell constants amounted to
1.26cm ™t and 1.20cm™? for the EC sensor and the C*D sensor, respectively.

Such linear sensor behavior was not observed for the measurements in the
two-electrode setup. Here, a linear range was observed only up to an electrolyte
conductivity of 5mS/cm. The cell constants for this conductivity range, were esti-
mated to 2.30cm ™! and to 2.86 cm™? for the EC and the C*D sensor, respectively.
Table 5.1l summarizes the estimated cell constants and the linear measurement
range at a glance. Generally, the cell constants of the sensors measured in the
two-electrode configuration are higher than in the four-electrode configuration,
independently of the sensor type. This is in agreement with theoretical considera-
tions and experimental results in [28]. In the four-electrode setup the electrode
impedance is eliminated and thus, the measurement is more accurate.

In the two-electrode setup, the cell constant of the C*D sensor is higher (20%)
compared to the cell constant of the EC sensor. In the four-electrode setup, both
sensors exhibit practically the same cell constant. Thus, the protecting BST layer
has an influence on the sensor performance in a two-electrode configuration,
while in a four-electrode configuration the impact is negligibly small showing the
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5 Capacitively coupled electrolyte-conductivity sensor

Table 5.1: Cell constant and linear measurement range for the EC sensor and
C*D sensor in the two- and four-electrode setup, respectively.

Sensor type Number of electrodes Cell constant/ Linear range/
1

cm’ (mS/cm)
EC sensor 2 2.30 0.3to 0.5
C*D sensor 2 2.86 0.3to0 0.5
EC sensor 4 1.26 0.3to 50
C*D sensor 4 1.20 0.3to0 50

preference of a four-electrode setup. In addition, the problems associated with
contact-mode EC detection techniques can be eliminated or at least minimized.

5.6 Conclusions

A new C*D sensor with a protective layer based on high-k perovskite oxide
of Bag »55r 75Ti0O; has been developed for the first time. For better sensor
performance, planar EC and C*D structures with Pt electrodes buried into the
thick SiO, layer were fabricated. The influence of the protective BST layer on the
sensor characteristics was investigated in both two- and four-electrode operation
modes. These results were compared to measurements with an EC sensor without
a protective BST layer.

The obtained results clearly demonstrate the benefits of the use of the BST-
based C*D sensor in a four-electrode configuration for contactless conductivity
measurements. No negative impact of the protective BST layer on the conductivity
sensor performance could be identified. Advantageously, the C*D sensor might
possibly use cheaper electrode materials such as, for instance, Al films instead
of noble metals. In addition, the problems associated with contact-mode EC
detection techniques, like bubble formation due to electrolysis, the effect of redox
processes, as well as contamination and fouling of electrodes during continuous
measurements can be eliminated or at least minimized, thus, enhancing the
life-time of conductivity sensors considerably.
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5.9.1 Study on the protective properties of BST

In Subsection[5.3.2] the protective BST layer has been physically characterized
in terms of its thickness, stoichiometry and crystal morphology. An important
requirement of the protective BST layer in terms of the C*D sensor is its electrical
isolation of the underlaying Pt electrodes from the electrolyte solution. Therefore,
a comparative electrochemical characterization of the EC and the C*D sensor was
performed by cyclic voltammetry (CV) to study the protective properties of BST.

CV is a versatile electro-analytical method for acquiring qualitative information
about electro-active reactions. The power of cyclic voltammetry results from
its ability to rapidly provide considerable information on the thermodynamics of
redox processes, on kinetics of heterogeneous electron-transfer reactions, and on
coupled chemical reactions or adsorption processes. A comprehensive description
of CV can be found elsewhere [36].

Figure illustrates the CV performed with the EC and the C*D sensor, re-
spectively. This CV experiment has been conducted with a three-electrode setup
using the EC sensor and consecutively the C*D sensor as working electrode, a
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Figure 5.10: Cyclic voltammetry for the reduction of 10 mM ferricyanide in
150 mM PBS performed with the EC sensor and the C*D sensor, respectively. A
scan rate of 100 mV/s was used. The peak shape of the oxidative and reverse
reductive current vs. electrode potential is apparent for the EC sensor, but not
for the C*D sensor demonstrating the protective properties of BST.
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conventional liquid-junction Ag/AgCl electrode (Metrohm) as reference electrode
and a commercial Pt electrode (Metrohm) as counter electrode. All three elec-
trodes were immersed into 10 mM potassium hexacyanoferrate (l1l) (K;[Fe(CN)4])
in 150 mM phosphate buffer solution (PBS) with a pH value of 7.4. The working
electrode potential was ramped linearly versus time with a scan rate of 100 mV/s.
The well-known ferricyanide/ferrocyanide couple was used as an example of an
electrochemically reversible redox couple to clarify whether the BST layer gal-
vanically isolates the Pt electrodes from the electrolyte or not. If the BST layer is
closed and protecting the electrodes, no oxidation or reduction peaks should be
apparent in the voltammogram performed with the C*D sensor. As can be clearly
seen in Fig. the EC sensor shows the expected peak shape response of the
redox couple during a single potential cycle, whereas no peaks are visible for the
C*D sensor. Thus, the protective properties of BST are demonstrated.
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6.1 Abstract

