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ABSTRACT 

 

This work is aimed to the study of the properties of organic semiconducting 

materials with a focus on their conductivity and mobility of charge carriers. The main 

goal of this thesis is to elucidate the relationship between the chemical structure of 

organic semiconductors and their properties. 

The theoretical part of this work is focused on the basics of organic 

semiconductors, charge transport and a review of the properties of organic 

semiconducting materials which have led to their application in field-effect and 

electrochemical transistors. The experimental part presents the overview of the 

materials used, the methods for their preparation and characterization methods.  

Within the result part, several methods for thin-film preparation were developed 

or optimize and subsequently their effect on the performance of organic field-effect 

transistors were studied.  The relevant properties of novel organic semiconducting 

materials were characterized and discussed with focus on the charge carrier mobility. 

The biocompatibility of several organic semiconductors were characterized and 

discussed. Electrical properties, stability and biocompatibility of electroactive 

polymer inks based on PEDOT:PSS was characterized and discussed with respect to 

their possible application in bioelectronics. Finally, the organic bioelectronic sensor 

for detection of the physiological response of cardiomyocytes based on studied 

materials were constructed. 
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ABSTRAKT 

 

Tato práce je zaměřena na studium vlastností organických polovodivých 

materiálů se zaměřením na jejich vodivost a pohyblivost nosičů náboje. Hlavním 

cílem této práce je objasnit vztah mezi chemickou strukturou organických 

polovodičů a jejich vlastnostmi. 

Teoretická část práce je zaměřena na základy organických polovodičů, transport 

náboje a přehled vlastností organických polovodivých materiálů, které vedly k jejich 

aplikaci v polních a elektrochemických tranzistorech. Experimentální část 

představuje přehled použitých materiálů, způsoby jejich přípravy a charakterizační 

metody. 

V rámci výsledkové části bylo vyvinuto nebo optimalizováno několik metod pro 

přípravu tenkých vrstev a následně byl studován jejich vliv na výkon organických 

polem řízených tranzistorů. Byly charakterizovány a diskutovány relevantní 

vlastnosti nových organických polovodivých materiálů se zaměřením na pohyblivost 

nosičů náboje. Byla charakterizována a diskutována biokompatibilita několika 

organických polovodičů. Elektrické vlastnosti, stabilita a biokompatibilita 

elektroaktivních polymerních inkoustů na bázi PEDOT:PSS byla charakterizována a 

diskutována s ohledem na jejich možné použití v bioelektronice. Nakonec byl 

zkonstruován organický bioelektronický senzor pro detekci fyziologické odpovědi 

kardiomyocytů na základě studovaných materiálů. 
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1  INTRODUCTION 

Organic semiconductors are studied for decades. Although organic 

semiconductors were firstly classified and used as insulating materials in 1970, by 

today they found many real applications in semiconducting devices. Most organic 

semiconductors are based on π-conjugated oligomers or polymers. Organic 

semiconductors with their lack of strongly bonded atoms in comparison to inorganic 

semiconductors exhibit many properties determined by intermolecular interaction 

such as Van der Waals, hydrogen or coulomb bonding interactions. Although the 

intermolecular interactions of organic semiconductors are weak, which limits their 

application potential, they have many benefits such as easy molecular tailoring, 

preparation of final devices by low-temperature and solution deposition methods, 

mechanical elasticity and compatibility with plastic substrates resulting in low-cost, 

large area and flexible integrated circuits, namely light-emitting diodes, thin-film 

transistors, photovoltaic cells, electronic paper or roll-up displays. 

The chemical structures of organic semiconductors can be modified with respect 

to their electronic applications. However, the understanding of relationship between 

the structure and properties of these materials is still challenging. Therefore, the aim 

of this thesis is to characterise and optimise novel materials with respect to their 

possible applications in organic field-effect transistors (OFETs) and organic 

electrochemical transistors (OECTs). The second aim of this thesis is to bring new 

knowledge which enable and enhance the utilization of novel organic 

semiconductors in bioelectronics applications. 

The theoretical part of this thesis describes the basics and the state of the art the 

of organic semiconductors used in organic field-effect transistors and organic 

electrochemical transistors. The experimental chapter describes the studied materials 

and methods for their preparation as thin films, and also it provides an overview of 

methods used for characterisation of transistor devices. The charge carrier mobility 

was studied by means of organic field-effect transistors. The main research was 

focused on the study of similar derivatives of diketo-pyrrolo-pyrroles used in OFETs 
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and Poly(3,4-ethylenedioxythiophene): Poly(styrene sulfonate) (PEDOT:PSS) inks 

used in the OECTs. 

The results related to the studies based on OFETs are described with respect to 

the correlation between the chemical structure of organic semiconductors, their 

properties and resulting charge carrier mobility. The OECT chapter discuss the 

results of characterization of  biocompatibility and  environmental stability of studied 

materials as well as results related to the proposal of useful transistor architectures 

for interaction with living cells. 

All results discussed within this thesis were published in recognised peer-

reviewed journals (8 papers) and presented at international conferences (3 

conferences). A detailed description of the contribution of the author to each 

published paper is also provided. 
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2  LITERATURE OVERVIEW 

2.1 ORGANIC FIELD-EFFECT TRANSISTORS (OFETS)  

Organic field-effect transistors (OFETs) have been attracting ever more attention 

due to their potential use in cheap, large-scale and flexible electronic products. The 

central pillars of OFETs are organic semiconductors, which have shown considerable 

progress from the amorphous polythiophenes to the present acene crystal. Over 

recent years, the development of organic semiconductors (OS) has made significant 

improvement which can be demonstrated by enhancement of charge carrier mobility 

up to 10 cm2/Vs or higher. This progress is presented in Figure 1, which illustrates 

the increase in the charge carrier mobility in OFETs during the last 30 years. The 

advancement of charge carrier mobility of OS gives these OFETs real potential for 

applications such as chemical sensors, OLED, CMOS or RFID. In addition, low-

temperature deposition methods together with the mechanical elasticity of organic 

materials provide for OFETs compatibility with plastic substrates, resulting in their 

application in flexible integrated circuits, electronic paper or roll-up displays [1]. 

 

Figure 1 Time evolution of charge carrier mobility [2; 3]. 

 



 

  8 

 Architecture and basic operation principles of OFETs 

The first FET was proposed by J. E. Lilienfeld, who received a patent for this 

idea in 1930. He proposed the principle of a field-effect transistor as a capacitor with 

a conducting channel between a source and a drain electrode [4]. The first silicon-

based transistor was developed by William Shockley, John Bardeen and Walter 

Brattain in 1947 [5]. In 1956 these researchers received the Nobel Prize in Physics 

for this achievement. The first organic field-effect transistor was reported by 

Koezuka and colleagues in 1987 based on polythiophene molecules [6].  

A simplified scheme of an OFET transistor is depicted in Figure 2, which also 

includes the basic parameters of the organic field-effect transistors. 

 

 

Figure 2 Simplified scheme of OFET transistors [6]. W denotes channel width, L channel 

length, d the thickness of semiconductor, VDS applied voltage between the source 

and the drain electrode, IDS electric current passing through organic 

semiconductor and VGS the applied voltage between the gate and source electrode. 

 

The organic field-effect transistor consists of source and drain electrodes that are 

in contact with organic semiconductors. The organic semiconductor is separated by 

dielectric layer from gate electrode. The gate voltage VGS applied between the source 

and gate electrodes induces the formation of an accumulation layer at the interface 
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of the semiconductor/insulator. The accumulation layer forms a conducting channel 

in organic semiconductors. When the voltage VDS is applied between the source and 

drain electrodes it causes a charge injection from the source electrode to the OS 

through a Schottky barrier at the contact. The charges are transported through the 

conducting channel to the drain electrode. Therefore, the current IDS is dependent on 

both the VDS and VGS voltages.  

