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Abstract  

The work presented in the thesis is about the evaluation of Organic Electrochemical 

Transistors (OECTs) for fast scan cyclic voltammetry (FSCV). FSCV is a method which has been 

used for real time dopamine sensing both in vivo and in vitro. The method is sensitive to 

noise and could therefore benefit from signal preamplification at the point of sensing, which 

could be achieved by incorporation of OECTs. In this study the OECTs are based on the 

conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). 

The gate consists of gold microelectrodes of different sizes to be used one at a time. When 

dopamine is reacted at the gate electrode, the redox state of the PEDOT:PSS OECT channel is 

modulated and the resulting change in drain current can be measured. The gate current, 

which contains the sensing information, is after filtering obtained by differentiating the 

channel potential with respect to time. The derived gate current is plotted in cyclic 

voltammogram for different dopamine concentrations and the amplitude of the 

oxidation/reduction peaks can be used to determine the dopamine concentration. In this 

thesis for the first time it is demonstrated that OECTs can be used for FSCV detection of 

dopamine. The results are discussed and an outlook on future work is given. 
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1 Introduction 

Since the discovery of transistors in 1948 at the Bell Telephone laboratories, transistors have 

become one of the major components in the modern electronics industry. Several decades 

later, the first organic semiconductor based transistors were developed. In recent years, the 

rapid progress within the field of organic electronics has set up a platform for the 

development of several biological sensing applications based on organic transistors [1]. 

1.1 Background 

Tremendous progress has been achieved within the field of organic electronics since the 

discovery of conducting polymers and many different organic electronic devices have been 

designed and fabricated. The performance of organic conducting materials has benefited 

greatly from the optimization of chemical, optical and electrical properties of these 

materials. A lot of effort has gone into developing organic thin-film transistors (OTFTs), 

organic light emitting diodes (OLEDs) and organic photovoltaics (OPVs). OTFTs are a special 

subclass of field effect transistors (FETs) and they consist of a thin film of organic 

semiconductor material. A lot of effort has gone into the development of OTFTs for 

transistor based sensors, radio-frequency identification tags (RFID) and flexible active 

displays. OTFTs can exhibit many advantageous properties including flexibility, low cost, 

simple fabrication and excellent biocompatibility. OTFTs have also been shown to promote 

high sensitivity in the area of biosensing [1]. 

OTFTs are divided into two types of transistors; organic field-effect transistors (OFETs) and 

organic electrochemical transistors (OECTs). OFETs typically have three terminals (source, 

drain and gate) where the gate is separated from the organic semiconductor film by an 

insulator (dielectric) [1]. When a voltage is applied between the source and drain, current 

flows through the organic semiconductor layer. By applying a voltage across the gate 

insulator, modulation of the channel current is achieved due to field effect doping of the 

semiconductor closest to the gate. In the case of OECTs an electrolyte is used instead of a 

dielectric between the transistor channel and the gate. By applying a voltage to the gate the 

channel can be modulated due to electrochemical doping of the organic semiconductor. The 

development of OECTs based on organic material shows great promise in the area of 

biosensing. Examples of such applications are enzymatic biosensors and neuronal 

(dopamine) sensors reported in the past years [1] [2]. 

Dopamine is an organic chemical compound released in the brain to control the neuronal 

signaling activities [3]. Fast scan cyclic voltammetry is an electrochemical method widely 

used in neuroscience with carbon-fiber microelectrodes for in vivo and in vitro detection of 

different electroactive species (e.g dopamine). Dopamine adsorbs to the microelectrode 

surface and can therefore be detected by measuring the small currents generated by 

sweeping the gate voltage at high scan rates. The resulting current profile differs between 

different substances, which allows for specific detection and concentration measurement of 
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the species [4]. In this context, OECTs show promise in providing low cost and high sensitive 

biosensor devices [1].  

1.2 Aim of the thesis 

The aim of this thesis is to evaluate OECTs for signal preamplification and conditioning in fast 

scan cyclic voltammetry (FSCV). The OECTs are used to preamplify the signal close to the 

point of sensing and therefore potentially reduce noise problems. The measured signals are 

processed to detect the oxidation and reduction peaks of dopamine [5]. 

The goals of the project will be as follows: 

 A literature study is to summarize what have been done in the field of FSCV for 

electrochemical dopamine detection. 

 A literature study is to summarize what have been done in the field of OECT based 

biosensors. 

 Assemble a measurement setup and develop a Labview program to record the 

signals. 

 Evaluate OECTs for FSCV for different concentrations of dopamine. This includes 

obtaining the necessary OECT characteristics, recording FCSVs and analyzing the 

data. 

2 Theory  

In this chapter the background theory behind conjugated polymers, OECTs, FSCV and role of 

dopamine in neuroscience will be given. 