It is well known that biochemical and biotechnological processes are strongly
dependent and affected by a variety of physico-chemical parameters such as
pH value, temperature, pressure and electrolyte conductivity. Therefore, these
quantities have to be monitored or controlled in order to guarantee a stable
process operation, optimization and high yield. In this work, a sensor chip for
the multi-parameter detection of three physico-chemical parameters such as
electrolyte conductivity, pH and temperature is realized using barium strontium
titanate (BST) as multi-purpose material. The chip integrates a capacitively
coupled four-electrode electrolyte-conductivity sensor, a capacitive field-effect
pH sensor and a thin-film Pt-temperature sensor. Due to the multi-functional
properties of BST, it is utilized as final outermost coating layer of the processed
sensor chip and serves as passivation and protection layer as well as pH-sensitive
transducer material at the same time. The results of testing of the individual
sensors of the developed multi-parameter sensor chip are presented. In addition,
a quasi-simultaneous multi-parameter characterization of the sensor chip in buffer
solutions with different pH value and electrolyte conductivity is performed. To
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study the sensor behavior and the suitability of BST as multi-functional material
under harsh environmental conditions, the sensor chip was exemplarily tested in
a biogas digestate.

6.2 Introduction

The development of miniaturized sensor systems and monolithic sensor arrays
for (bio-)chemical analysis has been in the focus of scientific and commercial
interests in the field of analytical chemistry [1]], biotechnology, medicine [2H4]],
environmental monitoring and industrial process control in the last decades. A
review of recent advances in miniaturized sensor systems can be found in [5].
Such monolithic sensor arrays integrate several sensors on one chip configured for
the detection and control of various combinations of (bio-)chemical and physical
parameters such as pH value, analyte concentration, electrolyte conductivity,
temperature, pressure, flow rate and many more. Often, these systems are based
on different transducer principles and require a wide variety of sensitive materials
and processes. The production of such integrated sensor systems necessitates
complex manufacturing processes including a restriction in materials and the
limited choice in fabrication processes and steps. On the other hand, monolithic
sensor arrays offer unprecedented advantages over discrete sensors with regard
to increased functionality and flexibility as well as reduced sizes and costs [5H7].

Perovskite oxides have been known for their outstanding, multi-functional
properties (ferroelectric, dielectric, electro-optic and piezoelectric) providing a
manifold of applications including dynamic access memories, decoupling capaci-
tors and tunable devices [8]. Even though these perovskites exhibit a number of
important device applications, their full potential needs to be further exploited.
Recently, perovskite oxides have aroused increasing attention as catalytically ac-
tive multi-functional materials in the field of (bio-)chemical sensors. Some of such
virgin application frontiers for perovskite oxides of different compositions include,
for instance, pH sensing [[9H13]], hydrogen peroxide [14H16] and hydrocarbon
detection [17]. One of the most popular and intensively studied multi-functional
perovskite-oxide materials is barium strontium titanate [18]. In previous experi-
ments, the BST films have been applied for the detection of humidity [19, [20], for
the detection of hydrogen [21]] and ammonia gas [22] or for the development of
single sensors sensitive to pH [23] [24].

In the present work, a Si-based sensor chip covered with a high-k BST layer
has been developed for a quasi-simultaneous multi-parameter detection of pH,
electrolyte conductivity and temperature. The chip combines a four-electrode
capacitively-coupled contactless electrolyte-conductivity detection (so-called
C*D) sensor, a capacitive field-effect electrolyte-insulator-semiconductor (EIS) pH
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sensor and a thin-film Pt temperature sensor. All sensors were covered with the
same BST film prepared by means of pulsed laser deposition (PLD). The role of
the BST layer is of multi-purpose: It serves as a pH-sensitive transducer material
for the field-effect pH sensor, as an insulator layer for developing the contactless
conductivity sensor, and as passivation layer, which protects the metal electrodes
of the conductivity and temperature sensors from corrosion, contamination and
fouling.