The typical characteristics of an organic field-effect transistor based on the p-

type of OS are shown in Figure 3. The dependence of current IDS on the applied 

voltage VDS with constant VGS is called the output characteristic.  The dependence of 

current IDS on the applied gate voltage VGS with constant voltage VDS is called the 

transfer characteristic. As follows from Figure 3 the output characteristic can be split 

into a linear region where current increases linearly with the applied voltage VDS and 

a saturation region where the current is saturated. The current IDS in these regimes 

can be described by the equations: 

𝐼DS(LIN) =
𝑊

𝐿
𝐶𝑖𝜇 [(𝑉GS − 𝑉𝑇)𝑉DS −

𝑉DS
2

2
], (1) 

𝐼DS (SAT) =
𝑊

2𝐿
𝐶𝑖𝜇(𝑉GS − 𝑉𝑇)2, (2) 

where Ci is the capacitance of the insulator, W is the width of the channel, L is 

channel length, µ is the charge carrier mobility in the OS and VT is the threshold 

voltage, which can be expressed as gate voltage when the conducting channel is 

formed [7]. 

 

 

Figure 3 a) Typical output characteristic b) Typical transfer characteristics of p-type OS [8] 
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2.2 ORGANIC ELECTROCHEMICAL TRANSISTORS (OECTS) 

Organic semiconductors in bioelectronic applications are mostly used as sensors. 

These OS-based biosensors utilize organic electrolyte-gated field-effect transistors 

(EGOFET) and organic electrochemical transistors (OECT). Organic 

electrochemical transistors (OECTs) attracts significant attention due to their simple 

fabrication and operation in liquid electrolytes with applied voltages below 1V [9; 

10]. OECTs provide unique opportunities for application in bioelectronics with a 

number of benefits such as easy patterning of devices, individual modification of OS 

and direct interface with biomolecules and living cells [11]. The ability to operate in 

aquatic environments makes OECTs suitable candidates for a variety of applications, 

especially biological sensing, detection of ions, glucose, uric acid, dopamine, DNA, 

bacteria, protein and cells [9]. 

Comprehensive research into OECTs has been carried out by Rivnay, Owens, 

Maliaras and Bergren [12; 13]. They realized a large-scale study on the influence of 

the channel length, width, thickness, PEDOT:PSS volumetric capacitance and many 

other OECT performance parameters [14; 15; 16; 17]. 

Recently, OECT sensors have been applied for a study of the action potential in 

neural and cardiac cells. The first observation of beating cardiomyocytes by OECTs 

was provided by Hsing et al [18]. Cardiovascular disease has been highlighted by the 

WHO as the primary cause of death of the global population. The OECT sensors help 

in screening of drugs used for prevention of arrhythmia which was realized by 

extracellular mapping of in-vitro cultured cells [19]. In their study Hsing et al. were 

able to translate the current response of OECTs to an extracellular cardiac action 

potential within a range of the cardiac voltage drop from 0.2 to 0.6 mV. These OECT 

sensors measured the increase in cardiomyocyte frequency after the addition of 

isoproterenol and the real-time propagation of the action potential [18; 19]. 
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2.2.1.1 Architecture and basic operation of organic electrochemical 

transistors 

Wrighton and colleagues developed the organic electrochemical transistor 

(OECT) in 1984 [20]. OECT consists of an organic semiconductor film that is in 

contact with an electrolyte in which the gate electrode is immersed. A schematic 

picture of an OECT is shown in Figure 4. 

 

Figure 4 Schematic picture of OECT transistors taken from Bernards and Maliaras: 

a) convection scheme of OECT devices, b) OECT without applied gate voltage, 

c) OECT with applied gate voltage (VG) [14]. 

 

Bernards and Maliaras in 2007 qualitatively described the operation of OECTs. 

The model device behaviour of the OECT is divided into an electronic and an ionic 

circuit. The electronic circuit consists of a p-type organic semiconductor film that 

transports holes between the source and drain electrodes as depicted in Figure 4b.  

The current flux J of electronic circuit is described by the Ohm’s law equation: 

 

𝐽(𝑥) = 𝑞𝜇𝑝
𝑑𝑉(𝑥)

𝑑𝑥
, (3) 

where q is the elementary charge, µ is the hole mobility, p is the hole density, and 

dV/dx is the electric field. By applying drain voltage VDS current IDS passes through 

the organic semiconductor. Upon the application of a positive gate voltage (Figure 
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4c), cations from the electrolyte are injected into the semiconductor film, and each 

injected cation compensates one acceptor. For each cation that enters the organic 

film, a hole extracted at the source is not replaced by the injection of a hole at the 

drain. Injection of the cation is attributed to an ionic circuit, which is described as a 

combination of the linear circuit of a resistor (Rs) and a capacitor (Cd) in series. The 

resistor is described as the conductivity of the electrolyte (its ionic strength) and the 

capacitor is ascribed to polarisation at the OS/electrolyte and gate/electrolyte 

interfaces. The interaction of these two components (electronic and ionic circuit), 

namely the transport of ions from the electrolyte into the organic semiconductor film, 

is fundamental to the behaviour of OECTs [14]. 

The PEDOT:PSS with mixed ion-electron conductivity is most studied and 

explored conducting polymer in OECTs. A significant contribution to the capacity 

of a two-phase PEDOT:PSS comes from the electrical double layers created along 

the interface between the positively charged conjugated PEDOT and negatively 

charged PSS. Therefore, the organic electrochemical transistors effectively use ion 

injection from an electrolyte to modulate the bulk conductivity of the PEDOT:PSS. 

The connection between ionic and electronic charges throughout the channel volume 

provides OECTs with high transconductance compared to field-effect transistors, but 

also it limits their response time [12]. 
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3  GOALS OF THE THESIS 

This thesis is focused on the study of the organic semiconductors with respect to 

their possible applications in organic field-effect transistors (OFETs) and organic 

electrochemical transistors (OECTs). Therefore, in the part related to the preparation 

and characterisation of OFETs, the attention is paid to the understanding of the 

relationship between the properties of novel semiconducting organic materials used 

as active layer, their molecular structure and final properties of OFETs. In the part 

related to preparation and characterisation of OECTs, the work is focused on 

characterisation of suitable materials and their subsequent utilization for 

optimisation of OECTs structures for application with living cells and for detection 

of the physiological response of cardiomyocytes. 

 

The particular tasks of the thesis are: 

1. description of the state of the art and progress in the development of organic 

semiconductors used in organic field-effect transistors and organic 

electrochemical transistors, 

2. development and optimisation of the methods and procedures for 

preparation of thin active layers and characterization of OFETs and OECTs, 

3. studies of the relationship between the molecular structure of novel organic 

semiconductors, their optical and electrical properties and final properties 

of OFETs, 

4. characterisation of selected organic semiconductors with respect to their 

application in bioelectronics devices, 

5. optimisation of OECT structures for detection of the physiological response 

of cardiomyocytes. 
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4  OVERVIEW OF EXPERIMENTAL PART 

4.1 USED MATERIALS AND EXPERIMENTAL METHODS 

The Table 1 summarize used materials, techniques of their analysis and aim of 

the study at OFET subchapter. 

Table 1 Materials used in thesis applied in OFETs. 

Derivative Techniques  Aims 

DPP(TBFu)2: 3,6-bis(5-(benzofuran-2-yl)thiophen-

2-yl)-2,5-bis(2-ethyl- hexyl)pyrrolo[3,4-c]pyrrole-

1,4-dione) 

OFET,  

DSC, TGA 

AFM, 

Mechanical 

profilometry 

Elucidate the effect of 

different methods of 

thin-film preparation  

on the performance of 

OFETs. 

