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ABSTRACT 

Based on recent advances within the fields of organic electronics and polymeric ion selective 

membranes (ISMs), two novel low-cost and organic ion sensing concepts are presented within 

this work.  

The first concept is based on an integrated electrolyte gated organic field-effect transistor 

(EGOFET) in combination with a polymeric ion-selective membrane. The membrane potential, 

which depends on the ion activity within the sample, modulates the effective gate potential 

and therefore drives the EGOFET. The advantage of this concept is that the potentiometric 

high impedance input signal of the membrane is transformed into an amplified low 

impedance amperometric output signal. Moreover, in contrast to the conventional OFET 

architecture, the semiconductor is in direct contact with the electrolyte. Consequently, there 

is no need for an expensive encapsulation or an elaborate deposition of a dielectric. In 

contrast, an electric double layer of high capacitance is formed, due to the direct contact 

between the electrolyte and the organic semiconductor. This extremely high capacitance 

induces a high charge carrier density in the semiconductor. For that reason, stable and low 

voltage operation (< 600 mV) becomes feasible. The architecture of this sensing platform was 

chosen to be modular and sensitivities towards other ions can be achieved, simply by 

exchanging the ion selective membrane. To prove the versatility of this concept, an H+ ion-

selective and Na+ ion selective EGOFET is presented.  

The second concept is a reference-electrode free, all organic K+ sensitive ion sensing platform 

fabricated on a plain sheet of paper by simplest means. This unique sensing platform consists 

of two identical ion selective electrodes (ISEs) which are assembled by bonding a polymeric 

ion selective membrane (ISM) directly onto a drop-casted PEDOT:PSS electrode on paper. 

Taking full advantage of the so called pulsetrode/flash-chronopotentiometry concept, a 

current pulse is used to measure the concentration of the targeted ion. This current forces an 
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ion flux out of the first ISE, through the sample and into the second ISE. This flux leads to a 

well-defined potential jump at the second ISE, as soon as the target ion locally depletes within 

the analyte, whereas the current induced potential change at the first ISE does not depend 

noticeably on the sample composition. Hence, the potential difference between the ISEs is 

directly related to the ion concentration within the sample. This concept allows for a 20-fold 

sensitivity enhancement compared to classical potentiometric measurements in physiological 

backgrounds. As mutual potential drifts of the ISEs cancel out, the sensor response showed 

excellent stability and did not change for over three months. Additionally, the response of the 

sensor could be modelled numerically, identifying the mechanisms and limitations of this 

promising senor platform. 
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KURZFASSUNG 

In dieser Arbeit werden zwei neuartige Ionenkonzepte vorgestellt. Diese basieren auf den 

jüngsten Erkenntnissen in den beiden Forschungsgebieten der organischen Elektronik und 

Polymer basierender ionen-selektiver Membranen (ISM).  

Das erste Konzept beruht auf einer ionen-selektiven Membran in Kombination mit einem 

integrierten elektrolyt-gegateten organischen Feldeffekttransistor (EGOFET). Dabei fungiert 

der Transistor als Signalwandler und die ionen-selektive Membran als sensitive Einheit. Das 

effektive Gate-Potential, das den Transistor ansteuert, wird vom ionenkonzentrations-

abhängigen Membranpotential moduliert. Der Vorteil dieses Messkonzeptes ist, dass ein 

potentiometrisches Eingangssignal mit hoher Impedanz in ein verstärktes Strom-

Ausgangssignal übertragen wird. Im Vergleich zu herkömmlichen Transistoren benötigen 

EGOFETs keine kostenintensive Einkapselung oder eine aufwendige Aufbringung von 

Dielektrika. Ganz im Gegenteil, der direkte Kontakt zwischen dem Elektrolyten und dem 

organischen Halbleiter führt zur Ausbildung einer elektrischen Doppelschicht mit einer sehr 

hohen Kapazität. Diese außerordentlich hohe Kapazität erzeugt eine sehr hohe 

Ladungsträgerdichte im Halbleiter. Dadurch wird es möglich den Transistor, bei sehr niedrigen 

Spannungen (< 1 V) und gleichzeitig hohen Strömen (> 1 µA) stabil zu betreiben. Die 

Architektur dieser Sensorplattform ist modular und die Sensitivität gegenüber eines 

spezifischen Ions kann durch die entsprechende Auswahl eines Ionophores erzielt werden. 

Die Vielseitigkeit dieses Konzeptes wird anhand einer Na+ und H+ sensitiven EGOFETs 

demonstriert. 

Das zweite Konzept ist ein referenzelektrodenfreier, komplett organischer K+ sensitiver 

Ionensensor. Um größtmögliche Kosteneffizienz zu gewährleisten, wurde dieser Sensor auf 

einem herkömmlichen Papierblatt mit einfachsten Fabrikationstechniken gefertigt. Dieses 

Messprinzip basiert auf zwei identischen ionen-selektiven Elektroden, bestehend aus einer 
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ISM und einer auf das Papier auf getropften PEDOT:PSS Elektrode. Die Ionenkonzentration 

wird gemessen, indem ein konstanter Ionenstrom durch die erste ISE in den Analyten und von 

dort in die zweite ISE gepumpt wird. Zu einem bestimmten konzentrationsabhängigen 

Zeitpunkt, verarmt das Analyt-Ion in unmittelbarer Umgebung der zweiten ISE. Um den 

Ionenstrom aufrecht zu erhalten müssen daher andersartige Ionen in die zweite ISE extrahiert 

werden. Da diese Extraktion aber ein höheres Potential erfordert, führt die Verarmung zu 

einem definierten Potentialsprung. Der strominduzierte Potentialabfall über die erste ISE wird 

hingegen im Wesentlichen nicht von der Analyt-Zusammensetzung beeinflusst. Das Potential 

zwischen den ISEs, das benötigt wird den Ionenstrom aufrecht zu erhalten, ist daher direkt 

von der Konzentration des gewünschten Ions im Analyten abhängig. Im direkten Vergleich zu 

klassisch potentiometrischen Messungen ermöglicht dieses Konzept eine 20-fach höhere 

Sensitivität. Da sich gemeinsame, umgebungsbedingte Potentialveränderungen der ISEs 

gegenseitig aufheben, ist die Reproduzierbarkeit und Stabilität des Messsignals exzellent und 

blieb für mehr als drei Monate unverändert. Zusätzlich war es auch möglich das Verhalten der 

ISEs während dem Betrieb numerisch zu Modellieren und dadurch parasitäre Mechanismen 

zu identifizieren und die Grenzen des Messprinzips zu bestimmen. 
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1.  INTRODUCTION AND 

SCOPE OF THE THESISa 

The scope of this thesis is the investigation of two novel, organic and low-cost ion sensing 

platforms based on recent advances within the fields of organic electronics and polymeric ion 

selective membranes. Ion sensors are required in many fields ranging from food safety 

control2, water quality monitoring3–5 to various applications in pharmaceutical and cosmetics 

industry.6 Especially, within the emerging fields of clinic analysis low-cost sensor platforms for 

in-situ sensing of ions and biological substances in appropriate aqueous media and 

physiological backgrounds are required.7 Within this field, potentiometric ion-selective 

electrodes (ISEs) are established tools as a routine methodology in clinical diagnostics for the 

determination of small hydrophilic target ions.8 In particular, ISEs based on polymeric ion 

selective membranes (ISMs) containing neutral or charged carriers (ionophores) have been 

improved to such an extent that it has resulted in a “new wave of ion-selective electrodes”.8,9 

This was achieved by considerable improvements of the lower detection limit, new 

membrane materials, and a deeper theoretical understanding of the potentiometric response 

of ISMs. The discovery of transmembrane fluxes and the fact that leaking of target ions into 

the sample reduces the lower detection limit, revolutionized the field.10–14 Today, ISEs with 

extremely high selectivity8 and detection limits down to low nano-molar levels are 

available.15–22 If such powerful ion sensing elements are combined with suitable solid-state 

transducers, mass-producible, miniaturized ion-sensor systems with unforeseen analytical 

capabilities are within reach.8,23,24 Especially organic conductors are currently emerging as 

transducers for low cost organic potentiometric sensors.25–29 

                                                      
a The content of the introduction is based on the work that has been published and submitted: J. Kofler, K. Schmoltner, A. 
Klug, and E.J.W. List-Kratochvil, Appl. Phys. Lett. 193305 (2014) and J. Kofler, S. Nau, and E.J.W. List-Kratochvil accepted by J. 
Mater. Chem. B (2015). 
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The sensitivity of all of these electrodes is typically given through the Nernst equation limiting 

it to ~59 mV for a 10-fold sample activity change in case of a monovalent ion. A second 

important limitation of ISEs is that in order to reliably measure the electromotive force (EMF) 

and to obtain a stable sensing signal, at least one reference electrode is required. However, 

the bridge electrolyte and the liquid junction of classical reference electrodes require regular 

maintenance, a vertical working position and it may also contaminate the sample. Although 

promising liquid junction-free all solid state reference electrode concepts were 

demonstrated28,30–35, the potential stability upon varying the ionic strength29 and response 

time of these novel solid-state reference electrodes still bear challenges. 

The first presented ion sensing concept, combines these powerful ISMs with a highly 

promising transducer, namely, an electrolyte gated organic field-effect transistor (EGOFET). 

EGOFETs are characterized by their small size, portability, low-energy consumption and low 

cost36–38 and they have already proved to be ideal transducers for the detection of 

biomolecules such as DNA, dopamine, enzymes and proteins in an electrolytic background 

with a constant ionic strength.39–42 An additional benefit of EGOFETs is that in contrast to the 

conventional ion-selective field-effect transistor (ISFET) architecture, the semiconductor is in 

direct contact with the electrolyte. Consequently, there is no need for elaborate and 

expensive encapsulation of the semiconductor. On the contrary, due to the direct contact 

between the electrolyte and the organic semiconductor, an electric double layer (EDL) at the 

semiconductor/electrolyte interface is formed. The EDL has an extremely high capacitance (1-

10 µF/cm2) inducing a high charge carrier density in the semiconductor.43–45 For that reason, 

stable and low voltage operation (< 600 mV) at currents which hare sufficiently large for 

further signal processing (> 1 µA), becomes feasible. The major advantage of EGOFETs is that 

the potentiometric high impedance input signal of the membrane is transformed into an 

amplified low impedance, amperometric output signal. Therefore, they are ideal candidates, 

not only as transducers, but also as intrinsic signal amplifiers.46 Consequently, the Nernstian 

sensitivity of the (ISMs) is intrinsically increased, easing data analysis. Using this concept a Na+ 

25 and H+ 26,47 sensitive ion sensing platform is demonstrated. Though this sensing concept is 
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very promising for low cost applications, one reference electrode is still required. In a second 

step an advanced electrodynamic concept, which does not require a reference electrode was 

pursuit. 

Typically ISEs are operated potentiometrically in chemical equilibrium. However, recently 

various attractive non-equilibrium, electrodynamic current and potential techniques have 

emerged.6,48–56 These techniques can overcome the limits of conventional ISEs. In particular 

flash chronopotentiometry (pulsetrodes), which allows for 10 to 20-fold sensitivity 

enhancement compared to classical potentiometry, seems to be especially suited for ion 

sensing in physiological backgrounds.57–59 The pulsetrode principle is based on a constant 

current pulse which forces an ion flux into the ISM. At a certain transition time, the target ion 

locally depletes within the analyte, leading to a drastic potential change (potential jump). The 

transition time and therefore also the potential recorded at a fixed time, are a function of the 

labile ion concentration within the analyte.6,58 Consequently, the potential can be used as a 

measurement signal, which exhibits a very high sensitivity within a narrow concentration 

range.58 After each measurement the ISM has to be regenerated by applying the initial 

equilibrium potential measured before the current pulse is applied.57 For that reason, 

conventional pulsetrodes still require reference electrodes. 

The second investigated ion sensing concept is a flash-chronopotentiometric, all organic and 

reference electrode free K+ sensing platform on paper. This unique platform is based on two 

identical PEDOT:PSS-based solid contact ISEs (SC-ISEs) fabricated on a paper sheet by simplest 

means. The novelty of the proposed measurement method is that the commonly used 

reference electrode is replaced by a second, identical ISE. To measure the concentration of 

the target ion a current pulse is forced through the ISEs while the potential difference 

between the ISEs is measured at a fixed measurement time. The current forces an ion flux 

through the sample and through both ISEs. The ISE operated in forward direction, extracting 

target ions into the membrane from the sample side, will exhibit the typical potential jump 

upon target ion depletion. The ISE operated in backward direction just shifts the potential 

difference between the ISEs by a constant value and thus does not disturb the measurement 
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signal. Since both ISEs are identical, the equilibrium potentials of both ISEs are equal with 

respect to the analyte and the ISEs can be regenerated simply by shortening them after each 

measurement. Consequently, the second ISE serves two purposes. Firstly, it provides a 

reference potential during the measurement pulse and secondly it allows to regenerate the 

ISEs without using a reference electrode. Additionally, mutual potential drifts of the ISEs 

cancel out, leading to a very stable and reproducible response. 

The results of both approaches are very promising and constitute an important step towards 

a low-cost disposable sensor array for multiple ion detection. This array is of high relevance 

for biomedical diagnostics, food-monitoring, industrial process- and water-control. 

1.1 Structure of this work 

The scope of this thesis is to investigate two novel ion sensing concepts based on recent 

advances within the fields of organic electronics and polymeric ion selective membranes. 

Accordingly, the work is divided into one common theory chapter and two separate chapters 

discussing the ion sensing concepts individually. 

2nd chapter - theory: This chapter introduces basic theoretical concepts and operating 

principles which are later on used throughout the work. First the basics of organic electronics 

are introduced. Hereby, organic field effect transistors (OFETs) and electrolyte gated organic 

field effect transistors (EGOFETs) are discussed in detail. Subsequently, the relevant 

electrochemical mechanisms are discussed. A separate section is dedicated to the working 

principle of ion selective electrodes which is explained on the basis of numerical calculations. 

The numerical calculations carried out within this work are able to model static as well as the 

dynamic behavior of ISEs. Consequently, they are a very interesting tool to investigate the 

influence of the membrane or analyte composition in detail. The numerical methods used, 

are also presented. 
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3rd chapter - EGOFETs: In the 3rd chapter a novel sensing concept, based on a combination of 

ion selective membranes and EGOFETs is presented. First, the concept is critically examined 

and the prerequisites imposed on EGOFETs, used as transducers, are discussed. Subsequently, 

a Na+ and H+ sensitive EGOFETs are demonstrated. The sensing concept was 

developed/investigated and published in close collaboration with Dr. techn. Kerstin 

Schmoltner, who presented the Na+ sensitive EGOFET in detail in her PhD thesis.60 For that 

reason, this work focuses on the H+ sensitive EGOFET. 

4rd chapter – paper based flash-chronopotentiometric organic ion sensors: In the 3rd chapter 

a novel reference electrode free all organic ion sensing platform based on paper is presented. 

This sensing platform takes full advantage of flash-chronopotentiometry or the so called 

pulsetrode concept, which is introduced first. Subsequently, the proposed sensing concept is 

investigated on the basis of two conventional ISEs containing an aqueous inner filling solution. 

The response curves of these ISEs are modelled numerically, identifying the mechanisms and 

limits of this sensing platform. Finally, a sensing platform fabricated on a plain paper sheet is 

demonstrated using the same concept. 

5th chapter – conclusion 

6th chapter – references 

7th chapter – appendix: The original texts of the works published in the course of this thesis. 
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2.  THEORY 

The ion sensing platforms developed within this thesis combine three broad fields of research. 

Namely, electrochemistry at conducting and semiconducting electrodes, polymeric ion 

selective electrodes and organic electronics. Due to the interdisciplinary, the basic concepts 

of these fields are introduced first. The first chapter introduces the principles of organic 

electronics with an emphasis on electrolyte gated organic field-effect transistors (EGOFETs). 

The second chapter deals with electrochemical mechanisms occurring at conducting and 

semiconducting electrodes. The third chapter discusses the principle working mechanisms of 

polymeric ion selective membranes (ISMs) operated in a potentiometric and dynamic mode.  

2.1 Organic electronics 

Unlike conventional inorganic electronics, organic electronics are constructed from carbon 

based compounds. Using modern organic synthesis, the properties and structure of these 

compounds can be specifically tailored to meet certain requirements. Another benefit of 

organic electronics is that they are low cost and solution processable. Thus, elaborate ion 

implantation or expensive vapor deposition processes, as in case of inorganic 

semiconductors, are not required. Furthermore, these materials can be designed to be bio-

degradable.46 Considering recent advances within this field, the term green electronics can 

be envisioned. 

First, the underlying physics of organic semiconducting materials such as their charge carriers 

and charge transfer processes are introduced. Subsequently, the working principles of organic 

field-effect transistors are presented. At the end of the section, the advantages of organic 

field-effect transistors and their device architectures for sensing applications are discussed. 
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2.1.1 Organic semiconducting materials 

Organic semiconductors are based on conjugated carbon compounds. Their electronic 

properties arise from their special bonding configuration. Conjugated carbon compounds 

have a sp22pz hybridization. This means that each carbon atom has three sp2 orbitals and one 

unpaired pz orbital. The sp2 orbitals form covalent σ-bonds with the neighboring atoms (see 

Figure 14 (a)). Whereas the perpendicular oriented pz orbital, overlaps with the neighboring 

pz orbitals forming π-bonds. The electrons within the pz orbitals are not associated with a 

certain atom and are delocalized over the whole chain, forming a conduction band. 

Consequently, one would expect polyacetylene (see Figure 14 (b)) to behave like a 1D metal. 

In reality, this structure is energetically unfavorable and the single and double bonds are 

alternated leading to the so called conjugation. According to the Peierls theorem, the band 

splits into a bonding π and anti-bonding π* band leading to the formation of a bandgap.135,136 

The π band is fully occupied while the π* band is empty. In terminology of molecular orbitals 

the π band corresponds to the HOMO (highest occupied molecular orbital) and the π* band 

to the LUMO (lowest unoccupied molecular orbital).137 In context of inorganic 

semiconductors, the HOMO is similar to the conduction band whereas the LUMO to the 

valence band. Theoretically, as the conjugation length and thus the number of carbon atoms, 

is increased, the energy gap gets smaller resulting in a continuous energy band. Practically, 

due to defects, twists and kinks, the π-conjugation is limited to a few repeating units.135 Other 

than the conjugation length, the bandgap greatly depends on the molecular structure of the 

repeat units. Therefore, through intelligent design at a molecular level the properties of the 

organic semiconductors can be tuned.135 

 

Figure 1: a) Illustration of the σ and π bonding of ethylene; b) illustration the occupation of the 

bonding π orbitals (HOMO) and anti-bonding π* orbitals (LUMO) of polyacetylene; c) energy levels  
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2.1.1.1 Organic semiconducting material properties 
Organic semiconductors can be classified into conjugated small molecules and conjugated 

polymers. Typically, small organic molecules are deposited via physical vapor deposition, 

whereas conjugated polymers are solution processable and can be deposited via spin coating, 

inkjet printing and roll to roll techniques. 

