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ABSTRACT 

Organic electronic devices arise as a suitable solution for bioelectronics sensor development, 

due to the good biocompatibility of organic semiconductors. So-called biosensors can convert 

electrochemical processes into an electronic signal. A matrix of such biosensors can 

simultaneously scan a number of biological samples or tissues of the living systems. The active 

part of the device is an Organic Electrochemical Transistor (OECT). In this work, the theoretical 

background on such device and its characterization, application in cell-based biosensors, methods 

of fabrication together with the current state of the art in the field of organic electronics are 

discussed. 

The experimental part contains specific manufacturing procedures of OECT devices 

development employed. The main emphasis is given on the ability of produced devices to detect 

response and monitor the stimulation of electrogenic cells. To this end, microplate patterns with a 

multielectrode array of OECTs based on the semiconductive polymer PEDOT:PSS was developed 

and fabricated using conventional printing methods (inkjet printing and screen printing). Standard 

lithographic procedures were also employed. The latest devices with the highest achieved signal 

amplification of g = 2.5 mS and the time constant of t = 0.15 s were produced. These are 

comparable or even better than some state of the art fully lithographically prepared ones. 

 

ABSTRAKT 

Organické elektronické zariadenia sú vyvíjané ako vhodné riešenia senzorov pre 

bioelektroniku, a to najmä kvôli dobrej biokompatibilite organických polovodičov v nich 

použitých. Takzvané biosenzory dokážu premeniť elektrochemické procesy na elektronický signál. 

Matrica takýchto biosenzorov môže simultánne skenovať množstvo biologických vzoriek, 

alebo rôznych tkanív v živých systémoch. Aktívnou súčasťou zariadenia je organický 

elektrochemický tranzistor (OECT). V tejto práci je diskutovaný teoretický rámec fungovania 

takéhoto zariadenia, jeho elektrická charakterizácia, aplikácia v biosenzoroch na báze buniek, 

spôsoby výroby a aktuálnym stavom techniky v oblasti organickej elektroniky. 

Experimentálna časť obsahuje konkrétne výrobné postupy vývoja OECT zariadení, ktoré boli 

použité v našom laboratóriu. Hlavný dôraz sa kladie na schopnosť vyrobených zariadení detekovať 

reakciu a monitorovať stimuláciu elektrogenných buniek. Za týmto účelom boli vyvinuté matice 

mikroelektródových OECT zariadení založených na polovodivom polyméri PEDOT:PSS. Tieto 

boli vyrobené s využitím bežnými tlačiarenských techník (atramentová tlač a sieťotlač) spolu so 

štandardnými litografickými postupmi. Najnovšie nami vyvinuté zariadenia dosahujú najväčšieho 

zosílením signálu, g = 2,5 mS a časovú konštantu t = 0,15 s. Tieto zariadenia sú porovnateľné, 

často dokonca lepšie ako niektoré iné najmodernejšie a plne litograficky pripravené senzory. 
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AIM AND MOTIVATION 

The aim of this dissertation thesis is a comprehensive overview of organic electrochemical 

transistors and their use as a bioelectronic sensor. Human cell cultures provide a potentially 

powerful means for pharmacological and toxicological research. Electrogenic cell cultures are 

advantageously studied by the means of OECTs. They are promising transducers for bio-

interfacing. This is due to their biocompatibility, high transconductance, and the possibility of 

manufacturing in all manner of structures and designs. 