(Ph)1-(PhAmStb)1-DPP-(EtAcet)2: diethyl (E)-3-(4-

(4-(diphenylamino)styryl)phenyl)-6-phenyl)-1,4-

dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-

diyl)diacetate 

OFET, 

UV-VIS, 

Mechanical 

profilometry 

 

Characterisation the 

properties of novel 

synthesised soluble 

diphenyl-amino-

stilbene-based DPP 

derivatives as hole 

transport materials for 

photovoltaic 

applications. 

(PhAmStb)2-DPP-(EtAcet)2: diethyl 2,2'-(3,6-bis(4-

((E)-4-(diphenylamino) styryl)phenyl)-1,4-

dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-

diyl)diacetate 

(Ph)1-(PhAmStb)1-DPP-(EtHexAcet)2: bis(2-

ethylhexyl) (E)-3-(4-(4-

(diphenylamino)styryl)phenyl)-6-phenyl)-1,4-

dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-

diyl)diacetate 

(PhAmStb)2-DPP-(EtHexAcet)2: bis(2-ethylhexyl) 

2,2'-(3,6-bis(4-((E)-4-

(diphenylamino)styryl)phenyl)-1,4-

dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-

diyl)diacetate 
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(Th)2-DPP-(H)2: 3,6-di(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

OFET, 

UV-VIS, 

Fluorescence, 

Mechanical 

profilometry 

 

Characterisation the 

charge carrier 

mobility in newly 

synthesised (Th)2-

DPP derivatives with 

an ethyladamantane 

alkyl side chain. 

N, N-(Th)2-DPP-(C4)2: 2,5-dibutyl-3,6-di(thiophen-

2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

N, N-(Th)2-DPP-(C12)2: 2,5-didodecyl-3,6-

di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione 

N, N-(Th)2-DPP-(EtHex)2: 2,5-diethyl-2-hexyl-3,6-

di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione 

N, N-(Th)2-DPP-(EtAd)2: 2,5-bis(2-(adamantan-2-

yl)ethyl)-3,6-di(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

N, O-(Th)2-DPP-(EtAd)2: 4-(2-(adamantan-2-

yl)ethoxy)-2-(2-(adamantan-2-yl)ethyl)-3,6-

di(thiophen-2-yl)-4,5-dihydropyrrolo[3,4-c]pyrrol-

1(2H)-one 

O, O-(Th)2-DPP-(EtAd)2: 1,4-bis(2-(adamantan-2-

yl)ethoxy)-3,6-di(thiophen-2-yl)-1,2,4,5-

tetrahydropyrrolo[3,4-c]pyrrole 

H2TA14N: 1,4-Bis{[50-hexyl-(2,20-bithiophen)-5-

yl]ethynyl}naphthalene 

OFET, 

UV-VIS, 

Fluorescence, 

Mechanical 

profilometry 

Study of new 

naphthalene 

derivatives with 

ethynylene building 

block 

H2TA15N: 1,5-Bis{[50-hexyl-(2,20-bithiophen)-5-

yl]ethynyl}naphthalene 

H2TA26N: 2,6-Bis{[50-hexyl-(2,20-bithiophen)-5-

yl]ethynyl}naphthalene 

 

The Table 2 summarize used materials, techniques of their analysis and aim of 

the study at OFET subchapter. 
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Table 2 Materials used in thesis for bioapplications. 

Tips-pentacene: bis (triisopropylsilylethynyl) 

pentacene 

Contact angle, 

UV-VIS, 

Biocompatibility 

Mechanical 

profilometry 

 

 

 

Determination the 

biocompatibility of 

reference organic 

semiconductors 

DPP(TBFu)2: 3,6-bis(5-(benzofuran-2-yl)thiophen-

2-yl)-2,5-bis(2-ethyl- hexyl)pyrrolo[3,4-c]pyrrole-

1,4-dione) 

P3HT: Poly(3-hexylthiophene-2,5-diyl)   

PEDOT:PSS: Poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate 

Ink A Heraeus CleviosTM P VP AI 4083 Contact angle, 

UV-VIS, 

Biocompatibilit

y 

Mechanical 

profilometry, 

Conductivity 

Study of preparation, 

the electrical 

characterisation and 

stability of 

PEDOT:PSS 

Ink B Heraeus CleviosTM P JET HC V2 

Ink C Sigma Aldrich 739 316 

Ink D Sigma Aldrich 483 095 

Ink E PEDOT/PSS-AS 

Ink F Sigma Aldrich 560 596 

 

 

 

4.2 OFET CHARACTERIZATION 

The Probe Station for measurement of organic field-effect transistors was 

constructed by the author. The Probe Station was designed to measurement in semi-

automatic mode. The probe station is placed in a nitrogen glove box to protect the 

measured sample against the air oxygen and water. The probe station system is 

shown in Figure 5. 
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Figure 5 The photo of probe station 

 

The current-voltage characteristics are measured by multimeter Keithley 6487 and 

Keithley 617 which are controlled by PC via programmed software in LabVIEW. 

The multimeter Keithley 6487 drive voltage between Source and Drain electrodes 

and measure the current through the channel. Keithley 617 sets the voltage on the 

gate electrode and both meters are grounded to the Source electrode. The 

measurement is provided under dark to avoid photo-induced effect during current-

voltage characterisation. The measuring software was programed to export the 

measured data into an excel template.  In excel template the transistor parameters are 

automatically calculated such as charge carrier mobility, on/off ratio, contact 

resistance etc. 
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 Calculation of charge carrier mobility 

The charge carrier mobility can be evaluated from the measurement of transfer 

characteristics of OFETs as it is described in chapter 2.1.1 of thesis. The transfer 

characteristics can be measured in linear or saturation regime of output 

characteristics (2.1.1). The transfer characteristics are measured in saturation regime, 

measured data are modified as square root of IDS and both IDS and IDS
1/2  are plotted 

with dependence on VGS as it is illustrated in Figure 3b. The linear part of curve 

IDS
1/2 = f (VGS) is fitted by line and the slope (k) of line is used for the calculation of 

charge carrier mobility i.e. k2 = IDS
 ·VGS

-2. Then the equation for calculation of charge 

carrier mobility from measured data is modified to equation: 

𝜇𝑆𝐴𝑇 = 𝑘2 ⋅
2𝐿

𝑊𝐶𝑖
, (4) 

where k is the slope of fit line of curve IDS
1/2 = f (VGS), L is channel length, W is 

channel width and Ci is capacitance of dielectric layer. In practice, the absolute value 

|IDS| and square root IDS
1/2 are calculated and plotted as it is illustrated in Figure 6. 

For fitting of linear part of curve IDS
1/2 = f (VGS), its numerical derivative is 

calculated. The numerical derivative of dIDS
(1/2)/dVGS is plotted as the grey curve in 

Figure 6. The VGS data for maximum of derivative are found and their appropriate 

IDS
(1/2) data are used for calculation of charge carrier mobility. 

 

Figure 6 The example of transfer characteristics of OFETs for calculation of charge 

carrier mobility 
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5  SELECTED RESULTS AND DISCUSSIONS 

5.1 ORGANIC FIELD-EFFECT TRANSISTORS 

The parameters of OFETs are partially dependent on the active layer of the OS. 

However, the overall parameters of transistors depend not only on the properties of 

the OS but also on the construction of the whole device. The optimisation of thin 

films of individual organic semiconductors significantly affects the parameters of 

OFET devices.  

The first section is focused on the study of the effects of the various methods used 

for preparation and optimisation of active layers prepared from solution on the 

performance of OFETs. 