2.1 Conjugated polymers 

Polymers are organic macromolecules built up of repeating molecular structural units 

(monomers) joined together by covalent bonds. In conjugated polymers, the polymer 

backbone comprises alternating double and single bonds, which governs the polymers 

properties together with the monomer chemical structure. Conjugated polymers can 

conduct electricity under certain circumstances and are therefore sometimes referred to as 

conducting polymers [6]. 

2.1.1 Molecular and electronic structure  

Atoms are built up of protons, neutrons and electrons. A small positively charged nucleus 

(protons and neutrons) at the center of the atom is surrounded by a cloud of negatively 

charged electrons. Molecules are formed by the combination of two or more atoms, in 

which the electronic structure determines the bonding configuration. Atomic orbitals can be 

used to explain electron density and energy levels for a single atom. Molecular orbitals are 

formed from the overlapping of atomic orbitals and can be approximated by linear 

combinations of atomic orbitals. Typically the electrons of the outermost shells take part in 

the formation of molecular orbitals. According to the Pauli exclusion principle two electrons 

which occupy the same orbital must have opposite spins. The s and p orbitals are considered 
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as the most significant atomic orbitals for organic materials (Figure 2.1a). The overlapping of 

two 1s atomic orbitals organizes to form two molecular orbitals denoted as bonding and 

anti-bonding orbitals (Figure 2.1b) [6]. 

                                   

  

 

 

 

 

 

 

 

Figure 2.1 a) Illustration of the 1s, 2s and 2p atomic orbital configuration of the carbon atom. b) Diagram shows the 

formation of bonding and anti-bonding molecular orbitals. 

Carbon is the most important chemical element in the development of organic polymers 

because of its ability to form up to four covalent bonds. It consists of six electrons with the 

ground state configuration of 1s2 2s2 2px1 2py1 occupied orbitals, in which the two 

electrons in the 1s orbital are closest to the nucleus and the other four electrons are in the 

2s and 2p orbitals, respectively [7].  

The combination of the four valence electrons of the carbon can format a new set of hybrid 

orbitals. Three types of hybridizations, namely sp3, sp2, and sp are considered to explain the 

molecular structure. In the sp3 hybridization one s-orbital and three p-orbitals hybridize to 

form four sp3 hybrid orbitals. When sp3 orbitals form a bond it is called a single bond as the 

orbitals a localized to the bond. An example of single bonds is the tetrahedral structure 

found in methane (CH4), in which each bond has two electrons and the bond angle is 109.5
o
. 

Sp
2 

hybridization describes the trigonal plane structure in which one s-orbital and two p-

orbitals hybridized to form three sp
2
 hybridized orbitals with an angle of 120

o
 between each 

other. A single bond can be formed by the sp
2
 orbital but the free p-orbital can also form a 

bond in which case a double bond is formed. Finally, sp hybridization explains the linear 

structure in which one s-orbital and one p-orbital hybridize [6] [7]. 

2.1.2 Bond Structure 

Polyacetylene (trans-polyacetylene) is a simple organic polymer which consists of a long 

chain of carbon atoms with a single hydrogen atom bound to each carbon. It has a 

degenerate ground state and alternating double and single covalent bonds along the chain 

as shown in the (Figure 2.2).The electrons present in the π-bonds found in between any two 

carbon atoms are delocalized along the polymer chain. Defects in polyacetylene can give rise 

to charge carriers which are called solitons because of the degenerate groundstate [8]. Most 

(a)                                                                            (b) 
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conjugated polymers do not have degenerate groundstate and in these polymers the charge 

carriers are called polarons or bipolarons.  

 

Figure 2.2 Diagram shows the chemical structure of (trans-polyacetylene). 

2.1.3 Doping of conjugated polymers 

Doping means addition of impurities in the semiconductor and it increases the amount of 

free charge carriers (electrons or holes). Adding pentavalent impurities to an inorganic 

semiconductor results in free electrons known as n-doping, while the addition of trivalent 

impurities results in free holes (known as p-doping). In general, polymers are doped with 

dopant ions in a different process, e.g. chemical and electrochemical doping, to improve 

their conductivity [9]. The concentration of dopants is much higher than for inorganic 

semiconductors and heavily doped conjugated polymers can come close to metallic 

conductivity. Addition of electrons to an undoped polymer chain is called reduction (n-

doping) and removal of electrons is called oxidation (p-doping).  

The Highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) are important energy levels for a conjugated polymer. The difference 

between these levels is the energy gap (Eg) (Figure 2.3). A positively charged polaron is 

created by p-doping of the polymer, in which an electron is removed from the HOMO 

orbital. A negative polaron is created by n-doping as an electrode is added to the LUMO 

orbital. At high-doping concentration, there is a possibility to form doubly charged positive 

and negative polarons, i.e. bipolarons. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.3 Energy diagram (Positive Polaron, Negative Polaron, Positive and Negative Bi-polaron). 
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Iﾐ the proIess of o┝idatioﾐ, the eleItroﾐ is reﾏo┗ed froﾏ the pol┞ﾏer’s highest occupied 

energy level (HOMO) and the polymer becomes positively charged. In the process of 

reduction the electron is added to the lowest unoccupied energy level (LUMO) of the 

polymer chain. In the case of electrochemical doping, p-type doping of the polymer is by 

anionic dopant ions and n-type doping of the polymer is compensated by cationic dopant 

ions. Conjugated polymers can act as electrodes as they can pass current to the electrolyte 

by either oxidation or reduction of the polymer. In the process electrolyte ions move in and 

out of the polymer in order to maintain electroneutrality within the material. By applying a 

specific voltage, the doping level of a conducting polymer can be precisely controlled and 

thus also the conductivity of the polymer [6] [9] [10]. 