Most OECTs reported to date, however, are produced using lithographic techniques with the 

need for clean room facilities. These standard manufacturing processes are costly, lengthy and the 

production rate is rather slow. We aimed to alleviate the aforementioned production drawbacks by 

introducing standard printing techniques, such as inkjet printing and screen printing. Such an 

envisioned platform is produced cheaply and in large quantities, without the need for cleanroom 

facilities. It is accessible and easy to implement during routine cell culture measurements. 
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1  INTRODUCTION 

The field of organic electronics has grown significantly in the past twenty years. It has been so 

mainly because of the many desirable properties of organic semiconductors. Among the most 

notable are the low cost, ease of processing and their ability to be tuned through synthetic 

chemistry [1]. Organic electronics can link the fields of electronics and biology, as organics have 

the ability to conduct both electronic and ionic charges with significant mobility at room 

temperature. This important property is leveraged in a variety of devices that utilize mixed 

electronic/ionic conduction [2]. For example, the dimensional changes caused by ion injection can 

be used to build mechanical actuators, also known as artificial muscles. Ion redistribution within a 

layer conveys electronic charge injection from metal electrodes. This effect can be utilized to 

achieve efficient electroluminescence in light-emitting electrochemical cells [3]. In electrochromic 

displays, ions injected from an electrolyte change the colour of a polymer film [4]. Furthermore, 

ion diffusion across an interface is used to control the energetics of the heterojunction, thus 

forming diodes [5]. Mixed electronic/ionic conductivity is of particular importance for devices that 

interface electronics with biology, a subject that is currently attracting a great deal of attention [6]. 

The intention of organic bioelectronics is to address the current and future diagnostic and 

therapeutic needs of the biomedical community [7], [8]. These needs include for instance 

improving compatibility with the biological environment. Also important is the detection of low 

concentrations of biological analytes, and pathogens, as well as detection of low amplitude brain 

activity. Electrical methods for biological sensing are considered favourable, in particular, due to 

the fact that they are label-free. They also do not require expensive and time-consuming 

techniques which involve fluorophores or chromophores. 

Present diagnostic approaches using electrical sensors involve large-scale integrated systems, 

passive metal electrodes, and electrochemical biosensors. Operating principle of these systems is 

based on changes in the impedance, local potential or redox reactions. However, for 

electrochemical sensors, the biological signals are often difficult to record and demand further 

amplification to become detectable. That is why a push toward more active, sensitive, and 

biocompatible devices is necessary [9], [10]. 

As lab-on-chip arrays for biomedical applications become more and more sophisticated by 

increasing the number of fluidic, electronic, and mechanical components, space and design 

restrictions become more important [11]. Organic thin film transistors (OTFT) provide unique 

opportunities when integrated into these systems as transducers that can be easily patterned, 

individually functionalized, and directly interfaced with biomolecules and living cells. Organic 

electrochemical transistors (OECTs) as a subset of OTFT have distinguished themselves in recent 

years due to their simple fabrication and low voltage operation [12]. The ability to operate in 

aqueous environments and the integration with microfluidics make OECTs excellent candidates 

for a variety of applications, especially in the area of sensing and biosensing. 
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2  THEORETICAL PART 

The following chapters deal in detail with organic electrochemical transistors, its physics, 

circuit model and geometry. The role of PEDOT:PSS as the most commonly used material is 

discussed together with the current state of the art and potential use of OECTs in bioelectronics. 

 

2.1 ORGANIC ELECTROCHEMICAL TRANSISTORS 

White et al. firstly demonstrated OECTs, in which the conductivity of a polypyrrole film was 

modulated by the application of a gate voltage through an electrolyte [13]. Since the invention of 

OECTs as a variant of the OTFT, it became a promising device for biocompatible sensors in 

biology and medicine. The growing area of bioelectronics, which links the fields of electronics and 

biology, holds immense potential for the development of innovative biomedical devices for 

therapeutics and diagnostics. OECTs can be used as logic elements, as well as incorporated into 

microfluidics, or coupled to bilayer membranes with ion channels. They can also be used for 

sensing of water vapour, deoxyribonucleic acid, glucose and lots of other analytes. 

Biosensors arose as a promising solution for the investigation of processes in cells and tissue 

cultures in vitro as well as for diagnostic and therapy in vivo. OECTs are designed to convert the 

electrochemical processes at cell membranes to electronic signals. Application of organic 

electronics brings the new approach for sensing in biology and medicine. The central part of the 

device is a transistor, nowadays mostly based on PEDOT:PSS (poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate) conductive polymer. 