The following paragraphs briefly set out a study of the relationship between the 

molecular structure of novel organic semiconductors, their properties and the final 

properties of OFETs. The results related to the studies of novel soluble diphenyl-

amino-stilbene-based DPP molecules were studied with respect to their possible 

application in bulk heterojunction photovoltaics as hole transport materials. The 

charge carrier mobility of novel DPP derivatives with ethyl-adamantyl bonded in the 

-N, N; - N, O and -O, O position of the DPP core are studied. A novel DPP derivative 

with a bulk ethyl-adamantyl group bonded in the -N, N position of the DPP core was 

studied in detail. The ethynylene (C-C triple bond) as building block for OS is studied 

in the last subchapter of OFETs. 

 

5.1.1.1 Development and optimisation of OFETs based on 

DPP(TBFu)2  

The goal of this study is to elucidate the effect of different methods used for thin-

film preparation from solution on the performance of OFETs. For this study the 

reference material (3,6-bis(5-(benzofuran-2-yl)thiophene-2-yl)-2,5-bis(2-ethyl-

hexyl)pyrrolo[3,4-c]pyrrole-1,4-dione) [referred as DPP(TBFu)2] was supplied by 

the Centre for Organic Chemistry Ltd. (COC). The thin active layers of DPP(TBFu)2 
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were prepared by means of the spincoating technique on a commercially available 

OFET platform. 

Several process device optimisations were used. First, high vacuum treatment 

(cleaning) after standard solution cleaning was introduced in order to reduce residue 

on the surface. The self-assembled monolayers (SAMs) hexamethyldisilazane 

(HMDS) and octadecyl trichlorosilane (OTS) onto silicon dioxide dielectric and 

pentafuorobenzenethiol (PFBT) onto gold electrodes, and combinations thereof were 

used as another means of optimisation. The thermal post-treatment of the 

DPP(TBFu)2 used was introduced in the last step. The architecture of the OFET in 

this study is depicted in Figure 7. 

 

 

Figure 7 The solution-processed device architecture 

 

The properties and parameters of OFETs with applied different methodologies 

are summarised in Table 3. The first effect of vacuum treatment on the performance 

of the OFET is showed on sample II in comparison to sample I without any treatment. 

Eight-times-lower contact resistance (Rc) for vacuum treatment (“cleaning”) was 

observed, which can assume that during the fabrication process some residue or 

absorbed gasses were present on the surface [21]. The applied monolayers on gate 
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dielectrics effectively decrease the charge trapping states on the interface between 

the dielectrics and OS [22]. In every case, the OTS and HMDS layers increase one 

order of magnitude measured hole mobility as can be seen for samples I and IV in 

Table 3. 

 

Table 3 Properties of DPP(TBFu)2 at difference fabrication conditions. 

S
a

m
p

le
 Treatment TAa) Hole 

Mobility 

VT
b)

 

(V) 

RC
c) (Ω) On/Off ratio 

Au SiO2 
 

(cm2V-1s-1) 
   

I - - 110 °C 2.3∙10-4 -4.8 8.86∙106 1.9∙104 

II vac vac - 1.9∙10-5 -11.9 1.10∙106 4.9∙104 

110 °C 2.7∙10-4 -19.5 1.08∙106 5.3∙104 

III vac OTS - 8.2∙10-4 -5.5 3.74∙106 2.4∙104 

110 °C 1.3∙10-3 -11.5 3.00∙105 6.3∙104 

IV - HMDS - 6.7∙10-4 -9.5 6.73∙105 7.7∙103 

110 °C 2.0∙10-3 -10.3 7.22∙105 9.5∙103 

V PFBT OTS - 8.5∙10-4 -2.9 3.08∙105 2.7∙104 

110 °C 2.8∙10-3 -3.6 9.61∙104 3.7∙104 

VI PFBT HMDS - 1.3∙10-3 -13.3 3.99∙105 2.9∙104 

110 °C 3.6∙10-3 -15.9 3.66∙105 1.1∙105 

a) The TA represent thermal annealing, b) VT is the threshold voltage, c) RC is the contact 

resistance at VG = -60 V. 

As can be seen from Table 3, in every case the thermal annealing increased the 

measured charge carrier mobility. Due to a combination of SAMs and thermal 

annealing, the highest charge carrier mobility 5.5·10−3 cm2/Vs was achieved. This 

value represents the highest hole mobility experimentally achieved so far for the 

DPP(TBFu)2 material. It is even slightly higher than the mobility observed for the 

stereoisomer (mesomer form) isolated by preparative chiral high-performance liquid 

chromatography HPLC, namely a value of 2.8·10−3 cm2/Vs [23]. 

Several methodologies used for thin-film preparation from solution on the 

performance of OFETs were studied. To eliminate contact barriers, vacuum 

treatment and a PFBT monolayer on the gold electrodes were used. The applied self-

assembled monolayers of OTS and HMDS on gate dielectrics increased measured 
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hole mobility. By the combination of self-assembled monolayers and thermal 

annealing, a higher charge carrier mobility 5.5∙10-3 cm2/Vs than the best previously 

reported value 2.8·10−3 cm2/Vs can be achieved [23]. 

The complete results were published in the journal Chemical Papers. The paper 

is enclosed in thesis. The overview and contribution of the author is also described. 

 

 Diphenyl-amino-stilbene DPPs 

The aim of this study is to characterise the properties of novel synthesised soluble 

diphenyl-amino-stilbene-based DPP derivatives as hole transport materials for 

photovoltaic applications. The DPP-based hole materials were synthesised by Centre 

for Organic Chemistry Ltd. (COC).  

The basic optical properties of stilbene DPP derivative films were studied. The 

optical bandgap of OS can be obtained from the UV-VIS absorption curve. The solid-

state spectra of thin films are shown in Figure 8. 
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Figure 8 Solid state spectra of asymmetrical/shorter (diamond), symmetrical/shorter 

(triangle), asymmetrical/longer (square), and symmetrical/longer (circle)DPP 

derivatives [24]. 

 

As was described in theoretical chapter of thesis, the presence of phenyl in the 

structure of DPP molecule enables its rotation, intermolecular π–π interaction is 
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weaker and its spectra are shifted to the blue region as can be seen for asymmetrical 

derivatives in Figure 8. 

These materials were applied as thin-film in OFETs in the bottom-gate/bottom-

contact architecture. The average hole mobilities, threshold voltages of OFETs and 

chemical structures of the studied materials are shown in Figure 9. 
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Figure 9 The charge carrier mobility of Thiophene-free DPP derivatives 

 

It has been reported that the performance of organic solar cells (OSC) directly 

depends on the mobility of the photoactive materials. For bulk heterojunction solar 

cells with fullerene as an electron acceptor and transport material, the optimal hole 

mobility of donor/hole transport materials is in the interval between 10−3–10−4 

cm2/Vs [25]. As it is shown in Figure 9, the hole mobility values determined by the 

characterisation of thin-film transistors are significantly lower than the optimum (2–

4 magnitudes lower) for OSC. 
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The symmetrical and asymmetrical diphenyl-amino-stilbene-based DPP 

derivatives were compared. Phenyl compared to the stilbene group is more 

susceptible to rotations, and this effect is thus more emphasised in asymmetrical 

derivatives. Comparison of longer (2-ethyl-hexyl acetate) and shorter (ethyl acetate) 

alkyl chains showed an interesting effect: the shorter alkyl chain has been proven to 

provide higher mobility. Even if the hole mobilities are significantly lower than the 

optimum for an organic solar cell, these derivatives were successfully used as hole 

transport materials and donors in the bulk heterojunction solar cells with a solar cell 

efficiency of up to 1.5%. 

The complete results were published in the journal Chemical Papers. The paper 

is enclosed in thesis. The overview and contribution of the author is also described. 

 

 Ethyladamantane derivatives of the DPPs  

The aim of this part of the work was to characterise the charge carrier mobility 

in newly synthesised (Th)2-DPP derivatives with an ethyladamantane alkyl side 

chain. The study was performed on thiophene DPP derivatives where an 

ethyladamantane chain was bonded through oxygen (O) or nitrogen (N) to the central 

dilactam core of DPPs. The bonding of ethyladamantane is possible in three ways, 

i.e. the position in N-N, N-O and O-O. 