The performance of organic semiconducting materials is generally characterized through their 

charge carrier mobility (µ) and their stability in ambient conditions. Typically, small molecules 

which form well-organized polycrystalline/crystalline films where the π orbitals of adjacent 

molecules overlap, generally outperform conjugated polymers. Mobilities µ as high as 15-40 

cm² V-1 s-1 138,139 were measured in single crystalline films while conjugated polymers such as 

the commonly used regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT, structure see Figure 

2 (a)) exhibits mobilities in the range of 10-1 cm2 V-1 s-1.140 Though the charge carrier mobilities 

of conjugated polymers is magnitudes lower, the simple processability is a very persuasive 

argument for many sensing applications. Within this context, P3HT was used in this work. 

P3HT is one of the most studied organic polymers, commercially available, relatively cheap 

and it is easy to process.141–143144 Additionally, P3HT forms stable homogenous films on glass 

and PET substrates which do not delaminate in water. For that reason, P3HT is an ideal 

candidate as a model to investigate novel sensing methods ion aqueous environments. The 

implementation of other polymers with a higher environmental stability can then be carried 

out in a subsequent step. 

2.1.1.2 Charge carriers 
Doping or electrochemical gradients within the polymer create charge carriers. The charge 

carriers are not free electrons or holes but quasi particles corresponding to coupled charge-

lattice entities. The presence of electronic charge leads to local changes in the atomic 

geometry which in turn leads to a self-localization of the electronic structure. All of the 

conducting polymers within this work have a non-degenerate ground state; i.e. they have a 

single geometric structure (the aromatic structure) and one ground energy. If an electron is 

removed, the structure changes from aromatic to quinoid, leading to a so called polaron. The 
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polaron is a quasi-particle coupling the conformational change of the polymer with the 

charge.135,137 If two electrons are removed then a bipolaron instead of two independent 

polarons is formed. The polarons/bipolarons create intermediate states within the band gap. 

In highly doped conducting polymers, the polaron states broaden until they eventually merge 

the HOMO and LUMO, closing the bandgap and leading to a metallic behavior. 135–137 

The charge transport of these charge carriers occurs via hopping in a distribution of localized 

states. In contrast to the band transport in inorganic single crystal semiconductors, where the 

charge transport is limited by phonon scattering, the transport in organic polymers is phonon 

assisted.135–137 For that reason, the charge carrier mobilities of organic semiconductors 

usually increase with temperature. There are many theoretical models describing the charge 

transport. However, these would by far exceed the scope of this work. 

2.1.1.3 Conducting polymers - doping 
Similar to inorganic semiconductors, organic semiconductors have to be doped to obtain high 

conductivities and metallic like properties. Doping in inorganic semiconductors is achieved by 

implanting impurity atoms into the semiconducting lattice. The dopant can be either a donor 

(n-type) or an acceptor (p-type) of an electron. Small impurity concentrations of a few ppm 

are sufficient to increase the conductivity. In contrast, organic semiconductors are doped by 

adding a high concentration of separate units which exchange an electron and form an ionic 

complex with the organic semiconductor.136 Typical dopants are ions, charged molecules or 

polyelectrolytes. These are introduced during the synthesis, electrochemically or by diffusion.  
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Figure 2:a) Structure of P3HT; b) shows the formation of a polaron (grey box) on a PEDOT backbone 

(thus PEDOT+);135 c) shows the structure of the counterbalancing PSS- 

One of the most popular conducting polymers is poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS). It is known to have a high conductivity, to be 

environmentally stable, commercially available, low cost and easy to process.145–148 For that 

reason, it was used within this work as a polymer to investigate new sensing methods. The 

structure of the PEDOT:PSS is shown Figure 2 b and c. The sulfonate group on the PSS chain 

takes on electron from the PEDOT backbone creating a positive charge. The charge is not 

localized in one monomer but is delocalized creating a polaron and therefore a positively 

charged charge carrier.135 

2.1.2 Organic field-effect transistors 

FETs (field-effect transistors) are the backbone of modern microelectronics and the basis of 

the digital revolution of the 80s. Nowadays, the application field of organic field-effect 

transistors (OFETs) is not believed to be in the area of high performing integrated circuits 

where they cannot compete against state of the art silicon based FETs. Their application area 
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is in the field of low-cost, green and large area electronics where they compete against 

amorphous hydrogenated silicon thin film transistors (TFTs).149 TFTs differ from FETs in that 

the conducting channel is formed by accumulation rather than by an inversion layer. 

Successful realizations include for example flexible displays and radio frequency 

indentification tags.150–152 However, aside of these already highly industrialized consumer-

electronics, OFETs are very promising candidates for various sensing applications. Especially 

electrolyte gated organic field effect transistors (EGOFETs) which are used to electronically 

detect DNA, enzyme and proteins are currently without alternative.153 

First the general operation principles of OFETs are introduced. Subsequently recent OFET 

based sensing devices are presented. A separate chapter is dedicated to a special kind of 

OFET, namely the EGOFETs. 

2.1.2.1 Operation principles 
The OFET is a three terminal device consisting of a source, a drain and a gate electrode. The 

source and drain electrodes are in direct contact with the OSC and the gate electrode is 

separated from the OSC by a dielectric (see Figure 3 (a)). The gate voltage (VGS) induces charge 

carriers in the channel between the source and drain electrodes. If a source drain voltage (VDS) 

is applied a current starts to flow. The magnitude of this current depends on the induced 

charge carrier density and thus gate voltage. The gate electrode-OSC stack can be considered 

as a capacity (if VDS = 0). Accordingly, the induced charge carrier density is given by135: 

� = � ���� − �
�� = 
� �  ���� − �
��     2.1.1 

Where Q is the charge, C is the capacity, ε is the dielectric constant of the dielectric, d the 

thickness of the dielectric, A the area of the channel (W x L) and Vth is called the threshold 

voltages which is a constant related to the work function difference of the gate dielectric and 

the OSC or to residual charges at the OSC-dielectric interface. 



25 
 

 

Figure 3: a) Illustration of the operation principle of an OFET. The distance between the source and 

drain is called the channel length (L) and the perpendicular dimension is called the width (W). The 

potential difference between the gate and the source electrode contact is called the gate voltage (VGS) 

and the potential difference between the source and the drain contact is called the source voltage 

(VSD). The charge carriers during an operation within the linear regime are shown in b) and in the 

saturation regime in c). The source drain current (ISD) as a function of the gate voltage (tansfer 

characteristic) is shown in d) and as a function of the source drain voltage is shown in e). 

In case of a p-type semiconductor, such as P3HT, a negative gate bias has to be applied (VGS - 

Vth< 0) to accumulate positive and mobile charge carriers at the OSC-dielectric interface. 

These accumulated charge carriers form a conductive channel (Figure 3 (b)). At VDS potentials, 

which are small compared to the gate voltage (���
�,��� < VDS), the potential drop over the 

OSC can be neglected and the current flowing between the source and drain contact (ISD) is 

given by135: 

��� = �
� � �  ��� �  �

� � � ���� 	 �
�� ��� � �
�   � � ���
�,���   · ���     2.1.2 

Where ISD is the source drain current and µ the mobility of the OSC and ���
�,���  is the 

effective gate potential.  

Consequently, at small VDS, ��� depends linearly on the applied gate voltage. Accordingly, this 

regime is called the linear regime.  

At higher VGS potentials, the conducting channel is pinched of as soon as VDS ~ ���
�,��� and a 

charge carrier depletion region is formed at the source contact. Within this depletion layer, 
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the effective gate potential cannot induce positive and mobile charge carriers. Hence, a 

further increase of VDS does not lead to an increasing ISD but to a wider depletion layer. 

Consequently, the current ISD saturates. Accordingly, this regime is called the saturation 

regime. The ISD current can then be described by135: 

��� �  �
�� � � ����
�,����²        2.1.3 

For sensing applications two parameters are of especial importance. First the 

transconductance gm which describes the drain current change per gate voltage change at a 

constant drain voltage and second the leakage current between the gate electrode and the 

OSC. The transconductance determines the amplification and should be as high as possible. 

The second parameter, the leakage current, determines the input impedance of the gate 

voltage and should be as low as possible. 

The transconductance in the linear regime and in the saturation regime is given by: 

� ,!"# =  �$
�  � ���;  � ,&�
 =  �$

�  � ���
�,���     2.1.4 

Practically, the OFETs are operated in the linear regime, VSD is kept constant and ISD is 

measured. Thus, there is a linear dependence between the output signal and the input signal, 

which eases data analysis. 

One can see from eq. 2.1.4 and 2.1.3 that the higher the capacitance the more favorable the 

transconductance and the lower the required operation voltages VDS/VGS to obtain a certain 

ISD. Due to the low charge carrier mobility of organic semicondcutors, high VSD voltages are 

required to obtain ISD currents which are sufficiently large for further signal processing (> 1 

µA). The charge carrier mobility is mainly a property of the semiconducting material. 

However, the capacitance is a property of the dielectric and device architecture. 

2.1.2.2 Organic field-effect transistors for sensing applications 
OFETs have proven to be ideal candidates as transducers for sensing applications.38,40,144,154–

156 Other than their low-cost and simple fabrication technique, their major advantage is that 

they transduce a high impedance input signal (the gate voltage) in an amplified low 
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impedance output signal (the source drain current). There are several approaches and 

different OFET architectures that have been published in literature. 

In case of ion-sensitive OFETs, which are the organic counterparts of ISFETs/CHEMFETs (ion 

selective FETs, chemical FETs), the electric field/potential drop across the insulating gate 

dielectric is influenced by targeted ions at the electrolyte-dielectric interface. A successful 

realization of pH sensitive OFETs using silicon nitrite 157 and a Mylar™ foil 158 as a sensitive 

dielectric have been demonstrated. Furthermore, the sensing of biomolecules using tantalum 

oxide dielectric or K+ using a valinomycin modified dielectric, has been published.159,160 

Though, these results seem to be very promising, due to the low charge carrier mobility of 

the organic semiconducting materials, these devices suffer from high operational voltages 

exceeding 10 V. Another approach was to use a classical OFET which is in direct contact with 

an electrolyte. The electrolyte was kept floating and the transistor was operated by an 

underlying gate. The sensing mechanism of these OFETs is not well understood as it relies on 

the semiconductors/dielectric inherent response to many chemical compounds.161 

Nevertheless, sensitivities towards glucose, pH, cysteine, etc. were demonstrated.143,161 

However, electrolyte gated organic field-effect transistors, described in the following section 

seem to be the most promising candidates within this field. 
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2.2 Electrolyte gated organic field-effect 

transistors 

Electrolyte gated organic field-effect transistors (EGOFETs) exhibit an exceptional 

performance at very low operational voltages (see Figure 4 (a)). This can be ascribed to the 

formation of an electric double layer with extremely high capacitances in the range of 10 

µF/cm² 43–45 at the semiconductor-electrolyte interface. This high capacitance induces a high 

charge carrier density and therefore source drain currents which are sufficiently high for 

further signal processing, at very low operational voltages (see equ. 2.1.1 and 2.1.2). 

Furthermore, an elaborate and expensive deposition of a gate dielectric can be omitted 

bringing low-cost, disposable sensor arrays within reach. Additionally, the semiconducting 

materials used, are also known for their good biocompatibility.36,157 

A large variety of different electrolytic systems, such as polyelectrolytes162,163, polymer 

electrolytes164,165, ionic liquids166, ion gels166 and electrolyte solutions43–45,167 have been 

examined. One of the most important milestones within this field was set by Kergoat et al. 

who reported on the stable operation of water-gated OFETs.43 The thereafter following works 

such as the successful detection of biomolecules (DNA, dopamine, enzymes, proteins, …)39–

42,168 gave rise to a whole new field of biological and ion sensors. 

A very similar device is the so called electrochemical organic transistor (OECT). This device is 

based on doping/de-doping processes of the semiconductor (see Figure 4 (b)). Though 

EGOFETs and OECTs have the same architecture, they have different semiconducting 

materials. In contrast to EGOFETs, OECTs materials are typically hydrophilic polymers easing 

ion penetration in to the semiconductor and doping.45,169 Similar to EGOFETs, OECTs are also 

frequently used as transducers.37,170–172 However, their switching speed and their leakage 

currents are significantly larger than in case of EGOFETs.37 



29 
 

 

Figure 4: Illustration of the working principle of an EGOFET (a) and of an electrochemical transistor 

(OECT) (b). 

There are different approaches to implement the EGOFET as a transducer in sensing 

applications (see Figure 5). The first and most simply approach is to modify a gold – gate 

electrode by a functional monolayer which captures biomolecules such as DNA or dopamine 

in a background electrolyte with constant ionic strength(Figure 5 (b)).173,174 Due to a 

modification of the gate-electrolyte interface (EDL changes), the potential drop over the gate-

electrolyte interface is modified. Hence, the potential of the electrolyte (effective gate 

potential), which drives the EGOFET, depends on the biomolecules in the electrolyte. In 

another approach a DNA sensitive floating gate electrode was used (Figure 5 (c).153 This 

architecture has the advantage that it is possible to separate the EGOFETs from the sample 

solution. However, the most promising approach is to use modified semiconductors with 

functionalized monolayers (Figure 5 (a)).41,175 Their sensing signal arises due to a modification 

of the EDL at the semiconductor-electrolyte interface and a thereof varying charge carrier 

density within the semiconductor. Or in other words, these devices indirectly measure the 

differential capacity (potential dependent capacity) of the stern layer. Hence, this approach 

really takes full advantage of the EGOFET concept. The physics of these devices (interactions 

within the stern layer) is very rich and the possibilities of sensing applications are tremendous. 

Actually, EGOFETs are most likely the only devices which can measure adsorption processes 

at a polarizable interface within the stern layer in static and facil manner. 
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Figure 5: Illustration of the approaches to use EGOFETs as transducers in sensing applications: a) The 

semiconducting material is modified by a functional monolayer; b) the gate electrode is functionalized 

by a monolayer; c) the semiconductor solely used as a transducer and is driven by a floating gate. The 

floating gate is functionalized by a monolayer. 

It is important to note that in order for the EGOFET to work, the semiconductor-electrolyte 

interface must be polarizable. If this is not the case, a large leakage current is flowing between 

the gate electrode and the source-drain contacts. Moreover, the capacity of the gate 

electrode must be significantly higher than the capacity of the semiconductor-electrolyte 

interface or must be non-polarizable. If one of these two conditions is not fulfilled, the 

effective gate potential within the analyte would not correspond to the potential applied to 

the gate electrode. Hence, the transistor characteristic would be degraded. 
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2.3 Electrochemistry at 

conducting/semiconducting electrodes 

For a better understanding of the sensing concepts presented within this work, two 

omnipresent electrochemical phenomena, namely charge transfer at conducting-

/semiconducting- electrolyte interfaces and the electric double layer, are discussed first. 

Subsequently, polarizable and non-polarizable interfaces and their implications for 

potentiometric measurements are presented. 

2.3.1 Charge transfer at conducting- and semiconducting-electrolyte 

interfaces 

Charge transfer processes occur as soon as a conducting- and semiconducting- electrode is 

immersed into an electrolyte. These processes are driven by electrochemical potential 

differences. For the sake of simplicity, let’s consider a simple redox couple in contact with a 

metal electrode (see Figure 6 (a)): 

'  ()
*+ 
(,-.   O +  12      2.3.1 

1. �.      41�5  67
8 
69: 41;5 +  12 

Where kf and kb are the forward/backward rate constants and e- is an electron. 

The charge transfer is driven by the electrochemical potential difference of the electrons in 

the metal electrode and in the solution. The electrochemical potentials in the respective 

phase are given by: 
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Where ��
 

 is the electrochemical potential of the electron within the metal which equivalent 

to the familiar Fermi energy (at least for a Physicist); ��
&
 can be seen as the Fermi energy of 

the electron in the solution; �A/B
&

 is the electrochemical potential of the reduced/oxidized 

species; �A/B
&,C

 is the standard chemical potential of the reduced/oxidized species and GA/B�  are 

the respective activity coefficients and ?& is the potential in the solution. 

As the electrons can be transferred from the metal electrode into the solution, their 

electrochemical potential must be equal in both phases, in equilibrium: 
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 =  ��
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�    2.3.2 

Where E0 is the standard redox potential which corresponds to 
M
= �<= −  ��A

&,C −  �B
&,C�� and 

Eeq is the Nernstian equilibrium potential difference between the electrode and the 

electrolyte. 

Consequently, the equilibrium potential depends on the relative activities of the reduced on 

oxidized species within the electrolyte. The other way around, if a potential is applied, the 

relative activities can be changed. In analogy to the bandstructures of semiconductors the 

direction of the current flowing upon applying a potential can be illustrated by band diagramsb 

(see Figure 6 (a)). If a positive potential relative to the equilibrium potential is applied, the 

electrochemical potential is shifted and a positive current starts to flow and in case of a 

negative potential vice verca. The potential is typically expressed in terms of overpotential 

which is defined as the difference between the equilibrium potential and the actually applied 

potential.  

                                                      
b Note that the magnitude of the current has to be described by a kinetic model similar to the one described in 
section 2.4.1. Furthermore note that the electrons within the solution are not “free” as proposed by the band-
diagramm. The only charge carriers within the solution are the reduced and oxidized species. Thus, the band-
diagramm should be considered as an abstract picture. 
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Figure 6: Illustration of the electrochemical potentials (µe) and the electric potentials (E) (before 

contact, in equilibrium, at a positive overpotential and a negative overpotential) of a redox couple in 

contact with a metal electrode (a) and a semiconductor (b). The currents flowing upon applying an 

overpotential are illustrated in c). 

Lets’ consider the same redox couple but a p-type semiconducting electrode. In this case, the 

majority charge carriers are positive holes. In the situation illustrated in Figure 6 (b)), where 

the EF of the semiconductor lies above that in the solution, mobile positive charge carriers 

(hohles) are depleted at the interface leaving back negatively charged dopants. Consequently, 

a certain space charge region and a potential drop is formed, inducing a so called bend 

bending. If a negative overpotential is applied, the holes are further depleted within the 

semiconductor. Thus, the additionally applied potential drops within the semiconductor while 

the potential at the electrolyte interface remains unchanged. Hence, the current is not 

increased with increasing negative potential. Whereas if a sufficiently large positive 

overpotential is applied, holes are accumulated at the interface and the semiconductor 
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behaves metal like. Hence, a p-type semiconductor-electrolyte interface has a diode like 

overpotential-current characteristic (see Figure 6 (c)). 

2.3.2 Electric double layer 

The electric double layer (EDL) is formed as soon as a conducting electrode is immersed into 

an aqueous solution. Charge transfer processes into the electrolyte and ions which are 

adsorbed on the surface lead to surface charge at the electrode (see Figure 7). The plane 

through the center of the specifically adsorbed ions is called the inner Helmoltz (IHP) plane. 