The results of testing of the individual sensors of the developed multi-parameter
sensor chip are presented. In addition, a combined characterization of the sensor
chip in buffer solutions with different pH value and electrolyte conductivity is per-
formed. To study the sensor behavior and the suitability of BST as multi-functional
material under harsh environmental conditions, the sensor was exemplarily tested
in a biogas digestate.

6.3 Fabrication of the multi-parameter sensor chip

Figure shows the schematic cross section (a) and the top view (b) of the

t (20/200 nm) I

Si0, (5 um)

(a)

Conductivity sensor

Temperature sensor

Figure 6.1: Schematic cross section (a) and top view (b) of the prepared multi-
parameter sensor chip coated with BST layer as multi-purpose material.
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fabricated multi-parameter sensor chip. The developed multi-parameter sensor
chip combines three sensors for measuring the conductivity, the pH value and the
temperature, thus, integrating different transducer principles on one single chip.
Four thin-film Pt electrodes were used as an electrolyte-conductivity sensor. Each
of the four electrodes had a length of 4 mm and a width of 1.5mm and 1.0 mm
for the inner and outer electrodes, respectively. The inter-electrode spacing
between the inner electrodes was 0.5 mm and the gap between the inner and
outer electrodes was 0.1 mm. As pH sensor served a field-effect capacitive EIS
sensor consisting of an Al-p-Si-5i0,-Ta,O,-BST structure with a BST layer as pH-
sensitive material. The temperature sensor was designed as meander-shaped Pt
electrode with a length of 1450 um, a width of 600 um, a finger gap of 90 um and
a finger width of 60 um.

All three sensors were fabricated on a commercially available four-inch Si-
Si0, wafer (525 um thick p-Si, resistivity 1£2cm to 5Qcm, 5um thick SiO,, from
Siegert Wafer GmbH, Germany). A thick SiO, layer was used for the following
two reasons: (i) to reduce the influence of the parasitic capacitance of the SiO,,
and the Si resistance on the electrolyte-conductivity sensor and, (ii) to eliminate
possible cross-effects on the pH sensor caused from the electrolyte-conductivity
or temperature sensor. For these reasons, the pH sensor was buried in this thick
Sio, layer.

Initially, a photolithographic step was performed to define the gate area of
the field-effect pH sensor. The 5 um thick SiO, layer was etched in hydrofluoric
acid for about 60 min for opening the gate area with dimensions of 5mm X 5mm.
In a next step, a double-layer gate insulator of SiO,-Ta,O. was fabricated. The
high-quality 30 nm SiO, was thermally grown by dry oxidation of Si at 1000 °Cin
O, atmosphere for 30 min. The Ta, O films were prepared by means of thermal
oxidation of an electron-beam evaporated 30 nm thick tantalum layer in dry
oxygen atmosphere at 520 °C for about 45 min, resulting in a ~ 60 nm thick Ta,Oq
layer. To complete the fabrication of the pH sensor, the rear side of the SiO, wafer
was etched and then, a 300 nm Al film was deposited as a contact layer. A second
photolithographic step was performed for preparation of the conductivity and
the temperature sensor. A thin layer of ~20nm Ti served as adhesion layer and
~200nm Pt as electrode material were deposited by means of electron-beam
evaporation followed by a lift-off-process.

The processed wafer was diced into separate chips (chip size: 10 mm X 15 mm).
These chips were covered with the BST layer to complete the fabrication process
of the multi-parameter sensor chip. The BST films (~485nm) of Bag 555r 75TiO;
composition were prepared by PLD technique by using targets fabricated via the
self-propagating high-temperature synthesis (SHS) method. The process steps of
the BST synthesis are described in detail in [24]]. To protect the bond pads of the
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conductivity and temperature sensor, the BST films were deposited using a Si-
shadow mask. The deposition was performed in an oxygen atmosphere (gas flow
30 ml/min, pressure 2 X 10> mbar) using a KrF-excimer laser (Lambda LPX305)
with a pulse width of 20 ns and a pulse energy of approximately 1] per pulse. When
using a deposition time of 300s, an energy density of 2.5]/cm2 and a repetition
rate of 10 Hz, the BST layer thickness amounted approximately to 485 nm. Finally,
the multi-parameter sensor chip coated with BST was mounted on a printed circuit
board (PCB), followed by ultrasonic wire bonding and encapsulation processes.

For electrochemical characterization, the PCB substrate was mounted in a
home-made measuring cell and the sensor chip was sealed by an O-ring. The pH
sensor was contacted on its front side by the electrolyte and a reference electrode
(conventional liquid-junction Ag/AgCl electrode, Metrohm), and on its rear side by
a gold-plated pin.