The size of the solubilising alkyl chain can influence the morphological structure, 

packing of molecules and electronic coupling of DPPs. The other derivatives with 

shorter butyl and longer dodecyl alkyls bonded in the N-N position of the (Th)2-DPP 

derivatives were also studied in order to determine the influence between the robust 

ethyladmantane groups and the bonding position. The charge carrier mobility of DPP 

derivatives shown in Figure 10 were studied.  
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Figure 10 The structures of studied ethyladmantane DPP derivatives 

 

The optical spectra of solutions and thin films were studied, which can reveal the 

bandgap and suggest the packing of molecules and electronic coupling. The 

comparison of the solution absorption spectra of butyl and ethyladamantyl 

derivatives in Figure 11 shows the same optical properties, i.e. the alkyl chain does 

not participate in conjugation in the N,N bonding position. The more significant 

bathochromic shift for butyl derivatives in the solid state indicates better 

intermolecular interaction [26]. On the other hand, the narrow and clearly identifiable 

peaks in optical spectra for the ethyladamantyl derivative suggest a more rigid 

structure.  
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Figure 11 The normalised absorption spectra of the A) solution and B) thin film of studied DPP 

derivatives 
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The different state is evident between the bonding of ethyladamantyl in the N-N, 

N-O and O-O position of DPP derivatives. The N, N ethyladamantyl derivative 

showed a lower optical bandgap than the other N, O and O, O derivatives as can be 

deduced from the absorption spectra of solutions and thin film in Figure 11. The 

optical spectra of N, O derivatives suggest better conjugation. However, the better 

recognised vibrational spectra of O, O substituted ethyladamantyl suggest its rigid 

and higher packing properties [27]. The conjugation of bonded ethyladamantyl 

derivatives decrease in the order N N < N, O < O, O. 

The influence of the size of the ethyladamantyl group on hole mobility can be 

observed in the comparison of DPP derivatives with bonded alkyl chains in the N,N 

position in Figure 12. The thin films of DPP derivatives were prepared onto an OTS-

treated OFET substrate by means of the spincoating technique. 

 

Figure 12 The hole mobilities of studied DPP derivatives [28]. 
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The higher hole mobility in N,N–ethyladamantyl derivative than N,N–dodecyl 

derivative was observed even if the ethyladamantyl group is relatively greater than 

or equal to the size of the dodecyl. In spite of the differences in the solid-state optical 

spectra between the butyl and ethyladamantyl derivatives, the DPP derivative with a 

bulkier ethyladamantyl group shows similar hole mobility at 1·10-7 cm2/Vs as the 

smaller “butyl” derivative. The worst result hole mobility 2·10-9 cm2/Vs was 

observed for the N, O ethyladamantyl DPP derivative and a higher hole mobility by 

two magnitudes at   1·10-7 cm2/Vs was observed for the O, O ethyladamantyl DPP 

derivative. 

The ethyladamantyl group represents relatively bulky substituents; the ability to 

induce rigid and good organisation leads to better hole mobility than dodecyl 

derivative and similar mobility as butyl derivatives. The N, N ethyladamantyl 

bonded thiophene DPP derivatives show two magnitudes higher charge carrier 

mobility than the N, O substituted derivative and one magnitude higher than the N, N 

dodecyl derivative. It can be thus concluded that although the ethyladamantyl group 

represents bulky substituents it can be an alternative when the high solubility and 

high molecular packing in the solid state are required. 

The complete results were published in Materials Science Forum. The paper is 

enclosed in thesis. The overview and contribution of the author is also described. 

 

 

 The charge carrier mobility in N,N Ethyladamantyl DPP 

The capability for self-organisation of the adamantyl group has been several 

times published, and the induced π–π interactions between the conjugated cores 

through adamantyl–adamantyl stacking in the diketo-pyrrolo-pyrrole derivative has 

been more studied [29]. 

This study was performed at the Linz Institute of Organic Solar Cells (LIOS) at 

the Johannes Kepler University in Linz. For this study, the three DPP derivatives 

with thiophene groups were chosen (see Figure 13). 
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Figure 13 The molecular structures of (A) H; (B) 2-ethylhexyl and (C) ethyladamantyl N,N-

bonded (Th)2-DPP-(x)2 derivatives. 

 

In this study, the fabrication of organic field-effect transistors was modified as 

follows and is described in thesis. The current-voltage characteristics of prepared 

OFETs were measured in the dark and under nitrogen. The transfer characteristics 

are shown in Figure 14. 

 

Figure 14 The transfer characteristics of (A) H; (B) 2-ethylhexyl and (C) ethyladamantyl 

N,N-bonded (Th)2-DPP-(x)2 derivatives [30]. 
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The high organisation of DPP derivatives on the TTC interlayer results in the 

closeness of the DPP cores, which facilitates the charge transfer in the material, as 

evidence of the observed high measured charge carrier mobility in Figure 14. As a 

consequence of vacuum thin film preparation and high stacking properties, higher 

hole mobility by five orders of magnitude than for the solution-prepared thin film 

(chapter 5.1.3) of N,N ethyladamantyl derivatives was observed. The (Th)2-DPP 

derivatives containing adamantyl-derived solubilisation side groups (C) possessed 

mobilities which are also higher than the hole mobilities of H-bonded (Th)2-DPP (A) 

and (Th)2-DPP-(EtHex)2 (B) derivatives at 9·10−4 cm2/Vs and 4·10−3 cm2/Vs, 

respectively. Moreover, due to the high crystallinity and co-planarity of the 

conjugated cores, electron transfer was preserved with an electron mobility of 

0.2 cm2/Vs, as is illustrated in Figure 14C. 

Interestingly, as distinct from all the derivatives under investigation, the material 

with ethyladamantyl containing side groups showed an ambipolar behaviour. The 

electron transport of thiophene DPP derivatives was theoretically predicted in the 

case of high co-planarity with a low torsion angle of the thiophene substituent and 

this behaviour was first confirmed in this study [31].   

The complete results were published in Journal of Materials Chemistry C. The 

paper is enclosed in thesis. The overview and contribution of the author is also 

described. 

 

 Naphtalane derivatives with ethynylene building block 

This study is focused on a series of new naphthalene derivatives with an 

incorporated ethynylene building block, which could enhance our knowledge about 

the relationship between molecular structures and their properties, mainly charge 

carrier mobility. 

The naphthalene derivatives with (5-hexyl-2,2-bithiophene-5-yl)ethynyl side 

arms attached to the central naphthalene core at positions 1 and 4 (H2TA14N), 1 and 

5 (H2TA15N), and 2 and 6 (H2TA26N) were synthesised by the Department of 

Organic Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava. 
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A comparison of the molecular structure of the new and previously published 

derivatives without an ethynylene building block is illustrated in Figure 15A. 

The gold electrodes of OFET substrates were modified by PFBT after OTS 

modifications of SiO2. The charge carrier mobilities were analysed from the 

saturation regime of OFETs. The transfer characteristics are shown in Figure 15B. 

 

 

Figure 15 A) Comparison of molecular structure and B) transfer characteristics of studied 

compounds H2TAxyN on the right. These characteristics were measured at a 

saturation regime with a drain-source voltage of -40 V [32]. 

 

All investigated organic semiconductors H2TAxyN exhibited hole transport 

behaviour. Table 4 summarised extracted device parameters of studied materials and 

data for previously published ethynylene-free analogue H2TxyN derivatives [33]. 

The hole mobility in all naphthalene derivatives with an ethynylene building block 

are two magnitudes lower than derivatives without an ethynylene building block. 