The surface charge is shielded by solvated ions within the solution. Due to the solvation shell 

of these ion, they can only approach the electrode at a certain distance. The center of these 

nearest solvated ions is called the outer Helmholtz plane (OHP) or the Stern layer. The 

thickness of the Stern layer is in the range of 1-2 nm.61 Due to thermal agitations in the 

solution and concentration gradients the nonspecifically adsorbed ions are distributed in a 

three dimensional region called the diffuse layer Gouy-Chapman-Layer, which extends from 

the OHP into the bulk of the solution. The thickness of this diffusion layer depends on the 

ionic concentration in the solution and is on the order of 10 nm at electrolyte concentrations 

of 10 mM.62 The potential within this diffuse layer decreases exponentially according to the 

Poisson-Boltzmann assumption, while it decreases linearly within the Stern layer.61 

The EDL formation has a very important implication: As soon as an electrode/semiconductor 

is immersed into an aqueous solution, ions get adsorbed. The adsorption and charge transfer 

process and therefore also the interfacial potential depends on the chemical properties of the 

involved ions and the electrode. Hence, neither the absolute potential of an electrolyte nor 

the potential drop at an electrode-electrolyte interface can be measured experimentally. 

However, it is possible to measure the relative potential (potential difference) between two 

electrodes.  
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Figure 7: Illustration of an electric double layer at an electronic conductor-solution interface and 

corresponding the potential profile. 

2.3.3 Polarizable vs. non-polarizable interfaces 

There are two important ideal types of electrode-analyte interfaces. The first one, is the so 

called polarizable interface. In this case, zero net faradaic current should be flowing, 

regardless of the interface potential applied (see Figure 8). The prime example of a polarizable 

interface is a metal electrode which is covered by an insulating dielectric. However, within 

this work all electrodes are conductors or semiconductors, which are in direct contact with 

the electrolyte. Consequently, upon applying a potential deviating from the equilibrium 

potential, there is always a current flowing. The magnitude of this current depends on the 

composition of the electrolyte, the type of electrode and the exchange current density of the 

dominant redox active species. The potential difference between the equilibrium potential of 

the dominant redox couple and the applied potential at which experimentally significant 

currents are flowing is called the anodic/cathodic overpotential. Therefore, as long as the 

applied potential is smaller than the anodic/cathodic overpotential of the relevant redox 
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active species, the interface can be considered as polarizable and a negligible current is 

flowing.  

In case of a non-polarizable interface the potential to force a current over the interface, 

should be as small as possible; i.e. the potential should not change significantly upon applying 

a current. A typical example of non-polarizable interfaces are reference electrodes. Reference 

electrodes must be non-polarizable in order to guarantee a stable potential even if small 

currents (e.g. leakage currents of a potentiometer) are flowing. Note that the polarizability of 

the interface is a property of the electrode and the composition of the electrolyte. For 

example, adding an electroactive species (ascorbic acid) which is easily reduced or oxidized 

can depolarize the initially polarizable interface. 

 

Figure 8: Illustration of a polarizable (dashed line) and a non-polarizable (solid line) interface 

electronic conductor – electrolyte interface. 

2.3.4 Potentiometric measurements 

Potentiometry passively measures the potential between two electrodes. Due to the 

formation of EDLs at conducting electrodes, potentiometric measurements are only able to 

measure the potential of an electrode with respect to the potential of another electrode. 
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Consequently, neither the absolute potential of an electrolyte nor the potential drop at an 

electrode-electrolyte interface can be measured. This is not a hindrance if all potentials are 

measured relative to a reference electrode which has a well-known and constant potential 

with respect to the analyte. Let’s consider a typical Ag/AgCl reference electrode which is 

illustrated in Figure 9. This electrode is composed of a silver wire coated with AgCl immersed 

into a so called inner filling solution (IFS). The IFS has a known and constant composition (e.g. 

3 M KCl) and contacts the analyte over a porous membrane. Though in chemical equilibrium 

the composition of the IFS approaches the composition of the analyte through diffusion, the 

timescale to reach this chemical equilibrium is magnitudes higher than the timescale to reach 

a uniform potential. Consequently, as long as the composition of the IFS is not changed, the 

potential drop over the Ag/AgCl-IFS interface remains constant and the potential within the 

IFS corresponds to the potential of the analyte (see Figure 9 on the left). 

 

Figure 9: Illustration of the working principle of an Ag/AgCl reference electrode. The Ag wire is 

immersed into an inner filling solution (IFS) which has a constant Cl- concentration. The inner filling 

solution contacts the analyte via a porous plug. The potential drop over the AgCl-IFS interface depends 

on the activity of the Cl- within the IFS and remains constant as long as the Cl- concentration is not 

changed. If the liquid junction potential (potential drop over the porous plug) is negligible, the 

potential of the IFS corresponds to the potential of the analyte. 

Another important issue to consider is that two polarizable interfaces in series can be 

regarded as two capacities in series. The potential measured between these capacities is 
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given through noise or through charging of the capacities by parasitic currents. As the 

potentiometer itself can already be regarded as a polarizable interface, all other interfaces 

have to be non-polarizable. Consequently, every electrode must have at least one dominant 

redox couple which depolarizes the interface. Note that the transition between polarizable 

and non-polarizable is smooth and the measurements get increasingly challenging as the 

polarizability of the electrodes increases. Furthermore, also note that the lower the parasitic 

measurement current of the potentiometer gets, the less problematic the polarizability issue. 

In order to reliably measure this potential two important rules have to be full-filled: 

• In order to measure the potential of the analyte, reproducible and independently of 

the sample composition, reference electrodes are required. 

• Never use two polarizing interfaces in series. As a potentiometer (used 

potentiometric measurements) already corresponds to a polarizable interface, all 

other interfaces contacting the analyte solution have to be non-polarizable. 

2.4 Ion selective electrodes 

The sensing principle of ion selective electrodes (ISEs) is typically based on the potentiometric 

measurement of a concentration dependent phase boundary potential arising at an ion 

selective membrane-analyte interface. The underlying principle can be traced back to the ion 

transfer at immiscible electrolyte solutions (ITIES). For that reason, the fundamental 

relationships of ITIES are discussed first. Using these relationships, a numerical model is 

proposed in the thereafter following section. On the basis of this numerical model, the 

working principle, the limits and the optimization of ISEs are discussed in detail. 

2.4.1 Simple and facilitated ion transfer between immiscible 

electrolytes 

The underlying principle of highly ion selective plasticized PVC membranes is the ion transfer 

at immiscible solutions (ITIES) which can be described by the Butler-Volmer model, one of the 

most fundamental relationships in dynamic electrochemistry. The model describes the simple 
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heterogenous mass transfer of charged ions between two immiscible phases; i.e. between an 

analyte and an ISM. In order to introduce this model and for the sake of simplicity, let’s 

consider a heterogeneous, simple ion transfer of a monovalent ion between an aqueous and 

an organic phase (e.g. between an analyte and an ion selective membrane). Furthermore 

assume that the activity coefficients within the organic and aqueous phase are unity: 

�N5  ()
*+ 
(,-.   �B5          

Where �N5 is an ion dissolved in the analyte; �B5 is an ion dissolved in the organic phase and 

kf/kb are the forward/backward rate constants 

The transfer rate and the current densities are given by: 

O,
= = P� =  6� �N       
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= = PQ = 6Q�B       
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= = P#�
 = 6��� −  6Q�B   Eq. 2.4.1 

Where jf/jb are the forward/backward current densities; vb is the reaction rate; CR/CO are the 

concentrations of the reduced/oxidized species and inet/vnet is the net reaction rate/current 

densities. 

Within the Butler-Volmer model, the rate constants are assumed to have an Arrhenius form 

and can be described as: 

6� =  6C exp X− Y= 
AZ [�E − <C�]     Eq. 2.4.2 

6Q =  6C exp XY= 
AZ �1 − [��< − <C�]    Eq. 2.4.3 

Where E is the potential drop over the interface (transfer potential); <C  is the standard 

transfer potentialc at 6� = 6Qd; [ is the transfer coefficient which describes the symmetry of 

                                                      
c Note that standard transfer potentials are used instead of formal transfer potentials. Consequently, it is assumed that the 
activity coefficients within the organic phase and the aqueous phase are unity. 

d In case of a symmetric reaction ([ = ½), the standard transfer potential E0 is given by <0 = 4∆a
bc0

 (∆a
bc0

 is the free 

energy of transfer between the organic and aqueous phase). In literature this value is also called the standard energy of 
partition 
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the reaction; 6C  is the standard homogenous rate constant; 6� / 6Q  forward/backward 

homogenous rate constant; z is the charge of the transferring ion; F is the Farraday constant; 

R the gas constant and T the temperature. 

In equilibrium, the net current is zero and an equilibrium potential is established. Accordingly, 

the equilibrium potential can be calculated by setting equation 2.4.1 to zero, leading to the 

classical Nernst equationse: 

<�J � <C +   AZ
Y= de fgh

gL
i      Eq.2.4.4 

Where <�J is the equilibrium potential. 

In equilibrium, the concentration of the organic and aqueous phase is given through: 

j,
j)

= k = gh
gL

    Eq. 2.4.5 

Where K is the partitioning coefficient. 

Highly ion selective plasticized PVC membranes are chemically based on the recognition of an 

aqueous target ion by an ionophore, which thermodynamically facilitates selective ion 

transfer (IT) into the organic phase. In this case, the ion transfer be considered as a 

heterogeneous on step process 63: 

lY�m� + en �op�� ⇆  ln#Y �op��     

Where L is the ionophore and n the complex stoichiometry. 

The energy required to transfer the ion into the membrane is decreased by the complex 

formation constant ( r ) of the ionophore. According to the thermodynamic cycle 

approximation the formal potential <C can be described by 64: 

<C = <"C + AZ
Y=  der#n#      

                                                      
e The Nernst equations are typically derived using thermodynamic assumptions. However, the Butler Volmer equations, 
which are based on the empirical assumption that the transfer rates have an Arrehnius form lead to the same conclusion. 
Such an agreement is required: In equilibrium a kinetic model must collapse to relations of the thermodynamic form.  
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Where r# is the complex formation constant within the ISM and <"C is the simple ion transfer 

potential and n# is the concentration of the free ionophore within the membrane. 

The Butler Volmer equations do not take into account an EDL at the interface. This effects 

were included by Frumkin who assumed that the closest approach of the reacting species to 

the electrode is the OHP. This assumption has the following implications: Due to the diffuse 

layer, the potential at the OHP is not equal to the potential in the solution. Furthermore, the 

concentration of the reacting species at the OHP is not equal to the bulk concentration; e.g. 

if an electrode has a negative charge the concentration of positively charged ions at the OHP 

will be higher than within the bulk electrolyte (see Figure 7). The Frumkin model extends the 

Butler-Volmer model by replacing the bulk concentration and the bulk potential with the 

concentrations and potentials at the OHP. Accordingly, the transfer rates and the equilibrium 

potential are described by: 

6� �  6C exp X− Y= 
AZ [�EBst − <C�]     2.4.6 

6Q =  6C exp XY= 
AZ �1 − [��EBst − <C�]      2.4.7 

O,
= = P� =  6� ��∗       2.4.8 

")
= = PQ =  6Q �B∗       2.4.9 

<�J = <C +   AZ
Y= de vgh∗

gL∗
w     2.4.10 

Where �B∗/�A∗ are the concentrations of the reduced/oxidized species at the OHP; EBst is the 

potential difference between the electrode and the OHP(see Figure 6).f 

Though, the Frumkin model is analytically more challenging to solve, it actually 

accommodates numerical calculations (see section 2.4.2).  

2.4.2 Numerical modeling of ion selective membranesg 

There are well established theoretical models which describe ITIES and assisted ITIES and 

consequently ion selective membranes (ISM) under equilibrium conditions.10,65–71 

                                                      
f In literature EBst is typically expressed by <Bst = < − ?� where ?� is the potential drop over the diffuse layer. 
g The section is based on the work submitted to J. Kofler, S. Nau, and J.W.L.-K. Emil, J. Mater. Chem. B (2015). 
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Furthermore, there are also analytical as well as numerical models for non-equilibrium 

operation modes.66,72–76 Within these models, the potential at the interface is calculated by 

inserting the boundary concentrations of the relevant ions in the respective phase into the 

Nernst equations and the mass transport through the interfaces is described by constant 

heterogeneous rate constants. The ratio of the heterogeneous rate constants of a specific ion 

are assumed to be equal to the partitioning coefficient as described in equation 2.4.5. Hence, 

these models assume that the thermodynamically facilitated IT is fast and instantaneously, 

reaching local thermodynamic equilibrium across the interface even under dynamic mass 

transport conditions. Though, the equilibrium assumption is usually completely justified, the 

major drawback of these models is that they neglect the influence of the electric potential on 

the transfer rates. 

For that reason, a new numerical method was developed. The presented method models the 

transfer rates in between the phases using Butler-Volmer-type relations and the bulk of the 

electrolytes is modelled using the well-established Nernst Planck and Poisson drift-diffusion 

equations (NPP). Hence, this model uses basic kinetic electrochemical principles which 

describe the response of ISEs under equilibrium as well as dynamic conditions. 

Similar to the method described by J.J. Jasielec et al.77 and Bartosz Grysakowski et al.73 the 

system was separated into three separate layers (analyte, ISM, inner filling solution) (see 

Figure 10). The bulk of these layers were calculated by solving the NPP equations in the 

following form73,77: 

xyz�{,
�
x
 =  x|z�{,
�

x{          2.4.11 

x}�{,
�
x
 = M

~�/� 
���� − =

~�/� 
∑ �"�"��, ���"�M     2.4.12 

�"��, �� =  −�"
�/N xyz�{,
�

x{ + =
AZ �"

�/N>" ∙ �"��, �� ∙ <"��, ��  2.4.13 

Where E is the electric field, ��/N is the dielectric constant in the organic/water phase, �" is 

the concentration of the ith ion, �"  is the flux, >" the charge, �"
�/N

 is the diffusion constant in 

the water and all other letters have their usual meaning. 
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The mass transport of a specific ion in between the layers and thus through interfaces was 

modelled using the Butler-Volmer-type relations as described in equations 2.4.9-2.4.12 . The 

NPP equations approximate the ions by point charges with an infinite small size not 

accounting for any concentration dependent activity changes or adsorption effects at the 

ISM-water interface. Thus the NPP equation models the diffuse Gouy-Chapman layer. 

However, the stern layer, which greatly depends on the size of the ions, on adsorption 

phenomena, interaction of present ions and other complex processes, cannot be modelled. 

For that reason, to calculate the potential drop over the interface (EOHP in equation 2.4.9 and 

2.4.10) the stern layer is approximated by a capacity; i.e. the potential is obtained by 

multiplying the electric field at the phase boundary by the distance in between the interfaces. 

The dielectric constant of the capacity was assumed to be the arithmetic average of the 

dielectric constant of the water and the organic phase. 

 

Figure 10: a) Illustration of the numerical calculations and the discretisation used. The spacing of the 

grid where the concentration was calculated was chosen to be smaller closer to the interfaces. The 

flux and the electric field are calculated at intermediate points lying half way between the 

concentration points. The transfer rates/transfer potentials were calculated by assuming a stern layer 

at the interface with a discrete distance d (b). The LK+ complex is illustrated by a red pentagon; A- 

corresponds to anions present in the analyte, R- to background anions in the membrane and K+ to 

potassium ions in the analyte. 
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Similar to the method proposed by J.J. Jasielec et al.73 the method of lines was used to 

discretize the differential equations. This method is illustrated in Figure 10. The ionic flux and 

the electric field are calculated at intermediate grid points situated half way between the 

concentration grid points. The time derivative of the electric field (eq. 2.4.15) and the ionic 

flux (eq. 2.4.16) are obtained by calculating the central first order derivative of the 

concentration. The concentration is then obtained by calculating the central first order 

derivative of the flux (eq. 2.4.14). The program was written in Octave, which is an open source 

pendant of matlab. The equations were integrated using the Octave lsode solver. 

Alternatively, it is also possible to use the odesx solver of the odepkg (wrapper of the fortran 

seulex solver). The calculations were carried out on a 64 bit - windows 8 system taking full 

advantage of the new 64 bit Octave build.  

2.4.2.1 Parameters used for the numerical calculations 
Though, the components used in the membrane were not discussed yet, the parameters used 

for the numerical calculations are already introduced. Please refer to section 2.4.3 or the 

experimental section of chapter 3 and 4 for details). The parameters were taken from 

literature (see table 1 and table 2), if they were available. Due to very complex experimental 

setup and assumptions which have to be made (e.g. diffusion constants), there is a large 

discrepancy of the experimental values in literature. To qualitatively model the sensor 

response, this is obviously not a hindrance as the simulated response curves are in good 

agreement with the experimental results. 

Most of the simple ion transfer potentials measured in literature are measured at a NPOE/W 

micro interface. As the PVC does not seem to influence the transfer potentials significantly 

(just ~20 mV)87, the values obtained at NPOE/W interfaces seem to be justified. Another issue 

to consider is that the (TClPB-) is known to temporarily complex alkali metal ions at the 

NPOE/W interface leading to a so called shuttling mechanism and thus to a reduced formal 

transfer potential 88. For that reason, only formal transfer potentials measured in a TClPB- 

background were considered within this work. 
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Table 1: Parameters used to numerical compute the NPP equations.  

Ion Do [m2/s] Dw [m2/s]f ?"C [mV] Log β 

K+ 1.3 10-11,a 1.96 10-9 440g 11.63l 

IL+ 3.01 10-12,b n.a. n.a. 11.63l 

Cl- 1.3 10-11,a 2.03 10-9 -521h 0 

Na+ 8.8 10-12,a 1.33 10-9 518g 7.63m 

TClPB- 1.1 10-12,c 1.66 10-10 -335i 0 

Ca2+ 5 10-11,a 7.54 10-10 550j 0 

TDA+ 0.6 10-12,d 0.9 10-11 -500j 0 

Ionophore 

I 

1.9 10-12,b n.a. n.a. n.a. 

SO4
2- 7 10-11,a 10.7 10-9 -600k 0 

TFPB- 1.1 10-12,e. 1.66 10-10 n.a. 0 

a) the diffusion coefficients were calculated using the estimated ratio of Do/ Dw = 6.6 x 10-3 as proposed 
in ref. 78; b) taken from ref 79; c) assumed to be equal to the diffusion coefficient of TFPB-, which has a 
very similar size and structure; d) The diffusion coefficient of TDA was assumed to be twice as big as 
TFPB- which is ~2 times smaller; e) taken from ref. 80; f) taken from ref. 81 and ref. 82; g) taken from 83; h) 
taken from 84; i) taken from ref. 82; j) taken from ref. 84. The value of TDA was estimated from the graphs 
available in 84; k) The value was estimated from the data available in ref. 85 in a nitrobenzene/water 
interface as proposed in ref. 84 and 82; l) taken from 86; m) assumed. 

In case of highly hydrophilic ions (Ca2+, SO4
2-) no experimentally obtained values of the formal 

transfer potential are available yet. Typically the ion transfer potentials are measured by CV 

measurements which require a background electrolyte in the organic phase. This background 

electrolyte within the membrane typically gets extracted before these lipophilic ions are 

extracted into the membrane. For that reason, the transfer potentials were assumed to be 

larger than the transfer potentials of the background electrolyte within the membrane used. 
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Table 2: Parameters used to numerical compute the NPP equations.  