6.4 Physical characterization of the BST layer

Physical properties (stoichiometry, thickness and surface morphology) of the
BST layer have been investigated by Rutherford backscattering spectrometry
(RBS), scanning electron microscopy (SEM) and atomic force microscopy (AFM).
For this, separate chips consisting of p-Si-SiO,-Ti-Pt structure covered with BST
layer were fabricated. RBS measurements were performed using 1.4 MeV H* ions.
Figure[6.2] depicts a typical RBS energy spectrum of a BST layer deposited on a Si

Energy / MeV
0.8 1.0 1.2

Normalized yield

0 1 1 1
200 400 600 800 1000
Channel

Figure 6.2: RBS measurement of a Bag ,55r, 75 TiO; film deposited on a Si sub-
strate. Simulation (solid line) is compared to experimental data (full squares).
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substrate. The measured RBS spectrum is in good agreement with the simulation
performed with Rutherford Universal Manipulation Program (RUMP) [25]]. Clear
steps corresponding to the constituent elements (Ba, Sr, Ti, O) were detected.
The energy edges of the particular elements are indicated by arrows. The analysis
of the RBS measurement verifies the stoichiometric composition to the deposited
Bag.255r0.75T105.

To explore whether the BST film completely covers the Pt electrodes of the
conductivity and temperature sensor, a cross-sectional SEM analysis of the Si-
SiO,-Ti-Pt-BST layer stack at the electrode transition region was conducted, which
is presented in Fig.[6.3] This SEM image was obtained using focus-ion beam (FIB

Pt-protection layer

Ti/Pt (265 nm)

Figure 6.3: Cross-sectional SEM picture of a Si-SiO,-Ti-Pt-BST layer stack at the
electrode transition region.

Helios 600, FEI) for sample preparation resulting in perpendicular profiles. For this
procedure, an additional protective Pt film was deposited on top of the BST layer.
The image shows the layer stack p-Si-SiO,-Ti-Pt-BST and the transition region
between electrode edge and the substrate material. As can be clearly seen, the
BST layer is completely closed over the sensor structure.

Figure[6.4]illustrates AFM height (a) and phase (b) micrographs of the surface
of the prepared BST film with a scan area of 2 um x 2 um. They were recorded in
the tapping mode using a BioMat Workstation (JPK Instruments, Germany). The
micrographs show a closed BST-thin film without micro-cracks or pores. The thin
film has a smooth surface with an average surface roughness of 1.3 nm. The BST
surface possesses a grainy texture with a typical grain size of ~50 nm.

For the determination of the dielectric constant of the BST layer, separate
capacitive metal-insulator-metal structures with BST films sandwiched between
bottom and top Pt electrodes were prepared. A dielectric constant for the 485 nm
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Figure 6.4: AFM height (a) and phase (b) image with a scan size of 2um X 2 um
recorded in the tapping mode. The BST image reveals a smooth and homoge-
neous surface.

thick BST film was found to be around 260 £ 8 that is in good agreement with
results reported for a PLD-deposited 450 nm thick BST layer [26]].

6.5 Results and discussion

Before the quasi-simultaneous measurement with the BST-based multi-parameter
sensor chip was performed, each sensor was characterized individually. The
sensors’ functioning principle and measuring procedure will be briefly described
in the corresponding sections.

6.5.1 Characterization of the conductivity sensor

Electrolyte-conductivity measurements are usually conducted using nearly ideally
polarized, inert metal electrodes such as platinum or gold, which are in direct
contact with the electrolyte. Especially in harsh and aggressive environments,
the effect of redox processes, bubble formation due to electrolysis, as well as con-
tamination and fouling of electrodes during continuous use are frequent problems
[27H30Q]. These problems can be overcome, when the electrodes are electrically
insulated from the electrolyte solution by covering them with a protective layer.
The sensor couples capacitively with the electrolyte, which is known as capac-
itively coupled contactless conductivity detection (C*D). However, due to the
additional capacitance of the protective layer that is usually much lower than the
double-layer capacitance of non-protected electrodes, the electrode impedance
is increased [29, [31]. As a consequence, C*D sensors usually exhibit a lower
sensitivity when compared to conventional contact-mode conductivity detection.
To find a compromise, the protective material should exhibit a high permittivity in
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6 BST-based multi-parameter sensor chip

order to reduce the electrode impedance. These requirements are met by the
high-k BST thin film.