The hole mobility of the newly synthesised derivatives decreases in the same order 

2,6 > 1,5 > 1,4 of the bonding position of naphthalene as in the previously published 

materials. 
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Table 4 Comparison of evaluated OFET parameters of H2T(A)xyN derivatives 

 Compound Conditions 
Mobility 

µ (cm2/Vs) 
Vth (V) Ion/off 

In
 t

h
is

 s
tu

d
y
 H2TA14N (i) 1.8·10-8 -6 101 

H2TA15N (i) 1.1·10-6 -11 102 

H2TA26N (i) 5.5·10-3 -6 105 

H2TA26N (ii) 2.2·10-4 -1 103 

In
 p

r
ev

io
u

s 

st
u

d
y

 

H2T14N (ii) 5.1·10-6 -3 102 

H2T15N (ii) 1.6·10-2 -23 105 

H2T26N (ii) 1.2·10-1 -15 106 

(i) OTS treated SiO2/Si; PFBT treated Au electrodes; PVD by radiative heat; BG/BC with 90 nm 

SiO2; (ii) HMDS treated 40 nm SiO2/Si; untreated top contact 40 nm Au electrodes [33]. 

 

The OFET with semiconducting material H2TA26N was also prepared by the 

same previously published methods. The one order of magnitude higher hole 

mobility of OFET preparation methods, as was described in chapter 5.1.1.1 

(conditions “i” in Table 4) than in previously published fabrication procedure, was 

observed (conditions “ii”). 

The conjugation of H2TA materials was changed in comparison to previous 

derivatives, the order of derivatives by the hole mobility in a field-effect transistor 

remains unaltered (i.e. H2TA14N < H2TA15N < H2TA26N). 

The tendency in hole mobility can be explained by different packing motifs 

affected by molecular symmetry and was revealed by single crystal X-ray analysis, 

2D X-ray GIWAXS and AFM characterisation of the thin films in cooperation with 

colleagues from the Department of Organic Chemistry, Faculty of Natural Sciences, 

Comenius University in Bratislava. 
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The crystal structure analysis of the derivatives with ethynylene building blocks 

H2TA14N and H2TA26N revealed a herringbone packing motif. H2TA15N 

molecules are packed into slipped columnar structures evoking a brick-wall motif, 

but with a parallel orientation to the substrate in the thin film. The derivative 

H2TA26N is the only one that exhibits a perpendicular orientation of the molecules 

with respect to the substrate surface. This molecular orientation, together with the 

tightest intermolecular interactions and the best film-forming properties led to the 

highest hole mobility µ = 5.5·10-3 cm2/Vs of H2TA26N. However, the hole mobility 

of the derivatives H2TA26N with an ethynylene building block is two orders of 

magnitude lower than those previously determined for the ethynylene-free analogues 

H2T26N (µh = 1.2·10-1 cm2/Vs), which can be attributed to the formation of 

J-aggregates.  

The tendency in molecular conjugation of naphthalene derivatives within the 

molecules has been altered by the introduction of the ethynylene building block. 

Even if ethynylene ensures the planarity of the molecules, the tendency in hole 

mobility remains the same for both series of naphthalene derivative with bonding 

position 1,4 < 1,5 < 2,6 and is most likely associated with the retained molecular 

symmetry characteristics. 

The complete results were published in the journal Synthetic Metals. The paper 

is enclosed in thesis. The overview and contribution of the author is also described. 
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5.2 ORGANIC ELECTROCHEMICAL TRANSISTORS 

The OECT chapter focuses on the characterisation of selected OS with respect to 

their application in bioelectronics devices, in particular,  biocompatibility, stability 

and the electrical conductivity of the organic semiconductors were studied. 

Subsequently, the OECT devices were optimised for the detection of the 

physiological response of living cells. 

 

 Determination and verification biocompatibility of reference 

materials 

 

This study aims to determine the biocompatibility of reference organic 

semiconductors and to identify aspects that may improve their compatibility with 

living cells. The four reference organic semiconductors represent two the small-

molecular organic semiconductors TIPS-Pentacene and DPP(TBFu)2 and the two 

semiconducting polymers P3HT and PEDOT:PSS. 

In the context of OS working with living cells, the biocompatibility is defined in 

terms of the absence of cytotoxicity and the ability to provide support for cell 

adhesion and spreading. These aspects are largely determined by the release of 

potentially cytotoxic compounds as well as by wettability and the presence of 

specific surface functional groups or molecular structural motives [34]. 

The determination of the biological compatibility of reference organic 

semiconductors was performed in cooperation with the Institute of Biophysics of the 

ASCR. The biocompatibility tests were performed with murine 3T3 fibroblasts cells. 

3T3 fibroblasts were grown on standard culture plastic, glass, TIPS-Pentacene, 

DPP(TBFu)2, P3HT and PEDOT:PSS deposited on glass slides. The cells grown on 

culture plastic and glass were used as standard. The biocompatibility of 3T3 

fibroblasts is tested on the correct morphology and sustained viability of cells. 

Images of cells on reference semiconducting materials is shown in Figure 16. 
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Figure 16 The coverage with 3T3 fibroblast on (A) Standard culture plastic, (B) Glass, 

(C) TIPS-Pentacene, (D) DPP(TBFu)2, (E) P3HT, (F) PEDOT:PSS. Bar represents 

50 µm [35]. 

 

TIPS-Pentacene, DPP(TBFu)2 and P3HT exhibited lower coverage by cells and 

some non-adherent cells (round shape of cells) when compared to the shape and 

viability of 3T3 fibroblasts on the standard culture plastics and glass as can be seen 

in Figure 16. Attached cells showed slight morphological disturbances compared to 

standard culture plastics. This indicates that these materials caused minor stress to 

cells. Strikingly, the coverage of PEDOT:PSS by cells was very low. The ATP and 

MTT cell viability tests were also performed to obtain measurable values of 

biocompatibility. Both tests provided similar data and revealed no interference with 

the tested materials as can be seen from Figure 17. 
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Figure 17  The ATP (A) and MTT (B) test on the viability of 3T3 fibroblast before and after 

collagen IV coating [35]. 

 

In order to increase the biocompatibility of the materials, surface coating by the 

self-assembled layer of collagen IV was applied. To further support the benefits of 

using collagen IV, 3T3 fibroblasts with and without a collagen IV coating were 

grown on each material. Viability assays indicated that collagen IV significantly 

increased biocompatibility towards 3T3 fibroblasts. Compared to cells grown on 

standard cell culture plastics and the viabilities of cells grown on the glass on Figure 

17, TIPS-Pentacene, DPP(TBFu)2 and P3HT were lower but similar among 

themselves with collagen coating. The viability of cells grown on PEDOT:PSS was 

considerably lower than the viabilities of cells grown on glass and the other organic 

semiconductors without collagen coating. 

The reference organic semiconductors were tested to determine biocompatibility. 

Since the tested organic semiconductors were mostly stable, the possible explanation 

for the lower compatibilities of these materials lay in their surface properties. The 

other factor is the quantity and quality of surface functional groups or structural 

motives. The lower biocompatibility of TIPS-pentacene, DPP(TBFu)2 and P3HT 

found in this study can be attributed to the rather hydrophobic character of their 

surfaces and a lack of cell adhesion promoting functional groups or structural 

motives. The unexpected drop in biocompatibility of the more hydrophilic 

semiconductor PEDOT:PSS compared to standard cell culture plastics can be linked 
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to the presence of sulfonate groups that restrict contact with cells. The limited 

biocompatibility of moderately hydrophilic PEDOT:PSS towards 3T3 fibroblasts 

was probably caused by the presence of cell adhesion-restricting sulfonate groups of 

PSS moiety. The collagen IV coating improved the biocompatibility of all tested 

organic semiconductors to the level of standard cell culture plastics. 

 The complete results were published in Sensors and Actuators B: Chemical. The 

paper is enclosed in the thesis. The overview and contribution of the author is also 

described. 