Electrochemical polymerization of conductive polymer PEDOT was firstly reported back in 

1992 by Heywang et al. [14]. The first PEDOT:PSS co-polymer was prepared by the potentiostatic 

electrochemical polymerization in 1995 by Yamato et al. [15]. PEDOT:PSS has outstanding 

biocompatibility and potentially high device amplification. Solid or gel electrolyte based devices 

have been prepared and show similar behaviour to solution based ones. 

 

Figure 1 The typical structure of an organic electrochemical transistor (OECT), showing the source (S), 

drain (D), electrolyte and gate (G) [17] 

 

The semiconducting PEDOT is p‑type doped (oxidized form), which leads to mobile holes that 

can jump from one chain to another, resulting in a hole current. These holes are compensated by 

sulfonate anions of PSS, which can be considered as ionized acceptors [16]. In the absence of a 

gate voltage, a hole current flows in the channel (that is, the ON state), this means that OECTs 

based on PEDOT:PSS operate in depletion mode. By applying a positive gate bias, cations from 
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the electrolyte are injected into the channel, and the anions are compensated. This is comparable to 

compensation doping and as a result, the number of holes in the channel decreases. The channel is 

de-doped as the holes that are extracted at the drain are not replenished at the source. This 

manifests as a drop in the drain current, and the device reaches the OFF state (Figure 2) [17]. 

The OECT crucial feature is that doping changes occur over the entire volume of the channel 

which is in contrast to the field-effect transistors (FETs) where de-doping changes occur only in 

the interfacial region. OECTs are efficient switches and powerful amplifiers due to the large 

modulations in the drain current, which can be achieved by applying low gate voltages [18], [19], 

[20]. The use of electrolytes results in the tremendous flexibility in device architecture and 

integration with a range of different substrates, utilizing a variety of form factors and a wide range 

of fabrication processes. The fundamental adjustability of organic molecules allows further 

optimization of ion and electron transport and simplifies bio-functionalization. Thanks to these 

characteristics, OECTs are investigated and tested in various applications, including neural 

interfaces [21], [22], chemical and biological sensors [23], [24], printed circuits [25], [26] and 

neuromorphic devices [27], [28]. 

 

Figure 2 Transfer curve showing the depletion-mode operation of an OECT with a conducting polymer 

channel [20] 

 

2.1.1 The device physics of OECTs 

OECTs transduce small voltage signals applied to the gate into large changes in the drain 

current. This transduction process is described by a transfer curve, which shows the dependence of 

the drain current on the gate voltage (Figure 3). The steeper the transfer curve, the more significant 

the change in drain current for a given gate voltage signal. 
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Figure 3 The depiction of the typical OECT transfer curve ID together with transconductance g [20] 

 

The effectiveness of transduction is determined by the first derivative of the transfer curve and 

is called transconductance: 

 

 𝑔 = ∂𝐼D 𝜕𝑉G⁄  (1) 

 

The most critical parameter for electrochemical transistors to consider and evaluate is 

transconductance. OECTs have very high transconductance values, on the order of millisiemens 

(mS) for micrometer-scale devices [18]. This is due to the volumetric nature of the response of 

these devices. The basic physical model of OECT operation was described by Bernards [17]. This 

model captures and describes both steady and transient state of the OECTs. It concludes that ions 

from the electrolyte enter the channel and change the electronic conductivity throughout its 

volume. The OECT can be divided into two circuits: electronic, which describes the flow of 

electronic charge in the source–channel–drain structure according to Ohms law. The second one: 

the ionic circuit, which describes the flow of ions in the gate–electrolyte–channel structure (Figure 

4). The electronic circuit can be understood as a resistor, in which electronic charge drifts under 

the influence of the local potential as in the case of MOSFETs (Metal Oxide Semiconductor Field 

Effect Transistors). The ionic circuit is made of a resistor in series with a capacitor. Resistive part 

explains the flow of the ions in the electrolyte, and the capacitive part describes the storage of ions 

in the channel. Using this model, we assume that ions which are injected into the channel do not 

transfer charge through the OECT film. Hence this model describes utterly capacitive behaviour. 