2.1.4 PEDOT:PSS  

The conducting polymer PEDOT:PSS is a blend of the doped conjugated polymer poly(3,4-

ethylenedioxythiophene) (PEDOT) [11] [12](Figure 2.4a) and the polyelectrolyte poly(styrene 

sulfonate) (PSS) (Figure 3.4 b). Its use is widespread within organic electronics, especially in 

the development of electrochemical devices. It combines a high conductivity with great 

stability in the oxidized state. Much due to its high conductivity, PEDOT:PSS has become one 

of the most important material for organic electrochemical devices. PEDOT:PSS is a p-type 

doped polymer in which the oxidized cations of the PEDOT are compensated by counter ions 

(PSS
-
). PEDOT:PSS can be in the form of a water emulsion, which enables easy processing 

from solution. PEDOT:PSS has been used in organic electrochemical transistors where the 

channel consists of a thin film of PEDOT:PSS.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Chemical structures of (a) Poly(3,4-ethylene dioxythiophene) (PEDOT). (b) Poly(styrene sulfonate) (PSS). 

Most electrochemical polymer devices are operated at low voltages. The electrochemical 

switching mechanism of PEDOT:PSS can be described by the equation: 

PEDOT
+
PSS + M

+ 
+ e

-
 ↔ PEDOT0

 + M
+
 PSS 

(a)                                                                                 (b) 
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The above equation explains the oxidation and reduction process of the PEDOT:PSS film. 

Reduction of PEDOT occurs from left to right whereas oxidation occurs from right to left. In 

the oxidation process, the charge of PEDOT
+
 is compensated by the counter anion (PSS

-
), in 

which the cation (M
+
) and the electron (e

-
) are transported away from the polymer film. In 

the process of reduction the charge neutrality is maintained by transferring the cation (M
+
) 

into the polymer film (PEDOT:PSS) [13] [14]. 

2.2 Organic electrochemical transistors (OECTs) 

Transistors have been one of the major components in the electronics industry since their 

discovery over 60 years ago. More recently transistors based on organic materials have been 

developed, which has led to several novel fields of research. The developments of OECTs 

have been successfully utilized in the targeting of several (bio) sensing applications due to 

their simple fabrication and low voltage operation. 

2.2.1 Working principle   

The development of OECTs was initiated in the year of 1984 by White et al. The concept of 

utilizing an organic material as the active component of a transistor shows great promise for 

(bio) sensing applications. Generally, OECTs are made up of three terminals known as 

source, drain and gate. The source and drain terminals are connected by a channel 

comprising electrically conductive polymer and the gate terminal is separated from the 

polymer by an electrolyte solution as shown in the (Figure 2.5). The modulation of the 

current through the channel depends on the electrochemical doping of the polymer. By 

applying the voltage to the gate terminal, the doping of the channel is altered and leads to 

modulation of the current between the source and drain. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Sketch shows the organic electrochemical transistor (OECT) device structure. 

The circle in the above diagram (OECTs) indicates the ionic interface between the electrically 

conductive polymer (ECP) and the electrolyte which helps in the detection of biological 

molecules. At the present time, OECTs are generally made up of the conducting polymer 

(PEDOT:PSS). By applying positive voltage to the gate, cations in the electrolyte solution 
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enters into the polymer (PEDOT:PSS) to compensate the negatively charged sulfonate ions 

on the PSS (i.e. de-doping the organic semiconductor). Due to the ionic interactions, the 

density of positive polarons decreases which results in a decrease of polymer conductivity 

and thus smaller currents go through the channel. Therefore, OECTs have the ability to 

convert ionic currents into electric currents. The major advantage of OECTs is their ability to 

operate at low voltages which make them appropriate for (bio) sensing applications. Further, 

the switching speed of OECTs have been improved and now reaches times below ms. Recent 

research is much focused on describing the behavior of OECTs which helps to improve device 

performance [1] [2] [15]. 

2.2.2 Electrical characteristics 

Upon the application of electric potential to the transistor gate (Vgs) electrode, ions in the 

electrolyte penetrates into the transistor conducting polymer channel which leads to 

modulation of the electrical conductivity of the channel, resulting in modulation of the 

current through the channel. Transistors are typically characterized by measuring the drain 

current (Id) as a function of drain and gate voltage (Vgs). The output characteristic is obtained 

by scanning the drain voltage (Vds) for different fixed gate voltages while measuring the drain 

current. The transfer curve of the OECTs is achieved by measuring Ids vs Vgs for a fixed Vds. 