 

 

5.2.1.1 PEDOT:PSS The study of biocompatibility, stability and 

electrical properties 

The poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) 

has already been successfully used in a spontaneously beating cardiomyocytes sensor 

[18; 19]. However, the previously discussed data in chapter 5.2.1 showed limited 

biocompatibility of PEDOT:PSS. Therefore, the aim of this study was to establish 

suitable procedure for preparation of thin active layers, and to characterise the 

electrical properties and stability of several PEDOT:PSS inks. 

Six electroactive polymer inks based on PEDOT:PSS shown were studied. The 

stability and electrical properties of such films were characterised on organic 

electrochemical transistor (OECT)-based sensor. Their biocompatibility was 

evaluated in assays with 3T3 fibroblasts and murine cardiomyocytes in cooperation 

with the Institute of Biophysics of the Czech Academy of Science. 

 

Conductivity 

The techniques for improving PEDOT:PSS thin films in order to find the best 

conductivity properties were performed. The conductivity of PEDOT:PSS is 

primarily dependent on the ratio of the two components. The higher the PSS content, 

the lower the conductivity. The other factors that influence the PEDOT:PSS films’ 
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conductivity are mainly related to the polymer chains’ conformation, which is 

affected by the preparation method and conditions during the film formation [36]. 

The resistance was measured for (i) spincoated films only (as-cast), (ii) thermally 

annealed films (A), (iii) ethylene glycol treated films (EG), and (iv) both thermal 

annealed and ethylene glycol-treated films (A–EG). It was observed that it does not 

matter how the ethylene glycol is applied either directly into the inks or after the 

preparation of the thin layer. It can also be concluded that the additional treatment 

(neither annealing nor ethylene glycol) does not help in further reduction of electrical 

resistance once the ethylene glycol is included in the ink formulation. The thin films 

prepared from inks without any additive will not provide sufficient performance 

(electrical conductivity) and stability for use in bioelectronics applications. This can 

be solved by the treatment that offers thin films with sufficiently low electrical 

resistance and its stability over time. 

 

Stability of thin films in water 

The prepared thin films were immersed in deionized water and absorption was 

measured as a function of time. The measured absorption at 226 nm was compared 

against the calibration curve and a relative percentage of the dissolved material was 

evaluated. The typical observed response of PEDOT:PSS thin film leakages to water 

and its evolution over time is shown the main increase of the released films occurs 

within the first few minutes. After this rapid change, the films slowly stabilised. It is 

also apparent that films which were thermally annealed (A and A–AG) show slower 

initial leaching. The amount of released material after 30 min of exposure to water. 

Any annealing has always been beneficial for the stability of tested thin film in water. 

Ethylene glycol treatment also improved films’ stability for Ink B, C, and D, but an 

increase of the released material was observed for Ink E. The combination of the two 

treatments had a further positive influence in Ink B and Ink C. The subsequent 

treatment of the thin films by each of the methods used here or by a combination of 

them brings improved film stability against water and potential cultivation media. 
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Long-term stability 

The duration of contact of the sensor with the biological material is highly 

variable depending on the specific application. In the case of animal cells, it can 

cover a period of up to several days. Conductive PEDOT:PSS films were tested for 

their stability for 300 hours. Prior to the resistance measurement after the 300-hour 

test, the samples were dried with dry air. The obtained data are displayed in Figure 

18. 

 

 

Figure 18 Electrical resistance (left axis) and material leaching from the films (right axis) 

prepared by different methods after 300 h exposed to deionized water [37]. 

 

Films without any post-treatment and films treated with ethylene glycol showed 

limited stability as they were completely released from the substrate after 300 h. As 

can be deduced from Figure 18, thermal annealing is always necessary to obtain films 

stable for several days. However, thermal annealing alone is not always sufficient 

for stability of layers. A combination of thermal annealing after the ethylene glycol 

treatment was in all cases beneficial and improved the films’ electrical resistance and 



 

  39 

stability. The best results were obtained for Ink C and a combination of annealing–

ethylene glycol–annealing. 

 

Biocompatibility studies 

The post-processing procedure based on EG and annealing treatment, which 

results in the lowest degree of leaching and an electrical resistivity well stable over 

time regardless of whether in a dry or wet state was used to prepare PEDOT:PSS 

films on OECT sensor platforms for biocompatibility assays. The water-soluble 

components of PEDOT:PSS layers were washed out during the sterilisation and 

subsequent washing steps and their release into the culture medium during the 

biocompatibility assay was negligible. 

Organic semiconductors are generally regarded as biocompatible, but in the 

previous chapter 5.2.1. the biocompatibility of reference materials was observed to 

be limited. Figure 19 shows the correct shape and viability of 3T3 fibroblasts cells 

cultured on the prepared thin films of PEDOT:PSS inks as well as on a reference 

culture dish and glass. 

 

 

Figure 19 Biocompatibility assay of PEDOT:PSS inks: PEDOT formulation spincoated on 

OECT substrates were treated with collagen IV [37]. 

 

These films coated with collagen IV showed good biocompatibility in the assay 

with 3T3 fibroblasts when compared to standard cell culture plastics. We observed 

that these cells were able to attach to the PEDOT:PSS films. 
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Summary 

It could be concluded that the thin films prepared from PEDOT:PSS inks without 

an additive will not provide sufficient conductivity and stability for use in biomedical 

applications as exemplified by the OECT-based bioelectrical sensor platform tested 

in this work. The observed high resistance for as-cast films was successfully reduced 

by the treatment proposed in this work: additional exposure to ethylene glycol in 

combination with thermal annealing provided thin films with electrical resistance 

and its stability in aqueous media comparable to the inks with additives. However, 

the long-term test of thin films exposed to water revealed that addition of ethylene 

glycol to ink rather than subsequent treatment of the films is favourable. While the 

initial resistances are comparable, long-term exposure to water (12.5 days) is much 

less harmful to the films prepared from inks with ethylene glycol included directly 

in ink. 

Furthermore, the resistance toward water is mostly poor for as-cast films. We 

observed leaching of the PEDOT:PSS into the water above the films for all of the 

studied PEDOT:PSS ink formulations. After an initial release, the films are stabilised 

within a few minutes. The films’ stability was greatly improved using treatment with 

ethylene glycol and annealing. Both procedures can decrease the leaching and 

improve the films’ electrical properties and resistance against water, but the actual 

influence differs for the ink formulations. Generally, in order to obtain stable films, 

mainly thermal annealing is necessary. After 12.5 days, non-annealed films were 

completely released from the surface. The best electrical stability was achieved using 

a combination of thermal annealing followed by ethylene glycol treatment and again 

thermal annealing. These results open the door to construction of cheap printed 

electronic devices for bio-interfacing in biomedical applications such as sensors of 

beating cardiomyocytes. 

The complete results were published in Journal of Biomedical Materials 

Research Part A. The paper is enclosed in thesis. The overview and contribution of 

the author is also described. 
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 The printed prototype of OECT arrays for real-time cell 

culture monitoring 

The aim of this study was to prepare a prototype of OECT arrays, test its 

performance, biocompatibility and try to measure biological response of living cells 

to an external stimulus. 

A microplate with a multielectrode array of 96 organic electrochemical 

transistors (OECTs) based on the polymer poly(3,4-ethylenedioxythio-

phene):poly(styrene sulfonic acid) PEDOT:PSS was developed and fabricated by the 

screen-printing method. A detail of the OECT device with a living 3T3 fibroblast 

can be seen in Figure 20A. 

 

Figure 20 A) The detail of screen printed OECT transistor (inset of 3T3 fibroblast) and 

B) OECT sensor response of environmental changes [38]. 