Parameter Value 

εwater 80 

εmembrane 40a 

membrane thickness 150 µm 

water layer thickness 400 µm 

interface distance (d) 2 nmd 

k0 9 10-3 cm/sc 

α 0.48c 

a) taken from 71; c) the standard rate constants and the transfer coefficients were assumed to be equal 
for all transferring ions. The value was taken from ref. 63; d) this parameter does not influence the final 
response curve noticeably but the initial potential distribution. 

2.4.3 Working principle of ion selective electrodes 

Polymer ion selective membranes are made out of a polymeric matrix which is soaked with a 

water immiscible solvent (plasticizer) and contains a highly selective ionophore and fixed ionic 

sides. The most popular polymeric ISMs are based on a polyvinylchloride (PVC) matrix and 

either nitrophenyl octyl ether (NPOE) or dioctyl sebacate (DOS) plasticizers.89–91 Note that the 

plasticizer content of the ISM is actually very high (66 wt%).92,93 and that these membranes 

are therefore also called solvent polymeric membranes. However, there is a broad variety of 

other matrixes and plasticizers available.94–96 Discussing these would exceed the scope of this 

work and the reader is referred to an excellent review on state of the art ISMs written by 

Bühlmann et al.89 This work focuses on PVC-NPOE based membranes. As described in section 

2.4.1, highly ion selective plasticized PVC membranes are chemically based on the recognition 

of an aqueous target ion by an ionophore, which thermodynamically facilitates selective ion 

transfer (IT) into the membrane. The strong ion - ionophore interaction overcomes the 

unfavorable free energy of transfer and hydrophilic ions are extracted into the hydrophobic 

membrane, developing a Nernstian phase boundary potential in equilibrium:89  

<�J,t� = <"C + AZ
Yz=   de v �z,��TS�

�z,�S�)��RS
w     Eq. 2.4.14 
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Where <�J,t� is the phase boundary potential and; <"C is the standard transfer potential of 

the targeted ion and G",N�
�� is the activity of the target ion within the water and G", � Q��#� 

is the activity of the target ion within the membrane. 

To measure this phase boundary potential, the ISM is typically contacted by an inner filling 

solution (IFS) with a known target ion concentration as illustrated in Figure 11. Hence, there 

are two phase boundary potentials, one at the IFS side and one at the analyte side. The 

membrane potential Emembrane is given by the sum of the individual phase boundary potentials: 

< � Q��#� � �<"C + 'D
>"4   de � G",N�
��G", � Q��#��� + �	<"C + 'D

>"4   de �G", � Q��#�G",�=� �� 
� AZ

Yz=   de v�z,�R���TS
�z,��� w       Eq. 2.4.15 

Hence, as long as the target ion activity within the IFS solution is kept constant, the membrane 

potential depends on the target ion activity within the sample in a Nernstian fashion (59.16 

mV per tenfold activity change in case of a monovalent ion). 

 

Figure 11: Illustration of a classical ion selective electrode and the potential profile along the 

measurement setup. The phase boundary potential (PBP) on the analyte side of the ISM depends on 

the target ion activity within the analyte (marked with a red circle) 
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Figure 12 shows numerically calculated response curves of a K+ sensitive membrane in a 

background of constant ionic strength (10 mM NaCl) and an IFS containing (10 mM KCL), four 

different theoretical restrictions. The first configuration is that the ISM only contains a 

selective ionophore and that only target ions are allowed to be transferred into the ISM. In 

this case a Nernstian response with respect to the activity of the target ion within the analyte 

(black in Figure 12 (a)) is obtained. Furthermore, the concentration of complexed target ions 

(LK+) within the ISM does not depend on the activity within the analyte and the curves at a 

concentration of 1 nM and 10 nM K+ overlap (Figure 12 (b), black solid line). However, this 

picture is oversimplified: If the transfer of negatively charged ions (Cl-) is allowed, the 

response curve towards a K+ concentration changes is negligible (see Figure 12 (a)). Though, 

the Cl- concentration within the IFS and the analyte are constant (constant ionic background), 

the Cl- concentration at the analyte side is lower than at the IFS side (at a K+ concentration of 

1 nM, see Figure 12 (c) red).  

Furthermore, the LK+ concentration within the bulk membrane is magnitudes higher and 

equal to the Cl- concentration (see Figure 12 (b) red). This can be ascribed to the so called co-

extraction of Cl- ions. In contrast to single K+ ions which are confined to the ISM interfaces, K+ 

and Cl- pairs can penetrate the bulk-membrane changing the LK+ bulk concentration because 

they fulfill the charge neutrality condition.h Since, Cl- ions are attracted by the positively 

charged LK+ layer at the membrane side, the amount of co-extracted CL- ions depends on the 

K+ concentration within the analyte (see Figure 12 (d), red box). i  The Nernstian phase 

boundary potential is a function of the ratio of the respective LK+ and K+ activities at the phase 

boundary (also see section 2.4.5 and equation 2.4.14). As both concentrations are directly 

proportional to each other, the phase boundary potential at the analyte side does only 

negligibly depend on the K+ concentration. Hence the total membrane response is almost 

zero. Practically, ISMs just containing ionophores exhibit long term potential drifts, memory 

                                                      
h K+ and Cl- pairs are not actual atomic pairs and they are not actually “sticking” together. However, each charge 
unit Cl- entering the bulk of the membrane, is accompanied by a charge unit of K+. 
i The amount of co-extracted CL- ions depends on the K+ concentration within the analyte and is therefore higher 
than predicted by the standard partitioning coefficient (see eq. 2.4.5). 
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effects and potential instabilities. Thus, the numerically calculated potential in Figure 12 (a) 

should be considered as an illustration. 

 

 

Figure 12: Illustration of the working principle of ion selective membranes within a background of 

constant ionic strength (10 mM NaCl) and an IFS containing 10 mM KCL. The membrane potential at 

different target ion concentrations for 3 configurations: 1) no anionic (Cl-) transfer allowed and no 

anionic sides (black, the dashed line represents the thermodynamic limit (the Nerstian response)); 2) 

anionic transfer allowed and no anionic sides (red); 3) anionic transfer allowed and anionic sides 

(blue). The corresponding concentration profiles of the complexed K+ ions (LK+) and the Cl- ions are 

shown in b) and c) at concentrations of 1 nM (solid lines) and 10 mM (dashed lines). The transfer 

processes are illustrated in d). 

In order to keep the activity of the target ion within the membrane constant, fixed anionic 

sides (R-) have to be added to the membrane. Fixed anionic sides are lipohilic negatively 
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charged anions which are not dissolved in the water (e.g. tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (TFPB-)). As ionophore-target ion complexes are already 

present within the membrane, the additional extraction of target ions with anions becomes 

chemically unfavorable (Figure 12 (b/c)). Consequently, the LK+ activity within the membrane 

is independent of the K+ activity within the analyte and the phase boundary potential of the 

ISM depends on the activity within the analyte in a Nernstian fashion (see Figure 12 (a)). The 

Nernstian behaviour is observed above the lowest detection limit (above 1 µM/L). The factors 

influencing/determining this lower detection limit are discussed in the following section. 

2.4.3.1 Lower detection limit 
The lower detection limit is given by diffusive fluxes through the membrane which locally 

increase the target ion concentration within the vicinity of the membrane (see Figure 13 (b)). 

The transmembrane fluxes are induced by concentration gradients of LK+ within the bulk of 

the ISM. There are two mechanisms which induce these gradients: First, if no interfering ions 

are present, the relatively small amount of co-extracted Cl- ions are sufficient to induce a 

concentration gradient. This concentration gradient leads to a diffusive flux of K+ ions from 

the IFS into the analyte. The magnitude of this diffusive flux depends on the concentration 

difference between the target ion within the IFS and the analyte  

At a concentration of 10 mM, the lower detection limit is 1 µM/L (blue in Figure 13), whereas 

at a concentration of 0.1 µL the lower detection limit is as low as 1 nM (green in Figure 13). 

However, this is at the cost of a lower upper detection limit. Furthermore, such low 

concentrations within the IFS are very susceptible to contaminations. The second mechanism 

is caused by an ion exchange of interfering ions, such as Na+, with the targeted K+ ions. The 

exchanged LNa+ ions lower the concentration of LK+ ions at the analyte side (see Figure 13 

(b/c), red). As before, the LK+ concentration gradient leads to a diffusive transmembrane flux 

which increases the target ion in the vicinity of the membrane. Hence, if interfering ions are 

present the lower detection limit is not given through the difference of the complex formation 

constant but through a transmembrane flux.  
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Figure 13: Illustration of the lower detection limit of ISMs within a background of constant ionic 

strength (10 mM NaCl) and an IFS containing 10 mM KCL. The membrane potential at different target 

ion concentrations for 4 different constellations: 1) no anionic transfer allowed (black); 2) anionic 

transfer allowed and 10 mM K+ IFS (blue); 3) 0.1 µM K+ IFS (green); 4) anionic transfer allowed and Na+ 

transfer allowed and 10 mM IFS (red). The corresponding concentration of the complexed K+/LK+ ions 

and Cl- ions are shown in a),b) and c) (at a target ion concentration of 1 nM). The relevant transfer 

processes are illustrated in e). 

To summarize, the lower detection limit is given through transmembrane fluxes. One 

approach to reduce the transmembrane fluxes is to reduce the diffusion constant of the 

membrane components which comes at the cost of a higher membrane resistance and a more 

challenging measurement setup.12,97 Another approach to reduce the influence of these 

transmembrane fluxes is to use flow cells.98 In flow cells, a high analyte flux reduces the 
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diffusion layer in the vicinity of the membrane. However, the most promising approach seems 

to be so called solid contact ISEs, discussed in section 2.4.4.99 

2.4.3.2 Upper detection limit 
The upper detection limit of ISEs is given by significant extraction of anions (Cl-) into the 

membrane. As soon as anions are extracted into the membrane, the concentration of LK+ 

within the membrane changes and the concentration dependent signal is lost (see this section 

at the beginning and an ISM without anionic sides). The upper detection limit depends on the 

complexation constant of the ionophore and the concentration and type of counter anions: 

The stronger the ionophore binds the target ion, the likelier the extraction of counter anions. 

Consequently, in order to increase the upper detection limit a low complexation constant and 

a high energy of transfer of counter anions is required. This is in contrast to the lower 

detection limit, where a high complexation constant is advantageous.  

2.4.4 Solid contact 

Though liquid contacts are well defined and easy to setup in laboratories, they have a number 

of disadvantages such as evaporation of the inner filling solution, a challenging 

miniaturization and transmembrane diffusive fluxes.99 Whereas, in case of solid contact ISEs 

(SC-ISEs) the ISM is sandwiched between the sample solution and a solid contact (SC) avoiding 

the above mentioned issues. However, providing a well-defined interface between an 

electron-conducting SC with an ion-conducting polymeric ion selective membrane is very 

challenging. One of the first solid contact ISEs were so called coated wire electrodes.100 This 

electrodes consisted of an ISM which was directly bonded onto a metal wire. However, these 

electrodes suffer from poor reproducibility and potential drifts. This was ascribed to a poorly 

defined membrane-metal interface.99,101,102 First, due to condensation at the metal, a very 

thin water layer is formed at the metal electrode (see Figure 14 (c)). This water layer acts as 

an inner filling solution with a very small volume. Consequently, small transmembrane fluxes, 

diffusion of gas such as CO2 can already induce significant composition changes and therefore 

potential drifts. 99,101,102 In the worst case, the ISM is delaminated which leads to a 

catastrophic failure. In addition to that, these electrodes violate a fundamental law of 
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electrochemistry: As no dominant redox couples are present, two polarizing interfaces are 

used in series. To circumvent this problem three major approaches were pursued in literature 

(see Figure 14): The first one is to use an ISM which is loaded with a redox couple as described 

in ref. 99,103–105 (see Figure 14 (a)):. Though this approach seems to be very promising, it was 

not further pursued by other research groups. The reason might be ascribed to an 

interference of the redox couples with the targeted ion. The second one are the so called ion 

selective field-effect transistors (ISFETs), where the ISM is directly bonded onto the dielectric 

of a FET.106–110 The membrane potential of the ISM modulates the gate voltage which drives 

the transistor. In this case, the dielectric-ISM interface is the only polarizing interface and a 

redox couple can be omitted. ISFETs sensitive to K+, Na+ and Ca2+ and heavy metals have been 

demonstrated using a variety of different architectures.94,110–112 Furthermore, integrated 

ISFET sensor arrays for pH113, enzymes108 and DNA106 detection have been published. 

However, other than the pH sensitive ISFETs, these devices were not brought to wide 

commercial applications so far.99 This is most likely due to the expensive and elaborate 

fabrication of ISFETs. The third approach, are ion and electron conducting polymers. These 

polymers act as an electron to ion transducer depolarizing the ISM-conducting polymer (see 

Figure 14 (b)) interface. This interface is well defined and the suppression of transmembrane 

fluxes lead to SC-ISEs with very low detection limit in the nano-molar regime.114–118 The SC-

ISEs based on conducting polymers did not solve all the problems. Many of the conducting 

polymers such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and 

4-(1-Pyrrolidinyl)pyridin (PPy) are hygroscopic leading to an unintentionally formed water 

layer between the ISM and the SC (see Figure 14 (c)).99,119,120 Hence, their long term stability 

with respect to the standard transfer potential (E0) at the SC-ISM interface, still bears 

challenges.102 



54 
 

 

Figure 14: Illustration of a metal SC-ISE using an ISM loaded with a redox couple (a) and a conducting 

polymer SC-ISE (b). The conducting polymer (indicated with light grey) serves as an electron to ion 

transducer. The unintentional formed water layer at a solid contact is shown in c). This water contact 

leads to an undefined SC-ISM contact. d) illustration of an ISFET. 

Within this work PEDOT:PSS was used as solid state transducer because its electrochemically 

stable and its known to perform well in combination with PVC-based ISMs.8,114,119,121 PEDOT 

is known to be stable in its oxidized form (PEDOT+) and the PSS- anion acts as a polyanionic 

dopant neutralizing the positive charges of conducting PEDOT+ backbones. The conducting 

polymer turns electrically insulating if it is reduced to neutral PEDOT0. During reduction, the 

cationic charge carriers of the PEDOT+ are lost while foreign cations (K+) are influxed from the 

ISM into the film 122: 

�<�aD5 · P��2 +  12 + k � Q��#�5  q  �<�aDC +  k="! 5 · ���2  
Where e- are electrons, PSS- is the polystyrene sulfonate and PEDOT0/+ the positively and 

neutral poly(3,4-ethylenedioxythiophene) backbone; k � Q��#�/="! 5  are cations within the 

film/membrane. 
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Consequently, the PEDOT:PSS turns insulating at the membrane side, if large inward currents 

are applied. This was reported to be a problem in case of stripping voltammetry or other 

related techniques where the PEDOT:PSS reduction gets the current limiting factor.123 

However, if a constant current pulse is applied as done in chapter 3, this is not a problem as 

the characteristic potential drop over the PEDOT:PSS ideally remains unchanged from 

measurement to measurement and just results in a time dependent offset.  

2.4.5 Dynamically electrochemistry with ISEs 

Most polymeric membranes are operated using potentiometry. However, recently various 

non-equilibrium techniques have emerged. ISMs operated with controlled current or 

potential techniques have a number of attractive analytical features. One example of such an 

emerging technique is stripping ion transfer voltammetry which allows for extremely low 

detection limits in the pico-molar regime.50,51,55,124–129 At higher concentrations, 

chronopotentiometric methods which exhibit a very high sensitivity and thus accuracy are of 

particular interest.52,57,58,130 

This work focused on the detection of alkali metals in physiological samples and therefore on 

chronopotentiometry. This method is based on a current pulse which is forced through the 

membrane while the potential is monitored. Though, a constant ion flux is forced through the 

ISM, the transfer at the interface is fast and instantaneous establishing a near-nernstian phase 

boundary potential, even under dynamic mass transport conditions.72,131 This near-nernstian 

phase boundary potential is not equal to the one measured under zero current conditions 

because the phase boundary activities/concentrations change: 

<t�~ de ���∗ (�)
�B∗ (�)� 

Where ��∗  and �B∗  are the concentrations of the target ion at the phase boundary which are 

a function of the pulse time. 

The current induced activity change greatly depends on the diffusion constant within the 

respective phase. Hence, as long as there are sufficient target ions or free ionophores 
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available, the phase boundary potential, remains Nernstian.53,132 If the concentration of the 

target ion is smaller than a critical concentration, the ion is depleted in the vicinity of the 

membrane at a certain transition time. This critical concentration is given by 132: 

��
��#&"
"�# �  −4�
2�  ���J �y�"
"y�!    

Where ��J  is the diffusion coefficient in the aqueous solution, �y�"
"y�!  is the critical 

concentration, I is the current, t is the duration of the current pulse, A is the membrane area 

and all other symbols have their usual meaning. 

As soon as the target ion depletes other ions have to be extracted into the membrane or 

oppositely charged ions have to be extracted from the ISM into the analyte. As these transfers 

are energetically unfavourable, a higher potential has to be applied. Hence, a potential jump 

is observed at this depletion concentration/transition time. 

Generally, in case of chronopotentiometry, the ISEs are operated using small current 

amplitudes where no depletion occurs133,134, whereas in case of flash chronopotentiometry 

large current amplitudes which purposely deplete a specific ion, are used.58 Flash 

chronopotentiometry relies on the measurement of the potential jump whose magnitude 

depends on the selectivity of the membrane. For that reason sensitivities which exceed the 

Nernstian limit by a factor 20, are possible. Within this work a new flash 

chronopotentniometry concept is introduced in chapter 3.  
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3.  ION SELECTIVE 

ELECTROLYTE GATED 

FIELD-EFFECT 

TRANSISTORS 

Within the following chapter a new sensing concept based on an integrated EGOFET used as 

a transducer in combination with an ionophore-doped polymeric ion-selective membrane 

serving as a sensing element, is presented. This new concept proved to be an important step 

towards a low-cost integrated ion sensor array for selective and multiple ion detection.  

The content of this chapter is based on the work that has been published and was 

partly modified: 

Hydrogen ion-selective electrolyte-gated field-effect transistor for pH-sensing  
J. Kofler*, K. Schmoltner*, A. Klug, E. J. W. List-Kratochvil  
Applied Physics Letter 104, 193305 (2014). Reproduced with permission from © AIP 
Publishing 
*both authors contributed equally. 
Contribution: The author contributed equally with K. Schmoltner to experiments related to the 
ion-selective EGOFETs and sensor characterization. The author wrote the manuscript, 
finalized the manuscript together with the K. Schmoltner. 
 
Electrolyte-gated field-effect transistor for selective and reversible ion detection  
K. Schmoltner*, J. Kofler*, A. Klug and E. J. W. List-Kratochvil,  
Advanced Materials 25 (47), 6895–6899 (2013). Reproduced with permission from 
©WILEY-VCH Verlag GmbH & Co.  
*both authors contributed equally.  
Contribution: The author contributed equally with K. Schmoltner to experiments related to the 
ion-selective EGOFETs and sensor characterization. K. Schmoltner wrote the manuscript, 
finalized the manuscript together with the author. 
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Ion-selective electrolyte-gated field-effect transistors: Prerequisites for proper 

functioning 

J. Kofler, K. Schmoltner and E.J.W. List-Kratochvil,  
Proceedings of SPIE 9185, Organic Semiconductors in Sensors and Bioelectronics VII, 
91851U-1 (2014). Reproduced with permission from 
©Society of Photo Optical Instrumentation Engineers  
Contribution: All experimental work. The author wrote the manuscript. The 
manuscript was finalized with K. Schmoltner. 