This characteristic is of most importance to this work as the OECT is operated at constant Vds 

when a FSCV scan is performed. 

High gain means the capability to amplify small signal to obtain large response in the output. 

High gain is essential for transistors in the field of biosensing as it can provide high 

sensitivity. Moreover, transconductance is also considered as one of the major 

characteristics of the transistor. The transconductance (gm) is defined as ratio of change in 

the drain current to change in the gate voltage (gm = ΔID/ΔVG). For instance, a simple voltage 

amplifier can be constructed by connecting a resistor (R) in series with the OECTs drain 

terminal. The change in voltage over the resistor versus the change in voltage at the gate 

indicates the voltage amplification and is equal to the product of the transconductance and 

the resistor (gmR). Frequency response characteristics of the OECTs have been determined 

by measuring the small-signal transconductance as a function of frequency [16] [17]. 

2.2.3 OECT based sensors 

Nowadays, OECTs are employed in chemical- and bio-sensors due to their stable 

performance in aqueous environment and low operation voltages [1]. Below are a few 

examples of the major areas for OECT based sensors described. 

Ion and pH sensors 

OECT based sensors provide the opportunity for high sensitivity in the areas of chemical- and 

bio-sensing applications. Several researches drive for the development of OECT based pH 

sensors which are capable of detecting pH under aqueous and aerobic environments. 

Accordingly, Wrighton et al. developed a OECT devices based on polyaniline for sensing 

redox-reagents such as Ru(NH3)6
3+/4- 

and Fe(CN)6
3-/4-

 which is functional in the pH range from 
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1 to 6 in the electrolyte solution [18]. Further, OECTs were described using poly(3-

methylthiophene) as the active material due to their stable performance in aqueous 

electrolyte solutions in a broad range of pH from 1 to 9 [19]. Specific devices are proved as 

highly sensitive to the chemical oxidant IrCl6
2- 

with small quantities as low as to 10
-15

 mole. 

The work on OECTs moved a step forward to develop platinized poly(3-methylthiophene) 

based devices which also were sensitive to H2 and O2 in aqueous electrolyte solutions at 

room temperature and made it possible to detect the pH range from 0 to 12 under aerobic 

environment [20]. Finally, OECT based pH sensors were developed by using polypyrrole 

which alters its conductivity reversible with the pH from 3 to 11 [21]. 

Berggren et al. developed OECT based Ca
2+

-selective ion sensors by using PEDOT:PSS as the 

active material [22]. A Ca
2+

-selective ionophore was coated on the PEDOT:PSS material, 

thereby creating a polymeric membrane. The device was able to detect Ca
2+

 down to 10
-4

 M 

concentrations. Later on Mousavi et al. was motivated by the same idea and developed K
+
, 

Ca
2+

 and Ag
+
-selective ion based OECT sensors with integrated K

+
, Ca

2+
 and Ag

+
-selective 

ionophore polymeric membrane films [23]. These sensors were capable of detecting 

concentrations approximately down to 10
-4

 to 10
-5

 M. Later they developed a PEDOT-PSS 

based OECT sensor combined with a bilayer lipid membrane [24]. 

Glucose sensors 

Testing the glucose concentrations in blood is essential to the treatment of diabetes. A 

commercial glucose sensor available in the market relies on the application of amperometric 

sensing by the concept of glucose oxidase mechanism. Recent works are carried out in the 

development of different glucose sensors based on OECTs. Bartlett et al. reported different 

glucose sensors based on polyaniline OECTs devices [25] [26] [27] [28] [29] [30]. 

Development procedures involve immobilization of glucose oxidase in a poly (1,2-

diaminobenzene) film that was coated on the top of a polyaniline film. Tetrathiafulvalene 

acts as a redox mediator. The change of the oxidation state happens in the polyaniline film, 

i.e. the change from the insulating state to the conductive state was considered as the 

sensing mechanism in the glucose sensor. The device behavior was characterized and 

showed excellence sensitivity (stability, selectivity) with detection of glucose concentrations 

down to 2 µM. Further, they also developed glucose sensors based on polyaniline-

poly(styrenesulfonate) OECT devices [1].  

DNA sensor 

Deoxyribonucleic acid (DNA) is the molecule which contains the coding information for 

genes. DNA is well known for providing hereditary information in humans as well as in other 

living organisms. Krishnamoorthy et al. developed OECT based DNA sensor by utilizing 

PEDOT as the active material [31]. Initially, single- stranded DNA probes were immobilized 

on the PEDOT during the polymerization phase. The process is quite analogous from the 

antibody-antigen reported by Kanungo et al. where specific antigens are immobilized on 

PEDOT material to detect antibodies in the solution [32]. Krishnamoorthy et al. were able to 
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detect the targeted complementary DNA in PBS solution down to 8 x 10
-8

 g/mL. The 

sensitivity is the result of conformational changes in the PEDOT chains caused by DNA 

hybridization. Later on Yan et al. developed a OECT based label-free DNA sensor by using 

PEDOT:PSS [33]. The main purpose was to detect complementary targeted DNA 

approximately down to 1 nM concentrations [1]. 