 

The average transconductance g = 1.4 mS was achieved in the wide range of gate 

voltages VGS = ±0.4 V when the drain potential VDS = −0.735 V was set. The time 

constant 0.15 s of OECT sensors were achieved. The device was tested with a 3T3 

fibroblast cell culture. The current response of OECT transistor was recorded for 

exchange of cultivation medium, adding trypsin and KCl solution to medium (Figure 

20B). The response of living cells can be observed on the channel of the OECT 

during electrical stimulation by gate voltage. The added solution of enzyme trypsin 
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cleaved the collagen of 3T3 fibroblasts and the attached cells were released from the 

OECT sensor to the cultivation medium. The added solution of KCl caused 

depolarisation of the cell membrane and the death of the cells. With the help of the 

printed OECT prototype, it was possible to measure these two procedures 

The biocompatibility of the OECT transistor prototype with a 3T3 fibroblast was 

demonstrated. The device showed high biocompatibility and a good response to the 

trypsin-mediated detachment of cells. This printed prototype OECT array is a good 

starting point for the efficient monitoring of cells in biological applications, such as 

a sensor of beating cardiomyocytes. 

The complete results were published in the journal Applied Sciences. The paper 

is enclosed in thesis. The overview and contribution of the author is also described. 

 

 Gold printed electrodes for OECT sensors of beating 

cardiomyocytes 

The goal of this study was to prepare optimised large-scale printed OECT sensors 

with high performance, stability and biocompatibility for sensing of beating 

cardiomyocytes. One of the ways for increasing the performance of OECT transistors 

rests in decreasing the serial resistance of the supply electrodes. Only a few low-

resistance inorganic materials for conductive electrodes are biocompatible. Among 

them, the gold electrode is very popular, but it has the drawback of predominant 

fabrication by the lithography process. Gold resin ink was used for the construction 

of high-resolution interdigital electrodes. A picture of the OECT sensors is shown in 

Figure 21. 

 

Figure 21 The picture of OECT sensor with printed gold electrodes. 
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The OECT transistors were measured in a phosphate buffer in the steady-state 

mode. The steady-state characteristics can be seen in Figure 22. 

 

Figure 22 A) Output characteristics and B) transconductance of the OECT sensor. 

 

Transconductance up to 7 mS was achieved. The maximum of transconductance is 

shifted almost to 0.8 volt for a higher Wd/L ratio. The data for the channel length, 

width, Wd/L ratio and measured transconductance is summarised in Table 5. 

 

Table 5 Summarised achieved transconductance of OECTs; W is channel width, 

L is channel length, d is PEDOT:PSS thickness, gm is transconductance. 

W (mm) L (µm) 
Wd/L 

(µm) 

Maximum of gm 

(mS) 

6 50 24.0 7 

4 80 10.0 6 

4 110 7.3 5 

4 140 5.7 4 

4 170 4.7 3.5 

 

The time constant of the prepared OECT sensors was also determined. The time 

constant determines the speed of the sensor response to the external signal. The 
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measured transient response of printed OECT transistors as voltage drops (peak to 

peak 20 mV) on the gate electrode is depicted in Figure 23. 

 

Figure 23 Transient characteristic of OECT transistors at VDS = 0.6 volts and different VGS 

with pulsing 20 mV peak to peak. 

 

As can be deduced from  Figure 23, the change of the time constant depends on 

the applied gate voltage, which is inconsistent to the theory of transient behaviour in 

the OECT depletion mode [14]. The transient characteristics for a wide range of VDS 

and VG voltages were measured and the transconductance and the frequency 

(inverted time constant) as a 3D plot was plotted in Figure 24. 
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Figure 24 A) Scan of the transconductance and B) frequency (inverted time constant, 1/e and 

1-1/e) for a set of voltages obtained from the transient characteristics. 

 

As can be seen from Figure 24A, the transconductance linearly increases with the 

applied voltages and the maximum of transconductance can be observed at VDS = -

0.8 volts and VGS = 0.8 volts. The maximum frequency (the lowest time constant) 

was measured at VGS = 0.6 volts and the decreasing frequency (increasing the time 

constant) above this voltage was observed. The time constant of the OECT sensor 

decreases at high gate voltages 0.9 volts (Figure 24B), yet it does not have big impact 

on measured transconductance. 

The biocompatibility test of printed OECT sensors was performed in cooperation 

with the Institute of Biophysics of the Czech Academy of Sciences. The 

cardiomyocytes were cultivated on printed OECTs and lived for two weeks. The 

cardiomyocytes syncitia can be seen in Figure 25, which lay on interdigital 

electrodes.  
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Figure 25 Image of cardiomyocytes syncytia lying on the printed interdigital electrodes of 

OECT sensor. 

 

Summary 

Gold printed electrodes were used to construct high-performance OECT devices. 

An OECT sensor with a channel length of up to 50 µm of printed interdigital 

electrodes, 7 mS of transconductance and a time constant down to 20 milliseconds 

was achieved. The OECT sensor prepared in this study should be sufficient for 

measurement of beating cardiomyocytes. The fabrication process is straightforward 

and compatible with the methodology for the preparation of sensitive organic 

semiconducting devices. It allows exceptional control over the transistor channel 

length, width and easy modification of the printed pattern. This novel approach is 

also suitable for large-scale, fast and easily prototyped devices, such as sensors, 

OFETs, OLEDs, organic solar cells and many other applications. 
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6  CONCLUSIONS 

This thesis was focused on the study of the novel organic semiconductors with 

respect to their possible applications in organic field-effect transistors (OFETs) and 

organic electrochemical transistors (OECTs). The main goal of this thesis was to 

elucidate the relationship between the chemical structure of organic semiconductors 

and their properties. The second aim of this thesis was to bring new knowledge which 

enable and enhance the utilization of novel organic semiconductors in bioelectronics 

applications. The main results of this thesis can be highlighted as follows: 

 

• The Probe station for electrical characterisation of OFETs and determination 

of charge carrier mobility of novel organic semiconducting materials was 

build-up. Several methods used for thin-film preparation and characterisation 

of OFETs were developed and optimised. 

 

• All novel studied materials showed hole transport. Higher hole mobility was 

observed for materials with a symmetric, planar and rigid molecular structure. 

 

• It was found that thin layers of N, N ethyladamantyl thiophene DPP derivative 

prepared by vacuum deposition show five orders of magnitude higher hole 

mobility than the spin-coated layer. For the first time electron mobility of 

thiophene DPP derivative was observed. 

 

• The biocompatibility of two reference small-molecular organic 

semiconductors TIPS-pentacene and DPP(TBFu)2, and two semiconducting 

polymers P3HT and PEDOT:PSS was characterised. Limited 

biocompatibility of reference organic semiconductors was observed. The 

possibility of enhancement of the biocompatibility of studied materials by 

collagen IV coatings was demonstrated. 
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• The six electroactive polymer inks based on PEDOT:PSS suitable for 

construction of OECT was characterized with respect to their electrical 

properties, stability and biocompatibility. PEDOT:PSS inks without additive 

do not provide sufficient conductivity and stability for use in bioelectrical 

applications. The best conductivity and stability of PEDOT:PSS films was 

achieved using a combination of thermal annealing followed by ethylene 

glycol treatment and subsequent thermal annealing. 

 

• The performance of prepared printed OECTs arrays were successfully proved 

by determination of response of living 3T3 fibroblasts. 

 

• OECT sensors with gold printed electrodes were constructed. A 

transconductance up to 7 mS and a time constant of 20 milliseconds were 

achieved, which is sufficient for the sensing of beating cardiomyocytes. The 

fabrication process is straightforward and compatible with the methods for 

the preparation of sensitive organic semiconducting devices. It allows to 

modify the transistor channel length, width and easy modification of the 

printed pattern. This approach is also suitable for preparation of large-scale, 

fast and easily prototyped devices, such as sensors, OFETs, OLEDs, OPVs 

and other applications. 
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