The electrolyte-conductivity sensor with the protective BST layer was charac-
terized in a four-electrode configuration. In the four-electrode configuration, the
two outer electrodes were used as current-driving electrodes (applying an alter-
nating current of 20 pA), while the two inner electrodes were used as potential-
sensing electrodes. For characterization, the sensor was exposed to different
commercially available electrolyte-conductivity standard solutions ranging from
0.084 mS/cm to 50 mS/cm. Impedance spectra were recorded with an impedance
analyzer module (Zennium, Zahner Elektrik GmbH, Germany) covering a fre-
quency range from 1Hz to 100kHz. Since electrolyte conductivity is strongly
dependent on temperature, all measurements were performed at a constant
temperature of 25 °C in a Faraday cage.

In Fig. the impedance spectra of the BST-based C*D sensor measured in a
four-electrode configuration are presented. The sensor exhibits a wide resistive
plateau over more than four frequency decades. This is advantageous because
the electrolyte resistance R, can be determined at a wide frequency range. In
Fig. the electrolyte conductance is plotted as a function of the electrolyte
conductivity. The calibration curve is obtained from the Bode plot in Fig.[6.5] at
a frequency of 500 Hz. As can be seen, the developed four-electrode C*D based
on BST shows an excellent linearity (dashed line) with a correlation coefficient
of 0.999 over a wide range of electrolyte conductivities. From the inverse of the
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Figure 6.5: Bode plot of the modulus of impedance as a function of frequency of

the C*D sensor with 485 nm BST as protective layer recorded in a four-electrode
setup in various conductivity standard solutions.
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Figure 6.6: Conductance as a function of the electrolyte conductivity measured
with the C*D sensor. The calibration curve is obtained from the Bode plot in

Fig. at 500 Hz.

slope of this curve the cell constant has been calculated to be 1.99cm™?!.

6.5.2 Characterization of the pH sensor

In [24], it has been demonstrated that BST exhibits excellent pH-sensitive char-
acteristics. Thus, the BST coating is used as an alternative gate material for the
capacitive field-effect pH sensor.

The field-effect capacitive electrolyte-BST-insulator-semiconductor structure
was characterized in different pH buffer solutions (from pH 3 to pH 11) in terms
of its intrinsic sensor characteristics such as pH sensitivity and hysteresis. For
operation, a DC (direct current) polarization voltage is applied via a conventional
Ag/AgCl reference electrode and the rear-side Al contact of the chip to set the
working point of the sensor. A small AC (alternating current) voltage (20 mV) is
applied to the system in order to measure the capacitance of the sensor. The
sensor output signal was read out in the constant-capacitance (ConCap) mode
using an impedance analyzer (Zennium, Zahner Elektrik GmbH, Germany). The
ConCap mode allows the dynamic characterization of the sensor.

Figure[6.7]exemplarily demonstrates the dynamic pH response of the capacitive
field-effect sensor recorded in different pH Titrisol buffer solutions at a frequency
of 120 Hz. The sensor signal depicts a clear dependence of the pH value of the
solution within the pH-loop cycle. In the range from pH 3 to pH 11 the field-effect
sensor exhibits a high pH sensitivity of 57.4 mV/pH with a small hysteresis of less
than 2mV. That is comparable with values reported for Si;N, (54 mV/pH [32,33]),
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Figure 6.7: Typical ConCap response of the BST-based capacitive field-effect pH
sensor.

Al,O; (49 - 57 mV/pH [34]) and Ta, O (55 - 59 mV/pH [35K37]) films, which have
often been utilized as pH-sensitive transducer material in ion-sensitive field-effect
transistors or capacitive field-effect sensors. The hysteresis was less than 2mV
(or 0.035 pH).

6.5.3 Characterization of the temperature sensor

A stable passivation is also needed for the temperature sensor to avoid corrosion
of the electrodes. Electrode corrosion leads to an increase in the specific resistivity
and loss of the Ohmic characteristics of the temperature sensor.

The temperature sensor was characterized at various temperatures using
a temperature-controlled water bath (RCS 6, Lauda Dr. R. Wobser GmbH &
Co KG, Germany) filled with distilled water. The resistance of the meander-
shaped Pt structure was determined with a multimeter (2700 Multimeter, Keithley
Instruments) in the temperature range between 20°C and 40 °C increasing the
temperature in 5 °C steps.

In Fig. the calibration curve of the temperature sensor passivated with BST
is presented. The sensor exhibits a linear calibration curve with a temperature
coefficient of 0.0034 °C™1. The nominal resistance R, at 0°C was 98.3 .

6.5.4 Combined measurement in buffer solution and biogas digestate

To investigate the proper independent functioning of the individual sensors, the
developed multi-parameter sensor chip was characterized in three buffer solutions
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Figure 6.8: Calibration curve of the meander-shaped Pt temperature sensor
coated with BST.

with different electrolyte conductivities and pH values. Finally, the sensor was
immersed to digestate to test its feasibility under real conditions.