Cell-based sensors 

Development of cell-based sensors for biological and chemical applications has received 

significant attention for several years. In particular, cells have the ability of identifying very 

low concentrations of specific analytes. Yan et al. developed cell-based sensor OECT devices 

by using PEDOT:PSS [34]. One of the big advantages of OECTs is their biocompatibility and 

compatibility with cell culture media. The study was focused on fibroblasts and cancer cells. 

Initially, they cultivated cancer cells on top of the PEDOT:PSS material. After incubation the 

channel was covered by cancer cells. By the treatment of trypsin, the cancer cells were 

separated from the PEDOT:PSS layer and the change in electrostatic interactions between 

the cells and the PEDOT:PSS in the device results in the sensitivity. The change in interaction 

was detected as a shift in the transfer characteristics (IDS Vs VG) of the OECTs. 

2.3 Fast Scan Cyclic Voltammetry (FSCV) 

FSCV is an electrochemical method used in neuroscience to measure release and uptake 

dynamics of endogenous monoamines in vivo and in vitro. FSCV involves fast accurate 

measurements of small currents. 

2.3.1 Theory behind FSCV 

FSCV was developed in early 80´s. As indicated by the name, the technique is based on fast 

cyclic voltammetry. It provides real time analytical chemical measurements and has been 

widely used to explore the rapid concentration changes associated with neurotransmission 

in vivo and in vitro. Therefore FSCV has become important in the evaluation of drug 

mechanism in the nervous system. FSCV is a complex electrochemical technique that can 

provide better chemical selectivity, high sensitivity and temporal resolution (typically 100ms) 

compared to other electrochemical methods. It is used to measure catecholamines, 

indolamines, nerurotransmitter metabolites, ascorbic acid, nitric oxide and pH in vivo. 

Furthermore, the method is utilized to monitor directly the release of dopamine from 

neurons and its uptake dynamics by the dopamine transporter [3] [4]. Dopamine is a 

neurotransmitter released in the brain to control the neuronal signaling activities [35]. 

Electrochemical detection with carbon-fiber microelectrode has become a valuable method 

for monitor the changes in the extracellular dopamine concentration. The carbon surface is 

the most common substrate for detection as it is electrochemically inert in a wide voltage 

range in aqueous solutions. Electrochemical reaction of adsorbed dopamine on 

microelectrodes results in oxidation and reduction peaks which can be correlated to the 

local dopamine concentration. In FSCV, the potential of the sensing electrode is linearly 

scanned in a defined voltage interval (e.g. -0.4 V to +1.2V) at scan rates up to several 100 
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V/s. In general, a triangular wave is repeatedly applied every 100 ms. During FSCV sufficient 

voltage is applied to oxidize the monoamines, resulting in current flow through the 

electrode. The current is measured rapidly for every repeated scan and plotted versus the 

applied potential. [3] [5].  

Capacitive background current is a major factor during FSCV because of the fast scan speed. 

In background-subtracted voltammograms, the capacitive contribution of the current is 

removed by subtracting a FSCV scan performed in inert electrolyte. Thereby the changes in 

current due to oxidation and reduction processes can be accurately detected which allows 

for sensitive measurements. In background-subtracted voltammograms, the electrode has to 

be calibrated precisely in order to determine the dopamine concentrations from the changes 

in current [3]. 

2.3.2 Role of dopamine in neuroscience 

Neuroscience is the area of biology dealing with the nervous system. The carbon fiber 

microelectrodes developed by Gonon and colleagues contributed greatly to the 

development of electrochemical methods in neuroscience. Electrochemical techniques are 

promising for detecting, monitoring, and measuring different neurochemical species of 

dopamine, norepinephrine and their metabolites and have been explored in numerous 

studies. Usually, there exist several electrochemically detectable organic compounds in the 

nervous system such as catecholamine, indolamines, neurotransmitter metabolites, 

glutamate, nitric oxide (NO), ascorbate, hydrogen peroxide (H2O2) etc. Dopamine is a 

neurotransmitter and plays a crucial role in the regulation of brain neuronal signaling 

activities. Dopamine release affects brain processes involved in the body´s movement, 

emotional responses, and the ability to feel pain and pleasure. (Figure 2.6) shows the 

structural formula of dopamine. 

Figure 2.6 The structural formula and the reaction of dopamine. 