3.1 Introductionj 

The presented sensing concept takes full advantage of recent advances within the research 

fields of ion selective membranes (ISMs) and organic field-effect transistors: Ion-selective 

membranes, containing neutral or charged ionophores, are available for the determination of 

a large number of organic and inorganic ions.131 During the past decade the chemical sensing 

abilities of ISMs have been significantly improved, resulting in a “new wave of ion-selective 

membranes”.8 If such powerful ion sensing elements are combined with suitable solid-state 

transducers, mass-producible, miniaturized ion-sensor systems with unforeseen analytical 

capabilities are within reach.8 Electrolyte-gated field-effect transistors (EGOFETs) already 

proved to be ideal candidates as transducers for the detection of biomolecules such as DNA, 

dopamine, enzymes and proteins in an electrolytic background with a constant ionic 

strength.39–42 Moreover, EGOFETs are characterized by their small size, portability, low-

energy consumption and low cost.36–38 An additional benefit of EGOFETs is that in contrast to 

the conventional ion-selective field-effect transistor (ISFET) architecture, the semiconductor 

is in direct contact with the electrolyte. Consequently, there is no need for elaborate and 

expensive encapsulation of the semiconductor. On the contrary, due to the formation of an 

electric double layer (EDL) at the semiconductor/electrolyte interface and a resulting high 

capacity (1-10 µF/cm2), a stable low-voltage operation (< 1 V) is possible.43–45 Therefore, they 

are ideal candidates, not only as transducers, but also as intrinsic signal amplifiers.46  

                                                      
j The section is based on the work that has been published. J. Kofler, K. Schmoltner, A. Klug, and E.J.W. List-
Kratochvil, Appl. Phys. Lett. 193305 (2014). 
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Here, a novel, selective and reversible EGOFET based ion sensing platform for solutions with 

varying ionic strength, is demonstrated. The presented architecture is modular and the 

EGOFET serves exclusively as a transducer. For that reason, the detection of other ions can be 

realized “simply” by introducing appropriate ISMs. Furthermore, important sensor 

parameters such as lowest detection limit and selectivity can be tuned by modifying the 

membrane. 

Firstly, the fabrication procedures and the characterization methods are presented. After that 

the building blocks of the EGOFET sensing platform namely the EGOFET, the ISM and the gate 

electrode are investigated separately, reasoning the chosen ion-sensor architecture. The 

results of these investigations are summarized in the section called “towards an ion selective 

EGOFET”. After that, the final concept of this novel sensing platform is presented. 

Subsequently, the versatility of the concept is demonstrated by means of an H+ selective and 

a Na+ selective EGOFET. 

3.2 Experimental 

Firstly, the fabrication and assembly procedures of the ion sensing platform are presented. 

The measurement methods used to characterize the sensor and electrodes are described 

subsequently. 

3.2.1 Fabrication procedures 

The EGOFETs and the electrodes for the normal pulse voltammetry measurements were 

fabricated on PET and glass substrates (Melinex, DuPont Teijin Films). The 50 nm gold 

source/drain (S/D) electrodes with 2 nm chromium adhesion layer were structured using 

conventional lift-off processing (channel length ≈ 7 µm, channel width ≈ 3 mm). The 

electrodes used for the normal pulse voltammetry had an area of 28 mm². Regioregular 

poly(3-hexylthiophene) (Plexcore OS purchased from Sigma-Aldrich) was deposited via spin-

coating from a 4 g L−1 toluene solution and dried at 60 °C in Argon (Ar) for ≈10 min and 

subsequently at 120 °C under high vacuum (p ≈ 4 × 10−5 mbar) for 1 h. All devices were 
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assembled under inert atmosphere. The Na+ selective ISM membranes were prepared by 

drop-casting a high molecular weight polyvinyl chloride (31 wt%, Selectophore grade), 2-

nitrophenyl octyl ether (2-NPOE) (68 wt%), potassium tetrakis- ((4-chlorophenyl)borate 

(KTpClPB) (0.7 wt%) and sodium ionophore X (0.2 wt%) in 5 mL tetrahydrofuran (THF) cocktail 

onto a glass slide. Whereas, the H+ selective ISM membranes were prepared by drop-casting 

a high molecular weight polyvinyl chloride (31 wt%, Selectophore grade), 2-nitrophenyl octyl 

ether (2-NPOE) (63 wt%), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) (2 

wt%) and Hydrogen ionophore V (4 wt%) in 4 mL tetrahydrofuran (THF) cocktail onto a glass 

slide. The K+ selective ISM membranes were prepared by drop-casting a high molecular weight 

polyvinyl chloride (31 wt%, Selectophore grade), 2-nitrophenyl octyl ether (2-NPOE) (63 wt%), 

sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) (0.5 wt%) and Potassium 

ionophore V (1 wt%) in 4 mL tetrahydrofuran (THF) cocktail onto a glass slide. The drop-cast 

membranes were allowed to dry overnight in a saturated THF environment conditions and 

were peeled off the glass slide for further implementation. All of the chemicals mentioned 

above were obtained from Fluka Sigma-Aldrich and were used as received. 

 

Figure 15: a) 3D printed fixture for the flow cell; b) assembled ion sensitive EGOFET; c) illustration of 

a side view of the assembled device. 

The reservoir and the flow cell for the ion-sensitive EGOFETs were made of 

polydimethylsiloxane (PDMS, Sylgard 184) via a soft molding process, including a curing step 
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of ≈1 h at 100 °C. The already assembled flow cell is shown in Figure 15 (b) and (c). The flow 

cell was sealed by an appropriate fixture shown in Figure 15 (a). 

3.2.2 Characterization methods 

The saline solutions were prepared in concentrations varying from 10−4 M to 10−1 M NaCl 

(99.5%, p.a., ACS, ISO) and KCl (>99.0%) in deionized water, respesctively. The 0.2 M 

potassium phosphate buffer solutions (PBS) were adjusted to pH 7. To continuously tune the 

pH value, the sample solution was buffered with 10 mM boric acid and 10 mM citric acid 

(unless noted otherwise) and drop-wise titrated with 0.5 M NaOH, while the pH was 

monitored with a calibrated glass electrode (Orion Thermo Sure Flow).  

The electrical characterization of all devices was done in ambient air (at same light conditions) 

using an Agilent B1500 Parameter Analyzer. All potentials were applied with respect to an 

Ag/AgCl reference electrode containing a 3 M KCl inner filling solution. All normal pulse 

voltammetry measurements were carried out by a common three electrode setup: Pt counter 

electrode, Ag/AgCl reference electrode and a working electrode (electrode which is 

examined). The currents were measured after applying a potential pulse for 10 s on three 

different electrodes not revealing significant differences.  

3.3 Towards an ion selective EGOFETk 

Within this section the building blocks of the EGOFET sensing platform namely the EGOFET, 

the ISM and the gate electrode are investigated separately, reasoning the architecture of the 

presented sensing platform. First, EGOFETs are discussed in general terms, not specifically 

considering sensing applications; i.e. the prerequisites to achieve a proper electrical signal 

transduction are discussed. After that, the peculiarity and conceptual issues of EGOFETs used 

in ion sensing applications are presented. 

                                                      
k The section is based on the work that has been published: J. Kofler, K. Schmoltner, and E.J.W. List-Kratochvil, 
Proc. SPIE 9185, 91851U (2014). 
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3.3.1 EGOFETs used as electric transducers 

As EGOFET – transducers are of high interest to the scientific community, a separate chapter 

was dedicated to the general prerequisites which have to be fulfilled to achieve a proper 

potentiometric signal transduction and amplification. In order to do so, the semiconductor- 

(P3HT) and gate- electrolyte interfaces were examined separately. Au electrodes and Au 

electrodes coated with P3HT (Au|P3HT electrodes) were fabricated and examined by normal 

pulse voltammetry measurements. Hence, a potential was applied to the electrolyte relative 

to the respective electrode and the current was measured after a 10 s potential pulse. This 

current is highly relevant to EGOFET devices, since it is directly related to the leakage current 

and to the potential drops at the semiconductor-/gate- electrolyte interfaces.  

Two representative interface types were examined, namely one polarizable (no faradaic 

current) and one non-polarizable interface (faradaic current passes) (see Figure 16 (b)). The 

measurement setup of the pulse voltammetry measurements is illustrated in Figure 16 (a)). 

The measured currents of Au/P3HT-PBS (phosphate buffer solution) and Au– PBS interfaces 

are shown in Figure 16 (c)). The Au-PBS and the P3HT-PBS interfaces are polarizable within an 

electrochemical window of -500 mV to + 500 mV vs. an Ag/AgCl reference electrode. Thus, 

within this potential window, only negligible leakage current between the gate and the 

EGOFET device (source-/drain- pads, channel) will be flowing. The currents flowing across 

Au|P3HT and Au electrodes in a PBS solution containing 0.01 M ascorbic acid are shown in 

Figure 16 (d)). The currents are magnitudes higher than their PBS counterparts. This can be 

ascribed to the ascorbic acid which easily oxidized or reduced and acts as a depolarizer. 

Consequently, these interfaces are not polarizable and small potentials below +/- 500 mV 

already lead to currents in the range of a few µA. In both cases (PBS and PBS containing 

ascorbic acid), the currents flowing across the Au|P3HT electrodes at positive biases is 

magnitudes lower compared to Au electrodes. Since these currents increase significantly with 

time at potentials more positive than 500 mV (see Figure 17 (a)), the measured current 

depends on the history of the device, as indicated by an arrow (see Figure 16 (c)). 



63 
 

 

Figure 16:An illustration of the volltammetry measurement setup (a) and graphs of ideal polarizes and 

nonpolarized interfaces (b). The currents of the Au- and P3HT- PBS buffer and –ascorbic acid interfaces 

is shown in (c) and (d) respectively. The Au and P3HT- PBS buffer interface is polarizable within a -

/+500 mV electrochemical window. Whereas the Au,P3HT-ascorbic acid solution interface is not 

polarizable and large currents > 1 mA are observed at voltages of -500 mV and + 500 mV. 

Figure 17 (a) shows the current as a function of time at -500 mV, -700 mV and +500 mV, +700 

mV with respect to an AgCl reference electrode of an Au|P3HT electrodes. At a negatively 

biased gate electrolyte the current decreases with time, whereas at a positive bias the current 

increases. This could be ascribed to the p-type conduction of the P3HT. If the electrolyte is 

biased negatively, holes are injected from the underlying Au electrode to shield the external 

electric field induced by the potential difference between the gate and the gold 

electrode/P3HT (see theory section 2.3). Consequently, the potential should ideally drop over 

the P3HT-electrolyte interface (see Figure 17 (b). Whereas, if the electrolyte is biased 
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positively the potential drops over the whole P3HT coating as a result of the p-type 

conduction. The potential drop at the P3HT-electrolyte interface which drives the 

electrochemical reaction and thus the faradaic current is therefore reduced. However, the 

electric field increases the migration of water/ions towards the gold pads. As the water/ion 

content is increased, the P3HT loses its blocking capabilities and the current starts to increase. 

 

Figure 17: Normalized current as a function of time at positive and negative biased electrolyte solution 

(PBS) of an Au electrode coated with P3HT (a). The current was normalized by the initial current at 

time t = 0. At positive bias the current increases with time whereas at negative bias the current 

decreases. This could be attributed to an electric field which increases the ion/water migration 

towards the gold pad and as a result leads to decreasing blocking capabilities of the P3HT as illustrated 

in a simplified model (b). 

In case of an EGOFET there are three interface combinations possible: 1) both interfaces 

polarizable; 2) semiconductor interface polarizable and gate electrode non-polarizable; 3) 

both interface non-polarizable. The distinct EGOFET characteristics corresponding to these 

interface combinations are shown in Figure 18 1) (b), 2) (c), 3) (d) respectively. Figure 18 (a) 

shows a simplified circuit diagram of an EGOFET which neglects potential differences between 

the source and drain pads and describes the interfaces by a capacitor in parallel to a resistor. 

The potential difference between the source/drain contacts and the gate electrolyte lead to 

an EDL formation with a high capacitance which controls the source-drain current. Ideally, the 

potential of the gate electrolyte should solely be given through the potential of the gate 

electrode; i.e. the effective gate potential should be independent of potential applied to the 

source/drain contacts. If this is not the case, the transistor does not show a proper transistor 
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characteristic/amplification. Thus, if the gate electrode-electrolyte interface and the P3HT-

electrolyte interface is polarizable (RGate and RP3HT large), the capacity of the gate electrode 

has to be significantly higher compared to the capacity of the source/drain contacts. That is 

why the EGOFET gated with a small area polarizable Au-gate electrode shows a poor 

performance compared to a porous large polarizable Pt-electrode (see Figure 18 (b)). These 

two cases mentioned above are certainly extreme cases. Practically, the transition between 

polarizing and non-polarizing interface is continuous and separating the capacitive 

contributions from the resistive contributions of the two interfaces is not possible. So far only 

polarizable gates-electrodes have been discussed. For that reason, the characteristics of a 

non-polarizable gate electrode (Ag/AgCl) using the same electrolyte (RGate small, RP3HT large) 

are shown in Figure 18 (c). In this case, the capacity of the gate electrode does not matter and 

as the P3HT-elecrolyte interface is polarizable, the characteristics are identical the ones 

obtained in Figure 18 (b). Figure 18 (d) shows the transfer characteristics in case of non-

polarizable P3HT and gate-electrolyte interfaces (RGate and RP3HT are small) in comparison to a 

polarizable interface. To do so, the EGOFET was gated with pure PBS, subsequently with a 

phosphate buffer containing ascorbic acid acting as a depolarizer and finally again with pure 

PBS. Due to the ascorbic acid the leakage current dominates the transistor characteristics. 

After replacing the ascorbic acid containing buffer with pure PBS again, the initial good 

transistor characteristics and low leakage currents are restored, not indicating any 

degradation of the P3HT.  

To conclude, there are two conditions to achieve a proper EGOFET performance in terms of 

amplifications: First, the P3HT-electrolyte interface has to be polarizable and secondly, the 

gate electrode should either be non-polarizable or have a large capacity. 
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Figure 18: EGOFET operation modes: a) Simplified circuit diagram of the relevant interfaces of an 

EGOFET; b) transfer characteristics of an EGOFET gated with a small Au electrode (1 cm²) (small CGate) 

is compared to an EGOFET gated with a porous Pt electrode (large CGate); c) transfer characteristics of 

an EGOFET gated with an Ag/AgCl electrode (non-polarizable) and a Pt electrode (polarizable). d) 

transfer-characteristics gated with an Ag/AgCl electrode and a PBS electrolyte containing ascorbic acid 

(non-polarizable) compared to a pure PBS electrolyte (polarizable). 
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3.3.2 EGOFETs used for ion sensing applications 

Within this section the sensitivities of the major building blocks (EGOFET, gate electrode and 

ISM) towards various electrolytes and their implications for the sensing concept, are 

examined. 

3.3.2.1 Ion sensitivity of EGOFETs 
In order to investigate the prerequisites to obtain a good performance with respect to the 

targeted sensing applications, the influence of electrolytes with varying ionic strength was 

examined first. Figure 19 (a) shows the transfer characteristic of an EGOFET gated with a 10-2 

M NaCl solution, subsequently with a 10-4 M NaCl solution and finally with a 10-4 M NaCl 

solution containing a 10-2 M CaCl2 background. An Ag/AgCl reference electrode was used as a 

gate-electrode to ensure a constant gate potential which is independent of the electrolyte 

composition. The source drain currents are decreased with decreasing ionic strength. 

However, if the Cl- concentration is kept constant using a CaCl2 background, the transfer 

characteristics (including IGate) are almost unaltered. This can be attributed to a modification 

of the electrolyte/semiconductor interface depending on the concentration and type of the 

anion in the electrolyte.176  

Hence, EGOFET-characteristics non-selectively depend on the ionic strength/composition of 

the gating solution due to a modification of the electrolyte/semiconductor interface. For that 

reason, EGOFETs cannot be in direct contact with the sample solution as this would lead to a 

mixed signal between the selective signal of the ISM and the non-selective signal of the 

EEGOFET.176 Thus, a different approach has to be pursuit: The EGOFET has to be in contact 

with an inner filling solution of constant composition which is separated from the analyte by 

an ion selective membrane. Note that for the same reason, modifying the gate electrode with 

an ISM as frequently done in literature176, is not an option.  
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Figure 19: a) Illustration of an EGOFET using the semiconductor as a sensing layer; b) transfer 

characteristic of an EGOFET gated with a 10-2 M NaCl solution, with a 10-4 M NaCl solution and a 10-4 

M NaCl solution containing a 10-2 M CaCl2 background. An Ag/AgCl reference electrode was used as a 

gate-electrode to ensure a constant gating potential which is independent of the composition of the 

electrolyte.  

3.3.2.2 Gate electrode 
Though various electrodes such as Pt or PEDOT:PSS can be used as a gate without changing 

the electrical performance of the EGOFETs, the electrochemical cell potential (gate 

electrode|analyte) typically changes with the sample composition. Figure 20 (b) shows the 

electrode potential of a PEDOT:PSS electrode relative to a Ag/AgCl reference electrode. As 

the ionic strength is changed from 10-2 M KCl to 10-6 M KCl, the potential varies for ~80 mV. 

However, if the KCl concentration is decreased within a constant ionic NaCl background (10-2 

M), keeping the ionic strength almost constant, the potential just varies for 20 mV. This 

potential drift would lead to a mixed signal between the sensing signal of the ISM and a non-

selective signal from the gate electrode as shown in Figure 20 (b). Consequently, Ag/AgCl 

reference electrodes which guarantee a constant potential, independently from the sample 

composition have to be used, which is currently the major drawback of ion selective EGOFETs. 
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Figure 20: a) illustration of the functional principle of an ion selective EGOFET b) The electrode 

potential of PEDOT:PSS electrodes vs. the constant potential of a Ag/AgCl reference electrode as a 

function of K+ concentration. The potential was measured within a constant NaCl background (blue) 

and de-ionized water (black); c) Effective gate potentials of a K+ selective membrane measured with 

an Ag/AgCl reference electrode (squares) and with a PEDOT:PSS electrode (triangles) shifted to 0 mV 

at a concentration of 10-2 M for better comparison. The potentials were measured with a constant 

NaCl background (blue) and de-ionized water (black).  