The digestion process is usually performed at constant temperature, as temper-
ature changes or fluctuations effect the biogas production negatively. To create
comparable conditions, the entire measurement was conducted in a thermostated
oven to maintain a constant temperature of 37 °C during the experiment. Table
gives an overview of the different solutions used and their conductivity and pH
value at a temperature of 37 °C. The first three solutions (A to C) are commercially
available Titrisol buffer solutions (Merck, Germany) whose conductivity and pH
value were adjusted if necessary with KCl and NaOH, respectively. The digestate
was gathered from a laboratory-scale anaerobic digester. The plant is working
under mesophilic temperature conditions (37 °C) containing solely manure from

Table 6.1: Overview of the used solutions and their conductivity and pH value at
a temperature of 37 °C. These values were determined before and after each
measurement with commercial electrodes as a reference.

Solution Conductivity / (mS/cm) pH value

A 14.0 £ 0.1 7.31 £0.02
B 20.3+0.1 6.98 £+ 0.02
C 20.3£0.1 8.87 £ 0.02
Digestate 8.0x0.1 7.08 £ 0.02
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dairy cows. In order to turn down the metabolism of the organisms in the diges-
tate, it was collected from the plant and then stored at room temperature until
use. Thus, the organisms were fully fermented and no fluctuations in conductivity
and pH value were expected to be measured when applied to the sensor. The
conductivity and pH values of the three solutions and of the digestate sample
were determined with a commercial conductivity (Mettler Toledo, InLab@731) and
pH-glass electrode (Hamilton, Double Pore) before exposing the multi-parameter
sensor chip to the solutions and after measurements.

Afore performing the quasi-simultaneous measurement, the conductivity, pH
and temperature sensors of the multi-parameter sensor chip coated with BST
were calibrated by means of a two-point calibration. The conductivity sensor was
calibrated using 12.88 mS/cm and 20 mS/cm conductivity standards, respectively.
Standard buffer solutions of pH 7 and pH 9 were used to calibrate the pH sensor
at 37°C. The temperature sensor was calibrated by means of a heating ramp
ranging from 37 °C up to 50 °C. The obtained calibration data were utilized to
convert the raw signals into the physical quantities.

During experiment, the multi-parameter sensor chip was first exposed to three
different buffer solutions to demonstrate the general functioning of the sensor
chip and finally to digestate. The output signals of the three sensors were readout
sequentially (quasi-simultaneously). All devices were triggered in a multiplexed
manner using a custom-developed software in LabVIEW.

In Fig. the quasi-simultaneous measurement of conductivity, pH value and
temperature conducted with the multi-parameter sensor chip coated with BST
over a time span of 20 hours is presented. The measuring curves were obtained
by converting the data into physical quantities using the calibration results for
each particular sensor. As can be seen, there is no cross-talk between the sensors
on the chip. All three sensor parts exhibit a very stable sensor signal for each
sample solution over a time span of 5 hours. Besides the temperature drops
due to door opening other deviations from the target temperature are mainly
attributed to the unsteadiness of the control loop of the thermostated oven, which
is specified as steady within £0.2 °C.

6.6 Conclusions

The multi-parameter sensor chip combining electrolyte conductivity, pH and
temperature sensor and using BST as multi-purpose material has been devel-
oped. The individual sensors on the chip have been tested in terms of their
intrinsic sensor properties. The four-electrode electrolyte-conductivity sensor
exhibits excellent linearity in a wide range of electrolyte conductivities from
0.084 mS/cm to 50 mS/cm. The pH sensor shows a nearly-Nernstian pH sensitivity
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Figure 6.9: Measurement of conductivity (top), pH value (middle) and tem-
perature (bottom) with the multi-parameter sensor chip coated with BST as
multi-purpose material.

of S = 57.4mV/pH in the range from pH 3 to pH 11. The temperature sensor
possesses a linear temperature calibration curve in the temperature range of 20 -
40 °C with a temperature coefficient of & = 0.0034°C 2.

In addition, the developed chip with three combined sensors was quasi-simulta-
neously characterized in a sequentially scheduling manner in buffer solutions with
different electrolyte conductivity and pH values as well as in biogas digestate.

Advantageously, the BST-protected C*D sensor allows the use of cheaper
electrode materials such as, for instance, Al films instead of noble metals. Further-
more, the problems associated with contact-mode EC detection techniques, can
be eliminated or at least minimized. This enhances the life-time of conductivity
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sensors considerably.