The structural formula of dopamine demonstrates the oxidation of dopamine to dopamine-

o-quinone and reduction back to dopamine. Microdialysis and fast-scan cyclic voltammetry 

are the neurochemical methods to measure the dopamine concentration changes within a 

limited time scale and they provide high sensitivity, chemical sensitivity and high temporal 

resolution. Dopamine plays an important role in the neurological reward centers, particularly 

in the areas such as substantia nigra, ventral tegmental, nucleus accumbens and caudate-
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putamen [36] [37]. These are the different areas located in the midbrain region and 

responsible for reward, addiction, cognition, motivation, movement etc. Dopaminergic 

neurons (primary neurotransmitter is dopamine) in such regions release dopamine into the 

synaptic gap where the electric signals are converted to chemical signals in order to cross 

the gap. On the other side the chemical signals are converted to electrical signals and cause 

a measurable, sub-second time scale, change in dopamine concentration. The dysfunction 

and imbalances of dopaminergic neurons may cause several neurological diseases [3]. 

3 Experimental methods 

This chapter describes the OECT structure, measurement setup, measurement procedure 

and data analysis. 

3.1 Device Structure 

The device structure of the OECT is shown in (Figure 3.1 a) including contacts for source, 

drain and 5 different gates. To the right a magnified portion of the middle of the device is 

shown, where the OECT channel in blue and four sensing electrodes of different sizes are 

visible (Figure 3.1b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 a) Illustration of the OECT device structure. b) Zoom in on the OECT channel and the four sensing gate 

electrodes with different hole sizes. 

The OECT have four different gold gate electrodes with different hole sizes. The OECT 

channel consists of a thin layer of the conducting polymer PEDOT:PSS. The channel is gated 

through the solution with the gold gate electrodes. Only one electrode will be utilized at a 

time for the measurements. The gold gate electrodes are defined by openings in an 

insulating layer (Su-8). The OECTs have 20 µm long channels with different widths (w=5, 10, 

  (a)                                                      (b) 
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20, 40, µm) so that a combination of channel width and hole size with matching capacitance 

can be selected. A droplet of phosphate buffered saline solution with different 

concentrations of dopamine is placed in the middle of the device and thereby ionically 

connects the gold gate electrodes to the channel. In addition, a large silver/silver chloride 

(Ag/AgCl) reference electrode is also incorporated in the design to enable characterization of 

the OECT. 

3.2 Measurement setup 

3.2.1 Measurement instruments and wiring diagram 

The measurement setup is build up of a data acquisition card (NI DAQCard 6036E) and a 

waveform generator (Agilent 33250A 80MHz waveform generator). (Figure 3.2) shows wiring 

diagram of the measurement setup. A resistor is connected in series with the OECT channel 

and the impedance of the resistor should be small compared to the impedance of the 

channel. A constant Vout is applied over the channel and resistor by the DAQ card. The drain 

current of the OECT is measures as the voltage over the resistor by the DAQ card. The 

waveform generator is connected to ground (source) and to the sensing gate of the device. A 

10 kOhm resistor is connected in parallel in order to provide constant output impedance for 

the waveform generator. In the initial setup a triggering connection was included, however 

this feature was not utilized in the optimized measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 Electrical measurements setup for the fast scan cyclic voltammetry. 
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3.2.2 Labview program 

A Labview program (Figure 3.3 (a) & Figure 3.3 (b)) was developed with the following 

features: 

 Input boxes on the front panel to adjust sampling rate (Hz) and total sampling 

time (in seconds). 

 A waveform graph that shows the results (voltage versus time). 

 Buttons to initiate measurements and output of voltage. 

A measurement file button to save the data after running a measurement. At startup of the 

prograﾏ the output ┗oltage is iﾐitiated. Wheﾐ the さMeasureざ Huttoﾐ is pressed the data is 
recorded for the specified time and sampling rate (typically 2s and 100 kHz). When the data 

is collected a dialog window is launched so that the data can be saved. After this the 

program loops back and a new measurement can be initiated by clicking on the 

さMeasureﾏeﾐtざ Huttoﾐ. The prograﾏ is terﾏiﾐated H┞ pressiﾐg the さ“topざ Huttoﾐ.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 (a) The block of the Labview program. 
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Figure 3.3 (b) Graphical user interface of the Labview program. 

 

3.3 Measurement procedure 

The measurement procedure was carried out as described below. Different parameters were 

used to find the optimal set of parameters. Below is the final set of parameters included: 

Initial check of the device 

 Channel resistance is measured between source and drain by a multimeter. A 

resistor with approximately a tenth of the channel resistance is connected in 

series with the channel. 

 Device functionality is verified with PBS electrolyte and FSCV pulses. 

 The appropriate hole size is selected to get the measurement signals in the 10 

mV range. 

Transfer curve 

 The transfer curve is measured with the Ag/AgCl reference electrode and PBS 

solution. The voltage is scanned between -300 and +100 mV with a period of 80 

ms. 

Dopamine measurements 

 The appropriate FSCV waveform (-200 to +700 mV, 50 V/s, every 100 ms) is 

programmed into the waveform generator. 

 An initial measurement with PBS is performed to record the background scan. 