Ions electrostatically compensate the opposite charges presented in the conductive channel 

replacing holes localized on the PEDOT backbone. 

We assume that no electrochemical reaction takes place between the electrolyte and the 

channel. At the steady state, the capacitor is charged, and the gate current approaches zero due to 

the lack of holes as the charge carriers. Bernard’s model gives us a good fit for the output 

characteristics of OECTs and allows quantitative predictions of the transconductance g At 

saturation and for depletion-mode devices, it gives [17]: 

 

 𝑔 = (𝑊 𝐿⁄ ) ∙ 𝑑 ∙ 𝜇 ∙ 𝐶∗ ∙ (𝑉Th − 𝑉G) (2) 
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Where W, L, and d is the channel width, length, and thickness, respectively; μ is the charge-

carrier mobility; C
*
 is the capacitance per unit volume of the channel, and VTh is the threshold 

voltage. The voltage terms are inverted in the case of accumulation-mode OECTs. This equation is 

comparable with the one for FETs, the difference here is that the product d·C
*
 substitutes the 

capacitance per unit area of the MOS (Metal Oxide Semiconductor) capacitor, C’. This 

modification characterizes the difference between these two architectures. The physical thickness 

of the channel does not affect the conductivity of the FET devices. 

On the other hand in an OECT, the channel thickness is a parameter that can modify their 

output. Volumetric gating makes OECTs to perform better regarding amplification in comparison 

with other transistor types and architectures [18]. The high transconductance of OECTs is 

unfortunately compensated by their rather large time constants. 

From Bernard’s model, we can anticipate that the response time will be limited by either the 

ionic or the electronic circuit. In most cases, the ionic circuit controls the response time, which is 

determined by the product of the resistance of the electrolyte and the capacitance of the channel. 

The capacitance of the channel is proportionate to the thickness of the channel. This results in the 

slower OECT operation as the thickness d of the channel is getting bigger [17]. Therefore the 

thickness of the channel can be used as a variable when deciding between gain and bandwidth 

[22]. Typical response times of micro-fabricated OECTs with liquid electrolytes are in the range of 

milliseconds. The application possibilities of OECTs are therefore limited, especially concerning 

the frequency range with the maximum of tens of kilohertz (kHz). This is sufficient for most 

biosensor applications, which is quasi-static, and for recording electrophysiological signals [17]. In 

case of solid or gel electrolytes, the response time is even larger, but many applications, 

particularly in the field of printed electronics, do not require fast response times [29]. 

Bernard’s model can be improved by taking into consideration, for example, variable 

conductivity along the OECT channel, which is nonlinearly dependent on the charge density. This 

was observed using spatially resolved voltage measurements along the OECT channel [12]. Non-

ideal contacts in OECTs introduce additional complications [30]. A more precise characterization 

of the transfer curve can be done by considering the influence of disorder on hole transport in the 

channel [31]. Another consideration is that OECTs accounts for the limit at which ions freely enter 

the volume of the channel. This has been demonstrated in various materials, in which capacitance 

is proportional to the film thickness [19], [32]. 

On the other hand, electrolyte-gated FETs account for the other extreme in which ions 

accumulate at the surface of the channel. Several materials exhibit a response between the two 

extremes [33]. This suggests the presence of a barrier for ion injection. The physics of electron and 

hole injection and transport in organic semiconductors has been widely studied in previous 

decades. Nevertheless, not that much is known about the processes of ion injection and transport in 

organic semiconductors. 

As a result of the electrolyte gating in the OECTs, the fraction of the applied gate voltage that 

drops across the channel is controlled by the nature and geometry of the gate electrode [34]. Two 

capacitors are formed in the ionic circuit if a polarizable electrode is used as the gate (Pt or Au). 