The obtained results demonstrate the feasibility of the developed sensor chip
with BST layer as multi-functional material. A potential application of this kind
of sensor could be in the field of process control for biogas fermentation. Biogas
production by anaerobic digestion has gained increased importance for reducing
the volume of agricultural waste and supplying carbon neutral fuel for energy
generation. The anaerobic degradation of organic materials is known to be a
highly complex multi-step process, which is influenced by various microbiologi-
cal, chemical and physical factors [38]]. The process control therefore requires
the acquisition of various metrics such as fatty acid concentration, pH, temper-
ature and buffer capacity in order to gain information about the process flow.
Further applications could be in the field of water-quality control or cell-culture
fermentation.
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The anaerobic digestion process is complex and sensitive to changes in environ-
mental conditions. Understanding the process behavior is essential for proper
reactor operation, diagnosis as well as problem-solving of the process. In this
context, reliable monitoring of the biogas production process has risen great
attention, as it is a necessary requirement for process control and consequently,
improves process performance and economy of the biogas plant. This work aimed
at the design and development of miniaturized solid-state transducers and their
use as physico-chemical sensors to be applied for the measurement and monitor-
ing of several parameters in biogas digesters. The parameters of interest were
early warning parameters such as the dissolved hydrogen concentration and the
metabolic activity as well as state variables including electrolyte conductivity, pH
value and temperature. For this, sensor structures based on different transducer
principles, namely amperometry, potentiometry and conductometry have been
designed and fabricated by means of standard silicon technology.

A combined amperometric/field-effect H, sensor for the detection of the dis-
solved hydrogen has been studied for the first time. The independent functioning
of both transducer principles of the combined sensor as well as the feasibility of
the presented approach for the simultaneous detection of dissolved H, concentra-
tions in electrolyte solutions have been demonstrated. Both, the amperometric
and the field-effect transducer showed a linear response behavior in the H, con-
centration range from 0.1 to 3% (v/v) with a slope of (198.4 £ 13.7) nA/% (v/v)
and (14.9 £ 0.5) mV/% (v/v), respectively. Such a combination of two transducer
principles might allow a more accurate, selective and reliable measurement of
dissolved H, in biogas reactors as the sensors signal is considered as H, signal
only if the field-effect transducer responds as well.

To overcome possible problems related to the functioning of the combined sen-
sor in real biogas broths, future work should be directed to a direct coupling of the
sensor setup with a biogas reactor via a bypass system filled with a suitable buffer
solution, which will be separated from the biogas medium by a H,-permeable
membrane. In this way, the selectivity, life-time and signal-to-noise ratio of the
combined sensor can be improved. Moreover, to achieve a high output signal for
the field-effect pH sensor, the bypass system can be filled with an appropriate
inner electrolyte solution with low pH buffer capacity. For a relatively small re-
sponse time of this device, the H,-permeable membrane should be as close as
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possible to the working electrode of the amperometric-sensing part. In order to
do this, further development of miniaturized reference electrodes with long-term
stability should be in the focus of future research activities.

The capacitive field-effect sensor has been proven to be a versatile platform
for monitoring the metabolic activity of organisms. Metabolic responses of the
model bacterium E. coli in suspension layered onto the field-effect structure have
been successfully studied to pulses of glucose as nutrient. It was found that
acidification of the surrounding medium took place immediately after glucose
addition and followed a Michaelis-Menten-like kinetic behavior as a function of
the glucose concentration. A new protocol to immobilize E. coli bacteria by gel
entrapment directly onto the chip was developed. The immobilization as well
as the construction of a measuring cell allowed to operate four sensors at the
same time in a differential-mode measurement setup and thereby, circumventing
external influences such as sensor drift, temperature fluctuations and external
pH changes. This biosensor was further exploited towards glucose and acetate
pulses with E. coli bacteria grown by a specific cultivation strategy. Alkalinization
and acidification events due to respective acetate and glucose pulses have been
demonstrated.

The oxygen dependence of the acetate metabolism of E. coli restricted a re-
peatable response behavior of the sensor system. Thus, this sensor system
should be further optimized in terms of a reduction of the gel thickness, which
would be advantageously for the diffusion rate of substrates, products and oxygen
supply. Furthermore, additional oxygen flushing of the sensor system could be
beneficial. In general, the capabilities of this approach could be extended to
other organisms and strains that are able to metabolize relevant products of the
anaerobic digestion process. This is currently subject of a continuing research
project at the Institute of Nano- and Biotechnologies at the Aachen University of
Applied Sciences.