 The scans for different dopamine concentrations (from low to high) are 

recorded and saved. The analyte is placed in a PDMS well and the well is rinsed 

3 times with PBS before a new analyte solution is measured. 
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3.4 Data analysis 

The aim of the data analysis is to process the measured voltage to extract the gate current of 

the OECT, which can be plotted in a voltammogram. By plotting the voltammogram for 

several different dopamine concentrations the measurement signals can be compared and 

analyzed. The following signal processing steps are carried out by a MATLAB script: 

1. Reduction of 50 Hz noise. All electrical measurements are prone to pick up 50 Hz 

noise from the power grid. For FSCV 50 Hz noise is especially detrimental as 

much of the signal information lies in the vicinity of this frequency. To eliminate 

this noise, a 50 Hz sine wave is fitted and removed from the measurement signal 

background. 

2. Reduction of random measurement noise. There are many different sources of 

high frequency random noise. To remove this noise Savitzky-Golan filters were 

applied for signal smoothing.  

3. Extraction of OECT gate current. The parts of the measurement signal that 

corresponds to voltage sweeps were extracted. Next, the recorded transfer 

curve was utilized to convert the voltage signal into the potential of the OECT 

channel. Since the channel is approximately capacitive in nature and the drain 

current scales linearly with the channel potential, the gate current is obtained by 

differentiating the channel potential with respect to time. In order to account for 

the potential dependence of the capacitance of PEDOT:PSS, a recorded cyclic 

voltammogram of PEDOT:PSS was used. Thus the gate current is obtained:                

4. The gate current is plotted in a cyclic voltammogram for different dopamine 

concentrations and the curves are compared. The oxidation peak is expected to 

occur around 0.4 V and the reduction peak below 0 V (Figure 3.4). 

 Figure 3.4 Graphs illustrating the signal processing scheme to obtain the cyclic voltammogram 
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4 Results and discussion 

In this section, the results of the OECT characteristics, optimization of FSCV parameters and 

the FSCV of dopamine with OECTs are presented. 

4.1 OECT characteristics 

4.1.1 Transconductance 

The frequency dependence of the transconductance (gm = ΔID/ΔVG) gives information about 

the frequency range in which signals can be amplified by the OECT. (Figure 4.1) shows the 

transconductance as a function of frequency for an OECT with a 20x20 µm channel. The 

input signal on the Ag/AgCl gate is a sine wave with 100 mV amplitude. The 

transconductance, if fairly constant up to ~300 Hz and falls of to 50% of the maximum value 

at 1400 Hz. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 OECT transcoductance as a function frequency. 

 

The period of the FSCV waveform is 36 ms which corresponds to 27 Hz if the waveform is a 

sine wave. However, the waveform utilized in the FSCV includes higher frequency 

components. To estimate what distortions to be expected, a 300 Hz low pass fft filter was 

applied to the FSCV waveform. As shown in Figure 4.2 only minor distortions can be 

expected, especially as the real transconductance of the OECT drops off gradually. 
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Figure 4.2 The effect of a 300 Hz low pass fft filter on the waveform. 

4.1.2 Transfer curve 

(Figure 4.3) shows the raw measurement data for the transfer curve as well as the data after 

initial filtering. The data was obtained for an OECT with 20x20 µm channel with a 3.26 kOhm 

resistor in series. The period of the transfer scan was 80 ms and the voltage applied to the 

Ag/Agcl electrode was from -300 mV to +100 mV. The electrolyte used was PBS solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Graph shows raw data for the OECT transfer curve. 
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In (Figure 4.4) the 20 extracted transfer curves from Figure 4.3 is shown. The variation 

between the different scans is quite small, especially for higher voltages. The final transfer 

curve to be used in the FSCV data analysis is obtained by averaging the forward scans (Figure 

4.5). The highest amplification can be expected around 0 V vs Ag/AgCl as the slope is 

steepest at that point. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Graph shows 20 extracted transfer curves for VR vs Ag/AgCl. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Graphs shows averaged forward scans for VR vs Ag/AgCl 

4.2 Optimization of FSCV parameters 

During optimization trials, FSCV scans were performed for different sets of parameters. The 

potential of the sensing electrode was scanned by applying different triangular waveforms 

with varying voltage intervals in order to achieve the best oxidation peaks. Moreover, 

different electrode hole sizes were used with varying channel widths to match the 
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capacitances. The best combination found was that of a 20x20 µm channel and a 10 µm wide 

electrode, however further optimization is likely possible. 

4.3 FSCV of dopamine with OECTs 

The data was obtained for a 20x20µm channel, 10 µm sensing electrode and a 3.26 kOhm 

resistor. The FSCV was performed at 50 V/s with a triangular waveform (-200 mV to +700 

mV, 36ms period) with 100 ms periodicity. 