3.3.2.3 Ion selective membrane 
Due to the direct contact between the semiconductor and the electrolyte, a small leakage 

current is flowing between the gate and the EGOFET. This leakage current is also flowing 

through the ISM. This might be a negative side effect (discussed in section 2.4.5). High leakage 

currents densities can lead to a polarization of the membrane. Figure 21 shows the response 

curve of a Na+ selective ISM while applying a constant current. During EGOFET operation and 

a leakage current density of -10 nA/mm², cations are driven from the inner filling solution into 

the sample solution. Consequently, the Na+ concentration is increased, right in the vicinity of 

the ISM which leads to a higher lowest-detection limit. This also indicates that the area of the 

membrane has to have a certain size compared to the size of the transistor. Thus, typical 
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leakage currents in the range of 1 nA require a minimum membrane size around 1 mm². The 

leakage current could also be used to pump ions from the sample into the inner filling solution 

(+10 nA/mm²), which could possibly lead to a lower detection limit. Unfortunately, as P3HT is 

a p-type conductor, this results in an EGOFET which is turned off. 

 

Figure 21: Membrane potential of a Na+ selective membrane as a function of Na+ concentration while 

applying a constant current (Na+ ions flow from sample to inner filling solution) and negative currents 

(Na+ ions flow from the inner filling solution to the sample). The potentials were not corrected for 

ohmic drops within the electrolyte. The error bars are due to noisy measurements. The current density 

(+/- 10 nA/mm²) is an estimation as the real surface area of the membrane which is slightly 

corrugated, is not exactly known. 

3.4 The sensing concept 

There are different approaches to implement the EGOFET as a transducer in sensing 

applications (see section 2.4). Though it was already demonstrated that EGOFETs based on 

specifically designed semiconductors can be directly used as sensing elements for 

biomolecules such as DNA, dopamine, enzymes and proteins39–42 in a background of constant 

ionic strength, this approach does not seem to be suitable for the detection of metal ions such 

as Na+ or K+ in analytes with varying ionic strength. First, only analytes with a large 

electrochemical window can be measured. This is not a drawback for biological analytes which 

have a known composition. Secondly, the EGOFET-characteristics non-selectively depend on 
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the ionic strength/composition of the gating solution due to a modification of the 

electrolyte/semiconductor interface.  

 

Figure 22: Illustration of the sensing mechanism: a gate potential is applied to the sample solution 

relative to the source contact. The effective gate potential (Vgate,eff) which drives the EGOFET is given 

through the sum of the gate (VGS) and membrane potential (Emembrane). Emembrane stems from two 

Nernstian phase boundary potentials at the ISM/inner filling solution (IFS) and at the sample/ISM 

interface, each depending on the respective activity. If a transfer characteristic is recorded, the 

transfer curve would be shifted by the membrane potential as demonstrated in our recent 

publication26 and as illustrated in b). 

For that reason, a novel sensing concept is proposed. An illustration of this concept is shown 

in Figure 22 (a)). The EGOFET serves as a transducer and is in direct contact with an inner 

filling solution which is separated from the sample solution by the ISM. The sensing signal 

itself is given through the potential drop over the ISM, referred to as the membrane potential 

(Emem). Emem depends on the activity of target ion within the sample (asample) relative to the 

activity of target ion in the inner filling solution (aIFS) in a Nernstian fashion: < � �  <C +
AZ
Y=  ln �� ��¡�S

���� �, E0 is a constant, R the gas constant, zi the valency of the analyte ion, F the 

Faraday’s constant.89 During operation, a gate potential is applied to the sample solution with 

respect to the source contact through an Ag/AgCl reference electrode. The potential of the 

inner filling solution, which actually drives the EGOFET, is given through the sum of the 

membrane potential and the gate potential, and is further on referred to as effective gate 

potential. As the ion concentration within the analyte is decreased, the membrane potential 

is increased leading to a higher effective gate potential and therefore also to a higher source 

drain current (Figure 22 (b)). 
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In contrast to other OFET sensor concepts such as organic electrochemical transistors, this 

approach is potentiometric and no direct modification of the organic semiconductor takes 

place, which leads to a higher overall device stability.26 

3.5 Ion selective sensing platform based on 

EGOFETs 

To demonstrate the versatility of the concept, an H+ selective and a Na+ selective EGOFET are 

presented. The Na+ sensor was developed first and the results and implementation of the 

sensor is discussed in detail in the PhD thesis of Kerstin Schmoltner.60 However, as this work 

formed the basis for the thereafter following publications, the most important results of this 

sensor are presented. The H+ sensitive sensor was a further development and is presented in 

detail within this work. 

3.5.1 Na+ sensitive EGOFETl 

The Na+ sensitive EGOFET was based on a state of the art ISM. Based on the discussion of 

section 3.4, an IFS with a high ionic strength was used (10-2 M NaCl). The fabrication procedure 

is described in the experimental section 3.2. In a first approach, in order to demonstrate the 

sensitivity of the ion-selective EGOFET to Na+, the source-drain current was recorded at a 

constant gate and source-drain potential while the Na+ concentration in the water (analyte) 

was increased stepwise (see Figure 23 (a), VDS = -0.1 V, VGS = -0.2 V). As a sensitive response a 

source-drain current decrease of ~250-500 nA/dec (depending on the point of operation) was 

observed while varying the Na+ concentration between 10-6 M and 10-1 M. The source-drain 

current decrease reflects the change in effective gate potential. The latter can be calculated 

by using the fitted transfer curve at VSD = -0.1 V of the EGOFET, if the Na+ concentration in the 

inner filling solution and the analytes are equal. In this case Emembrane is zero and the transistor 

                                                      
l This work is discussed in detail in the PhD thesis of Kerstin Schmoltner60 and is based on the work that has been 
published: K. Schmoltner, J. Kofler, A. Klug, and E.J.W. List-Kratochvil, Adv. Mater. 25, 6895 (2013). The original 
text was written by K. Schmoltner in collaboration with the author. 
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characteristics are superimposable to a “simple” EGOFET without an ISM. Figure 23 (b) shows 

the calculated effective gate voltage versus the Na+ concentration following a linear relation 

with a slope of 62 mV/dec which is in good agreement with the theoretically predicted value 

of 59.2 mV/dec, calculated from the Nernst equation at 25°C. 

The flow cell was required to obtain a reversible sensor response and to lower the detection 

limit from 10-5 M Na+ down to ~ 10-6 M Na+.12 This can be clearly seen by comparing the 

source-drain current before and after applying a flow of DI water through the cell (see Figure 

23, first 300 s): If there is no flow, ions which diffuse out of the inner filling solution into the 

analyte lead to an artificially increased ion concentration in the vicinity of the ISM (also see 

section 2.4).97 Hence, the effective gate potential and therefore also the source-drain current 

is decreased. Note that, these low Na+ concentrations and the resulting high effective gate 

voltages (here < -400 mV) lead to significant drifts (decreasing channel currents, see Figure 

23 (a), 200-400 s). This is in accordance with the results obtained in case of the H+ sensor 

discussed in section 3.5.2. In section 3.5.2 detailed stability investigations were carried out. 

This drift can in principle be avoided by keeping the effective gate potential constant at a 

stable operating point, regardless of the ion concentration in the analyte. An appropriate 

read-out circuit was later on implemented in the H+ sensitive EGOFET (see section 3.5.2). The 

reported lowest detection limit and response time of about ~ 30 s is not a property of the ion-

sensitive EGOFET itself, but is rather determined by the flow cell used (high dead volume). 
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Figure 23: a) Source-drain current response to increasing Na+ concentration of a typical ion-sensitive 

EGOFET with a PVC ion-selective membrane, exhibiting a response time of ~30 s (see inset). b) 

Calculated effective gate potential versus Na+ concentration. 

  



75 
 

3.5.2 H+ selective EGOFETm 

As a further development and to prove the versatility of the concept a pH sensitive EGOFET 

was investigated. Glass electrodes, having a relatively high selectivity and a wide response 

range, are the most widely used devices for pH measurements in various samples. However, 

they also have a number of limitations, including high electrical resistance and brittleness. 

Particularly for applications in bioanalysis such as in-vivo blood pH measurements, electrodes 

based on ionophore-doped liquid polymeric membranes are often preferred over traditional 

glass electrodes.91 Here we demonstrate a novel, selective and reversible EGOFET based pH 

sensor for a broad detection range between pH 3 and pH 12. As described in section 3.4, first 

it is verified whether the IFS is appropriate with respect to sensing and electrical performance. 

Subsequent stability investigations show the importance of operating the EGOFET at a 

constant low-voltage working point. This was ensured by the implementation of a new 

dynamic measurement protocol which guarantees a constant effective gating potential 

independent of the sample composition. 

3.5.2.1 Inner filling solution 
As described in section 3.4, in order for this sensor concept to work, the inner filling solution 

of the sensor has to fulfill two conditions. First, the inner filling solution has to have a large 

electrochemical window which ensures a polarizable interface and thus a negligible leakage 

current (IG) between the transistor and the gate. The second condition is related to the ISM: 

In order to guarantee a stable pH value and to avoid membrane potential drifts, pH buffers 

have to be used as an inner filling solution. Otherwise, processes such as co-extraction of 

counter-cations into the membrane and resulting diffusive transmembrane fluxes of H+ lead 

to undesired pH value change of the inner filling solution.12,65,67,68,70,178,179 Furthermore, 

solvent polymeric membranes are permeable to CO2 and other small neutral molecules which 

can also influence the pH value of the inner filling solution.99,180,181 

                                                      
m The section is based on the work that has been published: J. Kofler, K. Schmoltner, A. Klug, and E.J.W. List-
Kratochvil, Appl. Phys. Lett. 193305 (2014). 
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Here, a standard 0.2 M phosphate buffer solution (PBS, pH 7), as commonly used in 

conventional ISE-setups, was employed as an inner filling solution. To verify whether the first 

condition is fulfilled, the EGOFET performance was studied without an ISM, i.e. the Ag/AgCl 

reference electrode was in direct contact with the inner filling solution (see inset in Figure 

24). Figure 24 depicts the corresponding transfer (a) and output (b) characteristics, showing 

a good overall performance (on-current ~1.7 µA and on/off ratio ~2 x 102). These results are 

comparable with other values found in literature26,43,182 and prove the suitability of this buffer 

as a gating electrolyte. To demonstrate the effect of an inner filling solution which does not 

fulfill the aforementioned conditions (i.e. small electrochemical window), ascorbic acid (10-2 

M) was added to the PBS. Figure 24 (c) shows the source-drain current (left) and gate 

current/leakage current (right) of an EGOFET gated with pure PBS, subsequently with a 

phosphate buffer containing ascorbic acid and finally again with pure PBS. Similar 

measurements were performed at higher gate potentials exhibiting the same trend (see 

Figure 25). In case of ascorbic acid, the leakage current (open circles) increased by two orders 

of magnitude (from 10-10 to 10-8 A) and the channel current decreased accordingly. However, 

after replacing the ascorbic acid containing buffer with pure PBS again, the initial good 

transistor characteristics and low leakage currents were restored. Interestingly, the channel 

currents (at VDS = -100 mV, VGS = -200 mV) were slightly higher compared to the first 

measurement, indicating the absence of any degradation of the P3HT. 
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Figure 24 Transfer (a) and output (b) characteristics of EGOFETs gated with a 0.2 M phosphate buffer 

(PBS, pH 7); (c) source-drain current (left) and leakage current (right) as a function of time: first, the 

EGOFET was gated with PBS (filled circles), subsequently with PBS containing ascorbic acid (open 

circles) and finally again with PBS (filled triangles). 
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Figure 25: Source-drain current (top) and leakage current (bottom) as a function of time: first, the 

EGOFET was gated with pure PBS (filled symbols), subsequently with PBS containing ascorbic acid 

(open symbols) and finally again time with pure PBS (filled symbols 

The observed high steady-state gate currents can be ascribed to the ascorbic anion which is 

easily oxidized at the P3HT/electrolyte interface upon applying a negative potential to the 

gate electrode. Thus, the phosphate buffer containing ascorbic acid is a good example of a 

solution with a small electrochemical window. Another negative side effect at high gate 

currents can be a polarization of the membrane (also see section 3.3.2.3),57–59,183 which can 

lead to deviations from the linear Nernstian behavior and to a higher lowest-detection limit. 

These results highlight the importance of an appropriate inner filling solution and the 

separation of the EGOFET from the sample solution. 

3.5.2.2 Stability investigation 
EGOFETs typically exhibit drifts.26 For that reason, stability investigations were carried out by 

measuring the drain and leakage currents at different gate voltages while keeping the source-

drain potential constant. Figure 26 (a) shows the relative source-drain current changes for 

stepwise increased gate voltages. At gate voltages of -200 mV, -400 mV and -600 mV 

negligible source-drain current drifts are observed within the measurement period of 8 min. 
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High gate potentials of -800 mV lead to a significant channel current decrease of about 60% 

within 8 min indicating an irreversible degradation of the transistor. This is also confirmed by 

a significantly lower channel current of ~80 nA in comparison to the initial reference 

measurement at -200 mV (~450 nA). Moreover, the leakage current did not change, except 

during the first few seconds due to repolarization/charging and is typically ~1 nA (see Figure 

26 (b)). 

The reason behind the observed channel current degradation is believed to be attributed to 

electrolysis and subsequent degradation of P3HT through oxygen oxidation184,185 and 

decrease of the charge carrier mobility due to ions/water molecules which diffuses into the 

organic semiconductor (also see section 3.3.1).186 

 

Figure 26: a) Relative change of the source-drain current of an EGOFET gated with PBS as a function 

of time for different applied gate voltages (top): Open symbols represent measurements with 

stepwise increased gate voltages (-400 mV, -600 mV, -800 mV), closed symbols represent the 

subsequent reference measurements at -200 mV. The curves were normalized with respect to their 

maximum current. (bottom) Absolute change of source-drain current at VGS = -200 mV before and 

after applying elevated gate potentials for 8 min (> 600 mV). b) Source-gate current as a function of 

time of a typical EGOFET gated with a phosphate buffer (pH7) after applying increased gate potentials: 

the leakage current was recorded at constant potentials of: VGS = -200 mV and VDS = -100 mV. 
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3.5.2.3 Constant current operation mode 
Regardless of the exact degradation mechanism, the results demonstrate that EGOFETs must 

be operated well below -600 mV in order to guarantee a stable operation. As the state of the 

art H+ selective ISM membrane used in this work exhibits a broad detection range between 

pH 3 and pH 12 with a near Nernstian response of 52 mV/pH and a high selectivity91, the 

membrane potential can vary for more than 400 mV. Consequently, in case of an IFS with a 

pH 7, the membrane potentials can vary for more than +/- 200 mV. If the EGOFET is operated 

at a gate potential of -400 mV, the membrane potential can either lead to irreversible 

degradation (Vgate,eff = -600 mV) at pH 12 or negligible source-drain currents (Vgate,eff = - 200 

mV) at pH 3. For that reason, ion selective EGOFETs have to be operated at a constant working 

point and consequently also at a constant source-drain current. This implies that the effective 

gate potential has to be independent of the membrane potential and thus also ion activity 

within the sample. This can be achieved by adjusting the gate voltage through a feed-back 

loop which keeps a constant source-drain current constant. The measurement signal is then 

given by the gate potential change required to keep the same source-drain current. Other 

than the operational stability, this operation mode has another benefit: The measured signal 

corresponds directly to the membrane potential change which eases data analysis. As a result, 

it is not necessary to record the whole transfer curve in order to correlate the source-drain 

current changes with membrane potential changes/concentration changes. As in case of 

conventional ISEs, two solutions with known pH values are sufficient to calibrate the sensor. 

The feedback loop was implemented using two Keithley 2400 SMUs which were controlled in 

real time via VBA-Excel. One SMU (source-drain SMU) measured the current at a constant 

source-drain voltage. The second one was connected to the gate electrode (gate SMU). Both 

SMUs shared a common ground. 

3.5.2.4 Sensitivity and calibration 
The pH calibration curves of a boric/citric acid solution with a molarity of 10 mM each, are 

shown in Figure 27 (a). Additionally, a calibration of a 5 mM boric/citric acid solution with and 

without a 10 mM NaCl background was recorded. The pH value was adjusted by titrating with 
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a NaOH solution. As a result, the Na+ concentration is increased at high pH values depending 

on the initial molarity of the citric and boric acid. Despite of a high concentration of the 

interfering alkali metal ion Na+, the response curve reveals a near Nernstian slope between 

pH values 6 and 12, with a slope of 52 mV/dec. There is only a limited influence of interfering 

Na+ ions at high pH values where the slope is slightly decreased. This is due to the high 

selectivity of the membrane over alkali metal ions.91 At low pH values (< pH 6), anion 

interference leads to a deviation from the Nernstian slope (~25 mV/dec).91 The anionic 

interference is increased with increasing anionic strength, i.e. with increasing NaCl or citric 

acid concentration (see section 2.4.3/2.4.5). Figure 27 (b) shows the response curve of the 

sensor device exposed to a pH 12.2 buffer-solution and subsequently to a pH 2.7 buffer-

solution. The response is reversible and even long continuous measurements of 30 min did 

not show any significant drifts. The response time of this device is limited by the time 

necessary to flush the flow cell with the buffer solution. 

 

Figure 27: (a) pH value calibration curves: gate voltage change as a function of the pH value; (b) 

response curve upon a pH-value change from pH 2.7 to pH 12 
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3.6 Summary & conclusion 

In conclusion, a novel sensor platform based on electrolyte-gated OFETs for selective and 

reversible ion detection was successfully demonstrated. The novelty of this design compared 

to conventional ISFETs is the direct contact between the electrolyte and the semiconductor 

without the use of a solid dielectric, making low-voltage operation in aqueous media feasible. 

Furthermore, this architecture benefits from a modular approach, allowing for the detection 

of various ions simply by choosing an appropriate ion-selective membrane. To demonstrate 

the versatility of this concept a pH and a Na+ sensitive sensor based on highly selective state 

of the art ISMs was successfully demonstrated. 

In order to obtain a general picture of ion selective EGOFETs, the requirements imposed on 

the gating electrolyte, the gate electrode and the semiconductor-electrolyte interface were 

investigated first. It is crucial that the whole gate potential actually drops at the 

semiconductor-electrolyte interface and that the leakage current flowing between the gate 

and the semiconductor is as small as possible. Consequently, the semiconductor – electrolyte 

interface should be polarizable. The electrolyte – gate interface, on the other hand must not 

be polarizable, as long as its capacity is larger than that of the EGOFET including the 

source/drain contacts. However, if analytes with varying ionic strength are targeted, a non-

polarizable Ag/AgCl reference electrode (or other equivalent reference electrodes) is required 

to apply a concentration independent gate-potential. Furthermore, as the characteristics of 

the EGOFETs change non-selectively with the ionic strength of the gate electrolyte, the 

EGOFET should be in contact with a constant, well defined inner filling solution which is 

separated from the sample by an ISM. Accordingly, the sensing signal which solely relies on 

the highly selective ISM, is amplified and transduced into a low impedance output signal by 

the EGOFET. 

Even though all physical requirements are met, EGOFETs typically exhibit irreversible 

degradation, if the gate potential exceeds a certain level. Due to a dynamic measurement 

protocol which operates the EGOFET at a constant and stable low-voltage working point 
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independent of the sample composition, a broad detection range between pH 2.7 and pH 12 

was possible. The response of the sensor was near Nernstian in the range between pH 6 and 

12 and a sub-Nernstian response between pH 2.7 and 6. The presented potentiometric sensor 

based on a Na+ sensitive PVC membrane showed a Nernstian behavior for a broad detection 

range between 10−6 M and 10−1 M Na+.  