The potential of high-k BST has been examined as protective layer for a minia-
turized electrolyte conductivity sensor for the first time. The BST thins films
were prepared by PLD technique using the targets fabricated by the SHS method.
The main advantages of the PLD technique are the compatibility with silicon
technology, the controlled deposition of multi-component materials in a defined
stoichiometry as well as short deposition time. The SHS method is simple, energy-
saving, high productive and cost-effective. For better sensor performance, planar
EC and C*D structures with Pt electrodes buried into the sensor substrate were
successfully fabricated. The influence of the BST layer on the sensor characteris-
tics was theoretically considered by means of an electrically equivalent circuit.
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The impact was studied in two- and four-electrode operation modes and compared
to measurements with an EC sensor without a protective BST layer in standard
conductivity solutions. Both, the EC and C*D sensor exhibited nearly identical
sensor characteristics. The obtained results clearly showed the benefits of the
use of the BST-based C*D sensor in a four-electrode configuration for contactless
conductivity measurements. Due to the high-k dielectric constant (~ 200) of
BST and thus, the low impedance of BST, no negative impact of the protective
BST layer on the conductivity sensor performance was identified. A linear depen-
dence between the measured conductance and the electrolyte conductivity was
obtained in a wide range of electrolyte conductivity from 0.3 mS/cm to 50 mS/cm.
Problems associated with contact-mode EC detection techniques such as bubble
formation due to electrolysis, the effect of redox processes as well as contamina-
tion and fouling of electrodes during continuous measurements can be eliminated.
The minimization of these effects enhances the life-time of conductivity sensors
considerably.

Bubble formation, the effect of redox processes and fouling of electrodes can
only be avoided, if the BST layer is completely closed and electrically isolates the
electrodes. To demonstrate the protective properties of the fabricated BST layer,
the C*D sensor has been exemplarily tested in a redox-active hexacyanoferrate
solution. This should be further exploited in future in terms of long-term stability
and robustness of the protective BST layer. The fabrication process of the BST
layer strongly influences its micro-structural properties (e.g., morphology, high-k,
leakage current). Thus, the fabrication process itself including the deposition
method (e.g., PLD, RF sputtering, sol-gel method) and post-annealing treatment
(e.g., time, temperature, atmosphere) of the BST layer could be another field of
more applied research. For instance, a post-annealing treatment in oxygen ambi-
ent has been shown beneficial in terms of increasing the dielectric constant of
BST thin films as this procedure eliminates oxygen vacancies in the as-deposited
films by PLD (not published results).

In a continuing study the C*D sensor was combined with a temperature and
a pH sensor on a single chip likewise covered with BST and thus, BST has been
applied for the creation of a multi-parameter sensor for liquid media for the first
time. The BST layer served here as pH-sensitive transducer material for a field-
effect pH sensor, as an insulation layer due to the high-k of BST for developing
the contactless-conductivity sensor, and as passivation layer, which protects the
metal electrodes of the conductivity and temperature sensors from corrosion,
contamination and fouling. The developed chip was quasi-simultaneously charac-
terized both in a sequentially scheduling manner in buffer solutions and in biogas
digestate to test the sensor and the suitability of BST as multi-purpose material.
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7 Concluding remarks and perspectives

The multi-sensor chip was able to withstand this environment as a prerequisite
for online monitoring without loss of sensor performance.

The area of application of this BST-type sensor should be further expanded to
water-quality control and cell-culture or bacteria-fermentation processes. With
respect to these fields, the resistance of the sensor in sterilizing- and cleaning-in-
place procedures should be evaluated. Especially, due to the linking of several
silicon-based sensors in a confined space, this chip opens opportunities for small-
scale reactor systems.

In this work, EIS-based sensing has been largely demonstrated for many appli-
cations such as the combined amperometric/field-effect sensor for the detection
of dissolved hydrogen, the cell-based sensor for the detection of the metabolic
activity and the measurement of the pH value itself with the BST-modified EIS
structure. In this study, Ta,O and BST have been used as pH-sensitive materials.
Both materials combine practically ideal Nernstian pH sensitivity (57.4 mV/pH)
and small hysteresis (less than 2 mV). In addition, these materials exhibit high
corrosion-resistant properties in a wide pH range. Especially in the context of
on-line monitoring, drift of these devices, which was beyond the scope of this
work, is a serious issue and should still be in the focus of future research ac-
tivities. Differential-mode measurements to reduce the impact of temperature
influences, drift, hysteresis and other parasitic effects could be applied. Some
leading companies producing ISFET-based pH electrodes (e.g., EndressHausser
(Germany), Mettler-Toledo (Switzerland), Honeywell (USA)) have been achieved
the fabrication of ISFETs to such a level that they exhibit performances, which are
comparable with pH-glass electrodes.
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