4.3.1 Initial filtering 

The FSCV signal before and after initial filtering is shown in (Figure 4.6) and (Figure 4.7). The 

channel potential (vs Ag/AgCl) is obtained by conversion of the recorded voltage with the 

transfer curve. The initial filtering removes the 50 Hz noise, which is clearly visible in Figure 

4.6. Also, the random noise is reduced significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 FSCV signal in the form of channel potential vs time. 
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Figure 4.7 Zoom in on a single pulse from Figure 4.6. 

4.3.2 Cyclic voltamogramms 

C┞IliI ┗oltaﾏﾏograﾏs ┘ere oHtaiﾐed as desIriHed pre┗iousl┞ uﾐder the さData aﾐal┞sisざ 
section. Figure 4.8 shows the traces for PBS solutions with varying dopamine content (each 

trace is the average of 20 scans). In the forward scan direction the oxidation peak is evident 

around 0.4 V as expected. In the backward scan the reduction peak seems to be at around -

0.2 V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Cyclic voltammogram showing traces for different dopamine concentrations. 
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In FSCV the important quantity is the difference between the background (PBS) and the 

analyte (PBS containing dopamine). By subtracting the PBS trace in Figure 4.8 the 

background subtracted voltammogram is obtained (Figure 4.9). The two redox peaks coming 

from reactions of dopamine are clearly visible. The overall shape of the voltammogram is 

similar to previously reported data but some differences exist, especially in the baseline 

where no reactions are supposed to take place [5]. There exist systematic variations in the 

voltammogram which cannot directly be attributed to the redox peaks. The cause of these 

artifacts is unknown but they might be connected to chemical variations at the gold surface 

or dopamine interaction with the OECT channel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Background subtracted voltammogram showing the oxidation and reduction peaks. 

4.3.3 Dopamine concentration measurements 

In FSCV the quantitative signal is the amplitude of the oxidation and reduction peaks. The 

amplitude of the oxidation peak at 0.36 V is plotted in Figure 4.10 a-c. The mean value and 

standard deviation is shown for 20 measurements at each dopamine concentration. The 

sensitivity is largest for dopamine concentrations below 1 mM. This can be attributed to 

saturation in the adsorption of dopamine onto the gold electrode [5]. For concentrations 

below 200 µM the adsorption depends linearly on the dopamine concentration as most 

adsorption sites are available. However, for higher concentrations most sites are occupied 

which leads to a nonlinear decrease in adsorption per increase in concentration. The 

insensitivity to higher concentrations is not a big problem as most physiologically interesting 

concentrations are below 1 mM. From the presented data it is clear that concentrations 

down to 100 µM can be detected by the OECT. However, it is likely that even lower 

concentrations can be detected as 100 µM was the lowest concentration tested with the 

optimized parameter set. 
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The 3.2 mM dopamine data point is an outlier compared to the general trend in the data. 

The reason for this is unknown but the difference is also apparent in Figure 4.8 as the 

oxidation peak for this concentration is shifted compared to the other peaks. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 (a) Oxidation peak amplitude versus dopamine concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 (b) Oxidation peak amplitude versus dopamine concentration for lower concentration range. 
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Figure 4.10 (c) Oxidation peak amplitude versus logarithmic dopamine concentration. 

(Figure 4.11) shows the reduction peak amplitudes at -0.2 V for different dopamine 

concentrations. A trend is visible in this data as well but the data points are more scattered 

and constitute a poor basis for determination of concentrations in unknown samples. One 

reason for the larger variation in this data may be that the peak does not have sufficient 

time to form. A deeper scan into the negative potential range might solve this. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.11 Graph for reduction peak amplitude versus dopamine concentration (mM) 
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5 Conclusions 

The objective of this thesis was to evaluate if OECTs can be used for spot on preamplification 

in FSCV to reduce the noise problems. From the presented data we can conclude that it is 

possible and that we for the first time have demonstrated the use of OECTs in FSCV. Further, 

the measurements were carried out without a Faraday cage, which demonstrates the 

robustness with respect to noise. A suitable set of parameters for the OECT has been 

identified. The performance seems to be better for lower scan speeds (50 V/s), gate voltages 

in the -200 to 700 mV range and small channel potential variation. Dopamine concentrations 

were best analyzed from the oxidation peak amplitudes at 0.36 V, although the reduction 

peak amplitude at -0.2 V also showed a trend in the data. Dopamine concentrations down to 

100 µM were analyzed; however it is likely that even lower concentrations can be detected. 

The recorded cyclic voltammogram is similar to previously reported voltammograms but 

some divergence exists. 

6 Future work 

The most obvious future path is to further optimize the parameters for FSCV and the OECT. 

Also, it is of interest to test the lower detection limit, both for the current set of parameters 

and for a new optimized set. When it comes to OECT design, it would probably be 

advantageous to include the gate resistor for modification of input impedance on the chip to 

lower the amount of picked up noise. It could also be of interest to perform measurements 

in a shielded environment to determine the best possible performance of the system. 

Finally, the selectivity towards other interfering species like ascorbic acid should be 

evaluated. 
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