These results constitute an important step towards a low-cost integrated sensor array for 

multiple ion detection facilitated by a facile integration of different state-of-the-art ISMs, 

being of high relevance for biomedical diagnostics, food-monitoring, industrial process- and 

water-control. 
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4.  ALL ORGANIC PAPER 

BASED ION SENSING 

PLATFORM 

The content of this chapter is based on the work that has been published and was partly 

modified: 

A paper based, all organic, reference electrode free ion sensing platform 
J. Kofler, S. Nau, Emil J.W. List-Kratochvil 
Accepted by Journal of Chemical Materials B 
Reproduced with permission from © Royal society of chemistry 
Contribution: The author carried out all experimental work and wrote the manuscript. The manuscript 
was finalized with the co-authors 
 

The aim of this chapter is to present a flash-chronopotentiometric, all organic and reference 

electrode free K+ sensing platform on paper. This unique platform is based on two identical 

PEDOT:PSS-based solid contact ISEs (SC-ISEs) fabricated on a paper sheet by simplest means 

(see Figure 28 a). The novelty of the proposed measurement method is that the commonly 

used reference electrode is replaced by a second, identical ISE. To measure the concentration 

of the target ion a current pulse is forced through the ISEs while the potential difference 

between the ISEs is measured at a fixed measurement time tmeas (see Figure 28 b, VSENS). The 

current forces an ion flux through the sample and through both ISEs. The ISE operated in 

forward direction (ISEIN), extracting target ions into the membrane from the sample side, will 

exhibit the typical potential jump upon target ion depletion (see Figure 28 b VIN and Figure 28 

c). The ISE operated in backward direction (ISEOUT) just shifts the potential difference between 

the ISEs by a constant value, and thus does not disturb the measurement signal (see Figure 

28 VOUT). Since both ISEs are identical, the equilibrium potentials of both ISEs are equal with 
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respect to the analyte and the ISEs can be regenerated simply by shortening them after each 

measurement.  

Consequently, the second ISE serves two purposes. Firstly, it provides a reference potential 

during the measurement pulse and secondly it allows to regenerate the ISEs without using a 

reference electrode. Additionally, mutual potential drifts of the ISEs cancel out, leading to a 

very stable and reproducible response. 

 

Figure 28 a) An image of a fabricated sensor and its circuit diagram (the materials are additionally 

dyed for a better understanding); b) Illustration of the sensing principle: A measurement cycle consists 

of a regeneration (I, both ISEs are shortened) a constant-current measurement pulse (II) and an 

inverse regeneration pulse (III, not shown). The membrane potentials of ISEIN  (VIN), ISEOUT (VOUT) and 

the potential difference between the ISEs (VSENS) during a measurement cycle at different K+ 

concentrations (0.1 mM black, 0.3 mM red, 1 mM blue), is shown on the top left, top right and left 

bottom. To measure the concentration a constant-current pulse is applied (Iapplied) while the potential 

VSENS is recorded at a fixed time tmeas. The according response (Vresponse) is shown on the bottom right; 

c) the numerically calculated K+ concentration during a measurement cycle (bulk analyte 

concentration 0.1 mM K+). 

To generalize the proposed sensing method and to demonstrate that the sensing signal solely 

arises at the ISM-sample interface, two conventional ISEs containing aqueous inner filling 

solutions were used in a first step. The results were modelled by numerical calculations, 

gaining insight into the response mechanisms and revealing the limits of the measurement-

parameters, namely the maximum current density and pulse time. In a second step, the 

response of the all organic PEDOT:PSS-based SC-ISEs is investigated, exhibiting the same 
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characteristics as the conventional setup. In accordance with the results reported by S. 

Makarychev-Mikhailov et al.27, a 20-fold sensitivity enhancement compared to classical 

potentiometric measurement was obtained. Furthermore, repeated measurements over a 

period of 3 months reveal that the response signal was stable for at least 3 months. 

4.1 Introduction into the sensing concept 

Generally, chronpotentiometric measurements are based on ion transfer at immiscible 

electrolyte solutions (ISM, aqueous analyte).5 For that reason, to describe the response of a 

chronpotentiometrically operated ISM, all transferring ions within the analyte and the ISM 

have to be considered. Highly ion selective plasticized PVC membranes contain an ionophore 

(L), anionic sides (R-) and a background electrolyte (B+/B-) (see Figure 29 a). These anionic 

sides fix the concentration of ionophore-target ion concentration (LK+) and the background 

electrolyte ensures a high conductivity of the membrane.5 However, the sensing mechanism 

is chemically based on the recognition of an aqueous target ion by an ionophore, which 

thermodynamically facilitates selective ion transfer (IT) into the membrane. The strong ion - 

ionophore interaction overcomes the unfavorable free energy of transfer and hydrophilic ions 

are extracted into the hydrophobic membrane developing a Nernstian phase boundary 

potential in equilibrium28. The Nernstian phase boundary potential is used as a measurement 

signal for potentiometric measurements, limiting the response to a sensitivity of ~59 mV per 

10 fold activity change in case of a monovalent ion. Upon applying a current pulse, ions are 

forced into the membrane on the front side of ISEIN and out of the membrane on the back 

side of ISEOUT. As the transfer of the target ion (K+) into the membrane is facilitated by the 

ionophore, exclusively K+ ions are extracted into ISEIN. Likewise, K+ ions are extracted into the 

analyte at ISEOUT (mechanism 1’ in Figure 29 b). At the beginning of the pulse, as long as the 

ion concentrations at the interface are proportional to the bulk ion concentrations, the 

response obeys a near-Nernstian slope towards the respective activity (see theory section 

2.4.5).29,30 At larger pulse times, the target ion is depleted. The square route of the time when 

the target ion depletes (transition time) is linearly proportional to the concentration and 
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inversely proportional the current density. As soon as the target ion depletes within the 

sample, other positively charged ions have to be transferred into the membrane or negatively 

charged ions within the membrane have to be extracted into the analyte (see mechanism 2’ 

in Figure 29). As the free energy of transfer of these ions is higher, a larger potential has to be 

applied to keep the ion flux through the ISM-analyte interface constant. The magnitude of 

this potential change (potential jump) is directly related to the selectivity of the membrane; 

i.e. to the difference of the free energy of transfer between the target ion and the 

alternatively included/extracted ion. However, similar depletion effects can also occur within 

the membrane. The freely available ionophores (L) at ISEIN or the complexed target ions (LK+) 

at ISEOUT can deplete earlier than the target ion. Likewise, alternative ions are extracted into 

the analyte or the membrane (see Figure 29 b, mechanisms 3’ and 4’). 

 

Figure 29: a) Illustration of the ions present within the membrane/analyte and the formation of the 

Nernstian phase boundary potential (PBP) in equilibrium. K+ corresponds to the target ions, I+ to the 

interfering ions, C+/A- to background cations/anions in the analyte, R- to anionic sides in the ISM and 

B+/ B- to background cations/anions in the ISM, L is the freely available ionophore and LK+/LI+ is the 

ionophore-K+/L+ complex; b) illustrations of possible mechanisms occurring at the front side and 

backside of an ISM during a current pulse (for further details see text). 
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4.2 Experimental 

4.2.1 Chemicals and Materials 

The ISM contained the cation exchanger sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaTFPB) (15 mM/kg), the potassium ionophore I 

(valinomycin, 5 mM/kg) and the background electrolyte tetradodecylammonium (TDA) 

tetrakis(4-chlorophenyl)borate (TClPB) (ETH 500, 20 mM/kg). The membrane matrix 

contained high molecular weight polyvinyl chloride (33 wt%, Selectophore grade) and the 

plastisizer 2-nitrophenyl octyl ether (2-NPOE) (67 wt%). The ISM cocktails were dissolved in 

tetrahydrofuran (THF) and drop casted onto a confined glass sheet. The drop-cast membrane 

was allowed to dry overnight at ambient conditions in a saturated THF environment and was 

peeled off for further implementation. The final thickness of the ISM was ~ 150 µm. All of the 

chemicals mentioned above were obtained from Fluka Sigma- Aldrich and were used as 

received. The saline solutions were prepared with KCl (>99.0%), CaCl2 (>99.0%) Na2SO4 

(>99.0%) and deionized water (grade). 

4.2.2 Sensor fabrication 

First, the design of the PEDOT:PSS  electrodes was printed in black & white on a copy-paper 

(copy paper “Blustar” 80 g/m²). The PEDOT:PSS electrodes are simply structured by drop 

casting PEDOT:PSS (CleviosTM PH 1000) onto these printed electrodes. As the inkjet printing 

paper is initially hydrophobic and the water based ink hydrophilic, PEDOT:PSS is confined to 

the hydrophilic printed areas. After drop casting PEDOT:PSS, the paper is transferred into an 

oven and dried for 1 h at 150 °C. The resistance of the PEDOT:PSS electrodes (1 cm wide and 

5 cm long) is in the range of 30 kΩ. Subsequently, the paper is made water impermeable by 

laminating a Parafilm M® at ~100°C onto the top and the bottom side of the paper. Prior to 

lamination two holes (2 mm and 3 mm diameter), which accommodate the ISMs, were 

punched into the Parafilm M® using a biopsy punch. The ISMs are cut out of a bigger ISM sheet 

using a biopsy punch with a diameter of 4 mm. The sensor is finalized by gluing these ISMs 

onto the PEDOT:PSS electrodes. This is done by drop-casting 5 µL THF onto the ISM and 
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immediately thereafter placing the ISM with the THF side first onto the PEDOT:PSS electrodes. 

THF partly dissolves the ISM leading to a conformal contact between the ISM and the 

PEDOT:PSS electrodes and to a tight sealing at the ISM edges. After gluing, the sensor is left 

to rest for ~ 12 h in order to let the residual THF evaporate. After fabrication, the sensors 

were conditioned for ~ 5 h in a 1 mM KCl solution to exchange the Na+ ions of the NaTFPB 

within the membrane with targeted K+ ions. After the conditioning the sensors were blow 

dried and subsequently stored in dark under ambient conditions until measurement. Note 

that the ISEs were spaced 5 mm apart in order to avoid cross talk. 

4.2.3 Measurement setups/procedures 

Current and potentials were measured using a B1500A Parameter analyzer. To carry out 

potential measurements, the source-measurement units were operated as 0 A constant 

current sources while measuring the potential. To apply a current pulse, the current was set 

to the corresponding value and the potential was measured. To carry out the reference 

measurements (conventional setup) two custom made ISEs were used. The inner filling 

solutions (IFS) (10 mM KCl in a 10 mM CaCl2 background) of the ISEs were contacted with 

Ag/AgCl reference electrodes, whereas the PEDOT:PSS based solid state ISEs were contacted 

by two alligator clamps. In order to investigate the ISEs separately, an additional reference 

electrode contacting the analyte, was used. The reference electrode was placed half way 

between the ISEs. A measurement cycle was carried out as follows. First, a base line potential-

pulse is applied (0 V to both ISE terminals) while the current flowing between the ISEs is 

monitored. This current should ideally be 0 A in equilibrium. This base line pulse was applied 

for 6 min in between the current pulses. Subsequently, a current pulse and a reverse 

regeneration pulse was applied and the potential was monitored at all three reference 

electrodes. No working electrodes were used and the currents applied during the 

measurement cycles were passing through the reference electrodes contacting the IFS. The 

recorded potentials are therefore biased by a current induced potential drop at the reference 

electrodes. However, these potentials drops are constant and therefore solely result in a 

constant offset which does not influence the measurement signal as such. Furthermore, note 
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that all measurements were carried out using excess background electrolytes to avoid 

migration effects within the analyte.  

4.3 Results and discussion 

First, to generalize the measurement method, two conventional ISEs containing an aqueous 

inner filling solutions (liquid contact), were used. Liquid contacts are well-defined system 

which can be described numerically. Hence, it is possible to identify the mechanisms and the 

operational limits of the sensor. Furthermore, it is verified that the sensing signal solely arises 

at the ISM-sample interface and is not at the PEDOT:PSS solid contact, implying the possibility 

to use this measurement method for various other ISEs. In the thereafter following step, the 

PEDOT:PSS-paper based SC-ISEs are characterized and the sensitivity and long term stability 

of the sensing platform is demonstrated. 

4.3.1 Conventional setup 

The response curves and the applied currents at concentrations of 0.01, 1, 10 mM KCl in a 10 

mM CaCl2 M background of a measurement setup using two conventional ISEs are shown in 

Figure 30. First, both ISEs are forced to 0 V which is equivalent to shortening both ISEs (see 

region I in Figure 30). As both ISEs are identical they ideally have the same equilibrium 

potentials with respect to the analyte. Consequently, only a negligible faradaic current is 

flowing in between the ISEs (see Figure 30 (b) region I). After an equilibration time of 5 

minutes, a current is applied to the ISEs, forcing K+ ions from the analyte into the membrane 

on one side and vice versa on the other side (see region II in Figure 30). The potential 

difference in between the ISEs corresponds to the measurement response which strongly 

depends on the target ion concentration within the analyte. After this first current pulse a 

second inverse pulse, with identical but negative current is applied. This leads to a faster 

regeneration of the membrane25 (region III). After the measurement, both ISEs are forced to 

0 V to regenerate the ISEs. During the regeneration, the current flowing between the ISEs 

decreases until it eventually reaches a very small steady state current (~0.7 nA/mm²).  
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Figure 30: a) Simplified circuit diagram of the measurement setup showing two ISEs with identical 

inner filling solutions (IFS) which are operated in series. In between the measurements, the ISMs are 

regenerated by applying 0 V to both ISEs. This is equivalent to a shorting, which is illustrated by a 

switch in position I); during the measurement pulse and the reverse pulse the switch is in position II) 

or III) respectively; b) Sensing signal (VSENS) measured in analytes at concentrations of 0.1 mM (black), 

1 mM (red), 10 mM KCl (blue) and in an 10 mM CaCl2 background during a full measurement cycle 

consisting of a regeneration (grey region I), a measurement pulse (red region II) and an inverse pulse 

(yellow region III). The observable transition times are marked with numbers 1’-3’. The applied current 

density was 0.4 µA/cm². The corresponding currents are shown in c). 
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The remaining steady state current can be attributed to a small potential difference between 

the reference electrodes, non-idealities of the membranes or to the measurement setup itself 

(potential differences as small as of ~ 0.4 mV are sufficient to explain this current). However, 

currents of these small magnitudes are not sufficient to perturb the ISM and the thereafter 

following measurements at concentrations examined within this work. 

There are three different potential jumps observable in Figure 30 b. In order to ensure that 

the sensing signal solely depends on the target ion concentration, it is crucial to identify the 

origins of the potential jumps. For that reason each ISE was investigated separately in various 

background electrolytes by monitoring the potential of the analyte with an Ag/AgCl reference 

electrode. The experimentally measured as well as numerically calculated response curves of 

ISEIN at concentrations of 0.1, 1, 10 mM KCl in an 10 mM CaCl2 and a highly interfering 10 mM 

NaCl background are shown in Figure 31. These two background cations represent two 

extremes; Ca2+ is very hydrophilic and non-interfering ion, whereas Na+ is one the major 

interfering ions (in case of the valinomycin ionophore). At the end of the regeneration the 

membrane potential depends on the concentration within the electrolyte in a near Nernstian 

fashion (56 mV per 10 fold activity change, see Figure 31, region I). This Nernstian offset at 

the beginning of the pulse results in a concentration dependent shift of the response curves 

of a single ISE, even before a potential jump has occurred. As two ISEs are operated in series, 

this potential shift cancels out in the final response curve (see Figure 28 (d) and Figure 30, 

region I). The inset of Figure 31 (a) shows the response curves which are corrected for the 

Nernstian equilibrium potential at the beginning. These corrected response curves are not 

noticeably concentration dependent as long as no characteristic potential jump is observed 

(refer to section 4.3.2 for details). The first potential jump is observed at a concentration of 

0.1 mM K+ in a CaCl2 electrolyte (point 1’). In case of the NaCl electrolyte the magnitude of 

this potential jump is not as pronounced and a second potential inflection is observed at larger 

pulse times (point 2*). At K+ concentrations of 1 mM and 10 mM one potential jump is 

observed in both background electrolytes (point 2’). 
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Evidently, the numerical solutions of the NNP equations agree qualitatively with the response 

curves obtained. According to the numerical solutions of the NNP equations, the potential 

inflection in point 1’ is due to the depletion of the target ion within the aqueous sample (see 

Figure 31 (c)). In case of the NaCl background, interfering Na+ ions can easily be extracted into 

the membrane as soon as the K+ ion depletes within the aqueous layer. Whereas in case of 

the CaCl2 background, due to the high hydrophilicity of Ca2+, TClPB- ions (background 

electrolyte of the membrane) are forced from the membrane into the water. The extraction 

of TClPB- requires a higher potential than the assisted ion transfer of Na+. This is the reason 

why the magnitude of the potential jump is lower in case of the highly interfering NaCl 

background. The second inflection in point 2* can be ascribed to ionophore depletion within 

the membrane. As soon as the freely available ionophores deplete at the membrane surface, 

the assisted ion transfer gets halted. As Na+ is very hydrophilic, primarily TClPB- ions are 

extracted from the membrane into the water. The same mechanism is also responsible for 

the potential inflection at point 2’. At high K+ concentrations (1 mM and 10 mM) the 

ionophore depletes, leading to a potential inflection which is identical to the one observed at 

point 2*. 

 



Figure 31: Measured (solid) and numerically calculated reponse (dotted) of ISEin during a 

measurement cycle at concentrations of 0.1 mM, 1 mM and 0.01 mM K+ in a 10 mM CaCl2 background 

(a) and a 10 mM NaCl background (b). The insets show the corrected potentials (VIN(t) - VIN (t = -5 s)). 

The characteristic transition times are marked with numbers (for details see text). The applied current 

density was 0.4 µA/mm². c) Calculated concentration profiles at the interfaces of the relevant ions 

during a measurement cycle at a concentration of 0.1 mM K+ in a NaCl background. The time and 

location where characteristic transitions occur are marked with numbers (for details see text). For 

better visibility, the x-axis are scaled differently for each ion in the membrane as well as in the 

aqueous solutions. 

The experimental as well as the numerically calculated response curves of ISEOUT in an analyte 

containing 0.1, 1, 10 mM KCl in an 10 mM NaCl and 10 mM Na2SO4 background are shown in 

Figure 32. This time the anion is drawn towards the membrane. This is why an alternative 

anion was studied. SO4
2- is extremely hydrophilic (on the right in the Hoffmeister series) and 

will therefore require a significant higher potential to be extracted into the membrane than 

Cl-. As in the case of ISEIN, the corrected response curves do not depend noticeably on the 

target ion concentration or on the background electrolyte as long as no potential jump is 

observed (at current pulse times smaller than 2 s, for details refer to section 4.3.1.1). At higher 

pulse times and low K+ concentrations of 0.1 mM, two inflection points are observable. 

According to the numerical solutions of the NPP equations, the second one (2’) can again be 

ascribed to ionophore depletion and is identical to the one observed at 10 mM K+ at ISEIN. 
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Thus, the K+ ions within the inner filling solution deplete the ionophore on the inner filling 

solution side. Though, the transition time of the first potential jump (1’), does not depend on 

the concentration or type of background analyte, the magnitude of the potential jump does. 

The magnitude decreases with increasing K+ concentration until it completely disappears at 

10 mM. According to the NPP equations this can be ascribed to a depletion of complexed LK+ 

at the backside of the membrane and thus on the sample side. As soon as LK+ depletes, anions 

from the sample are extracted into the membrane. As SO4
2- (see Figure 32 (b)) has a higher 

free energy of transfer and is found to the right of Cl- in the Hoffmeister series, a more 

prominent backside depletion is observable. 

 

Figure 32: Measured (solid) and numerically calculated (dotted) response of ISEOUT during a 

measurement cycle at concentrations of 0.1 mM, 1 mM and 10 mM K+ in a 10 mM CaCl2 background 

(a) and a 10 mM Na2SO4 background. The insets show the corrected potentials (VCORR,OUT = VOUT(t) - 

VOUT (t = -5 s)). The characteristic transition times are marked with numbers (for details see text). The 

applied current density was 0.4 µA/mm². The maximum applicable pulse time (tmax ~ 2 s) is marked by 

a vertical line. c) Calculated concentration profiles at the interfaces of the relevant ions during a 

measurement cycle at a concentration of 0.1 mM in a CaCl2 background. The times and locations 

where characteristic transition times occur are marked with numbers (for details see text). For better 

visibility, the x-axis are scaled differently for each ion in the membrane as well as in the aqueous 

solutions. 



To summarize, the measurement response only depends explicitly on the K+ concentration 

within the analyte as long as no backside depletion of ISEOUT occurs. As soon as the ISEOUT 

depletes on the backside, anions have to be extracted from the sample into the membrane 

leading to a potential jump. The magnitude of this potential jump and therefore also the 

sensor response depends on transferring anions present in the analyte. For that reason, the 

maximum applicable pulse time is limited to tmax (see vertical dotted line in Figure 32). 

Backside depletion can be avoided if the current density through ISEOUT is smaller than 

through ISEIN. Thus, the surface area of ISEOUT has to be larger than of ISEIN. However, 

ionophore depletion at the front side of ISEIN leads to a selectivity breakdown giving rise to 

the upper detection limit. The response at concentrations exceeding this upper detection 

limit and concomitant higher current amplitudes, is rather determined by ionophore diffusion 

within the membrane than the concentration of target ions in aqueous phase. 

4.3.1.1 Dynamic response at small pulse times 
The actual response at small pulse time before depletion effects occur is not intuitive: The 

reactions at the interface are fast and instantaneous establishing a near Nernstian phase 

boundary potential, even under dynamic mass transport conditions (as long as no 

concentration polarization occurs)72,131. This near-Nernstian phase boundary potential is not 

equal to the one measured under zero current conditions because the phase boundary 

activities change (see theory section 2.4.5). The current induced activity change greatly 

depends on the diffusion constant within the respective phase. Furthermore, the current 

induced change of the Nernstian phase boundary potential depends on the relative activity 

change and not on the absolute change. 

Figure 33 (a) and (b) show the corrected experimental and numerically calculated response 

curves at small pulse times of ISEIN and ISEOUT respectively. The corrected potentials recorded 

at t1 (1s) / t2 (2s) are shown in c / d. Generally, the corrected potentials (absolute) measured 

at time t1 are smaller than the ones measured at t2. 

In case of ISEIN and at large target ion concentrations (> 1 mM), the potential does not depend 

noticeably on the concentration of the target ions within the analyte. However, it increases 
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with time. This increase can be attributed to a magnitudes smaller ion diffusion-constant in 

the membrane than in the aqueous phase: The phase boundary concentrations within the 

membrane are gradually increased on the front and decreased on the backside. Whereas, the 

phase boundary concentration within the analyte remain almost unchanged. Consequently, 

the constant current induces a concentration independent response. At a concentration of 1 

mM the target ion is depleted and the response depends on the ion concentration within the 

analyte. 

Similar to ISEIN, the response of ISEOUT does not depend on the sample composition at high 

target ion concentrations (> 1 mM), as long as no backside depletion occurs. At a 

concentration of 0.1 mM the phase boundary concentration of the analyte is slightly changed 

giving rise to a response drift of ~20 mV which is a negligible contribution to the total sensor 

response. Note that this shift does not degrade the sensing signal as it depends selectively on 

the concentration of the target ion. However, if the signal would be measured at t2 the 

response would strongly depend on the background anion present in the analyte (see Figure 

33 (d)).  
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Figure 33: Experimentally and numerically calculated corrected response curves at small pulse times 

of ISEIN (a) and ISEOUT (b) recorded in a CaCl2 (solid lines) and Na2SO4 (dashed lines) background at 

concentrations of 0.1 mM, 1 mM and 10 mM. The response curves were obtained by subtracting the 

equilibrium potential measured under zero current conditions at the end of the regeneration pulse. 

The response recorded at t1 (1s) and t2 (2s) are shown in c) (ISEIN) and d) (ISEOUT).  

4.3.2 Ion selective electrodes on paper 

Besides the presentation of the generalized concept, the aim of this work is also to present a 

fully functional low cost disposable sensor platform. For that reason, two SC-ISEs were 

fabricated on a paper sheet by simplest means. The SC-ISE consists of a ISM which is bonded 

onto a PEDOT:PSS layer which was drop casted on a paper sheet. The PEDOT:PSS layer serves 
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as an ion to electron transducer at the ISM interface and as an electrode at the same time. In 

order to avoid backside depletion, ISEOUT was one and a half times larger than ISEIN.  

Figure 34 (a) shows the response curves of SC-ISEIN and SC-ISEOUT recorded in a 0.1 mM KCL 

solution. The first and second response curves exhibit significant drifts. After 15 measurement 

cycles the response curves reach a steady state and there are only small shifts in the 

thereafter following measurements. If the ISE is left idle for a day a significant change from 

measurement to measurement is observed in the beginning. Same as before, after 15 

measurements the response curves reach a steady state and are almost identical to the ones 

measured on the first day. Consequently, 15 conditioning measurements have to be carried 

out prior to measurement. The response curves are generally more reproducible at the 

beginning of the pulse and even after three months and 120 measurements, the response 

curve remains almost unchanged. Figure 34 (a) also demonstrates the advantage of 2 ISEs 

operated in series. In equilibrium, before the measurement pulse is started, the potentials of 

the ISEs exhibited a drift of 130 mV after 3 months with respect to an Ag/AgCl reference 

electrode. If just one ISE would have been used this would have resulted in a potential shift 

of ~130 mV (see Figure 34 (b)). As both ISEs are identical they both exhibit approximately the 

same potential drift. For that reason, the net potential between the ISEs is not changed. Thus, 

the sensor response is not influenced by this drift. 



100 
 

 

Figure 34: Sensor response (a) and response of ISEIN only (b) during a current pulse (0.6 µA/mm²) in a 

10-4 M K+ solution after 15 and 30 measurements on the first day (solid lines) and the thereafter 

following measurement at the second day (dash-dot lines) and after 3 months (doted lines). The 

illustration on the top shows the measurement setup and the time span which is shown in the graph 

(red area 

Hence, the SC-ISE requires ca. 15 measurement cycles to obtain a steady state response curve. 

Similar to the previously presented Figure 30, Figure 35 (a) and (b) show the response curves 

of ISEIN and ISEOUT recorded at concentrations of 0.1 mM, 1 mM and 10 mM K+ in a CaCl2 and 

Na2SO4 background after the conditioning protocol was carried out.  

Compared to the curves obtained with the conventional setup, the potential of ISEIN 

significantly increases with time. This can be ascribed to the reduction of the conducting 

PEDOT+ to isolating PEDOT0 at the backside of the ISM. 34,35 The amount of PEDOT+, which 

gets reduced and consequently also the conductivity change, is defined through the current. 

As the current is kept constant, the dynamic potential change over PEDOT:PSS is not changed 

between measurements and just results in an offset. Disregarding this increasing potential, 

the curves are qualitatively similar to the ones obtained with the conventional setup. 

Accordingly, two potential jumps (1’ and 2’) are found. The characteristic potential peaks 

either correspond to the depletion of K+ within the sample (at point 1’ in Figure 35) at a 

concentration of 0.1 mM K+ or the depletion of the ionophore at high K+ concentrations (at 
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point 2’ in Figure 35). Note that due to the higher current density the transition times are 

shifted to smaller values compared to the conventional setup. In contrast the response curves 

of SC-ISEout are different. The response curve of the SC-ISEout is characteristic to a membrane 

which is immediately depleted on the backside and thus on the PEDOT:PSS side. The front-

side depletion in the Na2SO4 background electrolyte is not as significant as observed with the 

conventional setup but still visible (marked with 3’ in Figure 35). Interestingly no backside 

depletion at the PEDOT:PSS side is observed. This can be ascribed to the very rough interface 

ISM-PEDOT:PSS which leads to a lower current density through the interface. 

 

Figure 35: Response of the SC-ISE operated in forward direction (a) and the one operated in backward 

direction (b) at concentrations of 0.1 mM, 1 mM and 10 mM in a 10 mM CaCl2 background (solid lines) 

and 10 mM CaCl2 Na2SO2 background (dotted lines). The insets show the corrected potentials 

(VCORR,IN/OUT(t) = VIN/OUT (t) - VIN/OUT (t = -5 s)).The sensor was driven at a current density of ~0.6 µA/mm² 

(ISEIN) and ~0.4 µA/mm² (ISEOUT). The maximum applicable pulse time (tmax ~ 2 s) is marked by a vertical 

line. The illustration on the top shows the measurement setup and the time span which is shown in 

the graph (red area). 
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Figure 36: a) Response curve during a measurement pulse recorded in concentrations ranging from 0.1 

mM to 10 M in a CaCl2 background (~0.6 µA/mm² (ISEIN) and ~0.4 µA/mm² (ISEOUT)). The time tmeas at which 

the potential for various sample K+ concentrations was recorded, is marked by a dotted line. b) The 

potential measured at tmeas for various K+ concentrations in a CaCl2 background (solid) compared to the 

ISM potential measured using a conventional potentiometric measurement (dotted) at the first day 

(squares) and after three months (triangles). All measurements were carried out on the same device. In 

order to compare the potentials of the potentiometric measurements to the dynamic measurements, 

they were both shifted by the same constant value. 

Figure 36 shows the response curve of the sensor for K+ concentrations ranging from 0.1 mM to 

10 mM recorded in a CaCl2 background. One can clearly see the shift of the transition time to 
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larger values upon increasing the K+ concentration. To measure the concentration it is not 

necessary to record the whole response curve. Recording the potential at a certain time tmeas (see 

Figure 36 (a)) below tmax is sufficient. Figure 36 (b) shows the response recorded at a 

measurement time of 1.8 s compared to the potentiometric response which was measured 

before the dynamic measurements were carried out. The dynamic response shows a step drop 

at concentrations between 10-3.6 M and 10-4 M. Within this concentration range the sensitivity is 

increased by a factor ~ 20 compared to a potentiometric measurement (400 mV instead of 20 

mV). The dynamic response remained stable, even after a period of 3 months and 120 

measurements, whereas the potentiometric response exhibited a significant drift. This stability 

is caused by the two identical ISEs which exhibit the same potential drift. For that reason the net 

potential between the ISEs remains approximately zero. Consequently, the response is not 

influenced by mutual potential drifts of both ISMs as they cancel out. 

4.4 Conclusion & Outlook 

In conclusion we have presented a unique ion sensing platform based on two solid contact ISEs 

(SC-ISEs) which were fabricated on a paper sheet, by simplest means, using PEDOT:PSS and 

Parafilm M® for sealing. This concept proved to be very promising. Using this simple setup a 20 

fold sensitivity enhancement compared to a potentiometric measurement was achieved without 

using a reference electrode. Due to the ISEs operated in series, potential drifts of the membranes 

cancel out and the response of this sensor turned out to be stable for at least 3 months and 120 

measurements. The response is clearly well suited for cheap disposable threshold ion sensors 

under conditions with physiological backgrounds. The K+ sensitive membrane served as a model 

and simply by exchanging the ionophore sensitivities toward other ions can be achieved. Thus, 

this concept can be extended to all sorts of analytical applications. 
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5.  SUMMARY & 

CONCLUSION 

The scope of this thesis is the investigation of two low-cost and organic ion sensing platforms 

based on recent advances within the fields of organic electronics and polymeric ion selective 

membranes. 

First, a novel sensor platform based on an electrolyte-gated organic field effect transistor 

(EGOFET) for selective and reversible ion detection was successfully demonstrated. The major 

advantage of EGOFETs is that they can transduce a potentiometric input signal with high 

impedance into an amplified low impedance output signal. In other words, EGOFETs can replace 

potentiometers which would otherwise be required to measure the potentials of ion selective 

membranes (ISMs). Compared to conventional ion selective field effect transistors (ISFETs), the 

novelty of this design is the direct contact between the electrolyte and the semiconductor. 

Hence, there is no need for an expensive encapsulation or an elaborate deposition of a dielectric. 

On the contrary, due to the direct contact between the electrolyte and the organic 

semiconductor, an electric double layer (EDL) at the semiconductor-electrolyte interface is 

formed. The EDL has a high capacitance inducing a high charge carrier density in the 

semiconductor. For that reason, a stable and low voltage operation (< 600 mV) at currents which 

are large enough for further signal processing (> 1 µA), is possible. However, investigations of the 

transfer-characteristics in various background electrolytes revealed that they non-selectively 

depend on the ionic strength of the gating solution. Furthermore, examinations of the 

semiconductor-electrolyte interface demonstrated that the semiconductor-electrolyte interface 

has to be polarizable. Accordingly, electrolytes containing electroactive substances such as 

ascorbic acid, degraded the transistor characteristics significantly. Either way, a direct contact of 

the EGOFET with the sample solution would lead to a mixed signal between the selective signal 

of the ISM and the non-selective signal of the EGOFET. This is why the sensing platform was 
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assembled by an EGOFET-inner filling solution-ISM-analyte stack. This architecture has the 

advantage that the EGOFET is in contact with an electrolyte of constant composition, being 

separated from the analyte by an ISM. To measure the ion activity, a gate potential is applied 

through an Ag/AgCl reference-electrode contacting the analyte. The effective gate potential of 

the inner filling solution, which actually drives the EGOFET, is given through the sum of the 

membrane potential and the gate potential. Hence, the EGOFET serves exclusively as a 

transducer while the highly selective ISM serves as a sensing element. Consequenlty, the 

presented architecture is modular and the detection of other ions can be realized “simply” by 

introducing appropriate ISMs. Furthermore, important sensor parameters such as the lowest 

detection limit and selectivity can be tuned by modifying the membrane. To demonstrate the 

versatility of this concept a pH and a Na+ sensitive sensor based on highly selective state of the 

art ISMs were presented. Due to a dynamic measurement protocol, which operates the EGOFET 

at a constant and stable low-voltage working point independently from the sample composition, 

a broad detection range between pH 2.7 and pH 12 was possible. Furthermore, the Na+ sensitive 

EGOFET showed a Nernstian response for a broad detection range between 10−6 M and 10−1 M 

Na+. 

The second investigated ion sensing concept is a flash-chronopotentiometric, reference-

electrode free, all organic ion sensing platform fabricated on a paper sheet by simplest means. 

This sensing platform consists of two identical ion selective electrodes (ISEs) which are assembled 

by bonding a polymeric ion selective membrane (ISM) directly onto a drop-casted PEDOT:PSS 

electrode on paper. As the ISEs are identical, the equilibrium potential difference between the 

ISEs is zero, independently from the sample composition. It is therefore not possible to use 

conventional potentiometry to measure the ion concentration/activity. However, it is feasible 

using a non-equilibrium measurement method, namely flash-chronopotentiometry. To measure 

the concentration a constant ion flux is forced through the first ISE into the analyte and from the 

analyte into the second ISE. To keep the ion flux constant, other ions have to be extracted into 

the membrane, as soon as the target ion depletes at the second ISE. As the transfer of these ions 

requires a higher potential, a drastic potential jump is observed. Whereas, the current induced 

potential change at the first ISE does not noticeably depend on the composition of the analyte. 
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Consequently, the potential difference between the ISEs, required to apply the current is directly 

related to the ion concentration within the sample. After the current pulse, the ISEs have to be 

regenerated by applying the initial equilibrium potential. Thus, they can be regenerated simply 

by short-circuiting them. Hence, the second ISE serves two purposes. Firstly, it provides a 

reference potential during the measurement pulse and secondly it allows to regenerate the ISEs 

without using a reference electrode. To generalize the proposed sensing method and to 

demonstrate that the sensing signal solely arises at the ISM-sample interface, two conventional 

ISEs containing aqueous inner filling solutions were additionally investigated. The numerical 

model was able to describe the response curves of these ISE in equilibrium and under dynamic 

operation within different electrolytes. Consequently, it was possible to gain insights in the 

working principles of flash-chronopotentiometrically operated ISEs. Furthermore, the numerical 

model allowed to rationally choose the measurement parameters, such as current amplitude and 

pulse time, prior to experiment. 

Using this simple setup and measurement method a 20 fold sensitivity enhancement compared 

to a potentiometric measurement was achieved, without using a reference electrode. Due to the 

ISEs operated in series, potential drifts of the membranes cancel out and the response of this 

sensor turned out to be stable for at least 3 months and 120 measurements. The response is 

obviously well suited for low-cost disposable threshold ion sensors under conditions with 

physiological backgrounds. The K+ sensitive membrane served as a model. Simply by exchanging 

the ionophore sensitivities toward other ions can be achieved. Thus, this concept can be 

extended to all sorts of analytical applications.  

To summarize, both concepts constitute an important step towards a low-cost integrated sensor 

array for multiple ion detection facilitated by a facile integration of different state-of-the-art 

ISMs, being of high relevance for biomedical diagnostics, food-monitoring, industrial process- and 

water-control. 
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electrode free ion sensing platform 
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7.2 Hydrogen ion-selective electrolyte-gated 

field-effect transistor for pH-sensing  

J. Kofler*, K. Schmoltner*, A. Klug, E. J. W. List-Kratochvil  
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*both authors contributed equally. 
Contribution: The author contributed equally with K. Schmoltner to experiments related to the ion-
selective EGOFETs and sensor characterization. The author wrote the manuscript, finalized the 
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7.3 Electrolyte-gated field-effect transistor for 

selective and reversible ion detection  
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7.4 Ion-selective electrolyte-gated field-effect 

transistors: Prerequisites for proper 

functioning 
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7.5 Highly robust electron beam lithography 

lift-off process using chemically amplified 

positive tone resist and PEDOT:PSS as a 

protective coating  

J. Kofler, K. Schmoltner, A. Klug, E. J. W. List-Kratochvil  
Contribution: All experimental work. The author wrote the manuscript. The manuscript was 
finalized with K. Schmoltner. 
 
 



154 
 



155 
 



156 
 



157 
 



158 
 



159 
 



160 
 



161 
 

 



162 
 

 
 

 