One capacitor represents the electrical double layer formed at the gate–electrolyte interface, and 

the other capacitor corresponds to the volumetric capacitance of the channel. 

The capacitors are connected in series. Therefore the applied gate voltage drops across the 

smaller one of these two (Figure 4). The capacitance of the gate electrode must be more than ten 

times larger than the capacitance of the channel to achieve efficient gating. If it is not the case, 

then a significant fraction of the applied gate voltage will drop at the gate–electrolyte interface. 
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Large gate capacitance can be achieved for example by using thick PEDOT:PSS electrode as the 

gate electrode. 

Another approach is to use a non-polarizable gate electrode (Ag/AgCl). In this case, the voltage 

drop at the gate–electrolyte interface is insignificant [35]. The type of the electrolyte: liquid, gel or 

solid and the ion concentration have an impact on the response time of the transistor as well. This 

is because the electrolyte conductivity determines the resistance of the ionic circuit [36]. 

 

Figure 4 Ionic and electronic circuits used to model OECTs [20] 

 

The electronic circuit, shown below the device design on the left, is modeled as a resistor with a 

resistance dependent on the applied voltage at the gate electrode. The ionic circuit, depicted in the 

middle, is composed of the capacitors corresponding to the channel (denoted CCH) and gate 

(denoted CG) and a resistor corresponding to the electrolyte (denoted RE), respectively. The 

distribution of potential in the ionic circuit is illustrated on the right. The solid line represents the 

case of effective gating. At this point, ions are driven inside of the channel because most of the 

applied gate voltage drops at the boundary between the electrolyte and the channel. The dashed 

lines, on the other hand, represent the case of ineffective gating, where most of the applied gate 

voltage drops at the gate–electrolyte interface. 

 

2.2 OECT GEOMETRY  

The volumetric character of the capacitance of the OECTs has a particular effect on a 

relationship between the transconductance and the device geometry (Figure 5). This is well 

illustrated by equation (2). From the previous research done by Rivnay et al. it can be deduced that 

the transconductance at saturation is proportional to the term Wd/L [22][22]. The response time  

is also given by the volumetric response of capacitance and therefore by the device geometry. 
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Figure 5 Dependence of the OECT transconductance on the device geometry. Open symbols correspond to 

peak transconductance, and solid symbols are the transconductance at saturation equation (2) [22] 

 

The most prominent feature of OECTs which distinguishes them from classical FETs is the 

increase/decrease of transconductance with a higher/lower thickness of the channel respectively. 

This relationship was proven in devices with layer thickness up to 1 mm. Deviations from this 

relationship may be assumed for layers with a greater thickness with respect to second order 

effects (for example, incomplete film hydration). 

This makes OECTs excellent candidates for applications in which channel area is fixed by 

geometrical constraints, such as recording arrays, where devices must be tightly packed, and lab-

on-a-chip systems, where space is very tight [22]. 
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3  STATE OF THE ART 

Conventional and also unconventional methods and approaches in the field of printed 

electronics have been explored to manufacture OECT devices and circuits on various substrates, 

most notably plastic foils, and paper. These techniques include screen printing [40] and inkjet 

printing [41]. 

All screen printed OECT logic circuits, and shift registers have been manufactured on flexible 

substrate poly(ethylene terephthalate) (PET) [26]. An OECT device prepared on an ultrathin 

parylene substrate has been published and intended as a sensor in bioelectronics [21]. OECTs 

prepared on textiles also have their potential, primarily as an application in the field of wearable 

electronics. PEDOT based OECT was utilized in the preparation of gas sensors on Gore-Tex 

which served as a “breathable” substrate [42]. Other common types of fabrics, such as woven 

cotton and Lycra have been used as substrates for screen printed wearable sensors for sensing of 

the external biological fluid (sweat, saliva, urine) [43]. 

 

3.1 OECT APPLICATIONS IN BIOELECTRONICS 

OECTs represent an essential part of research in the field of bioelectronics, healthcare, and 

biomedicine [10], [20]. OECTs can be interfaced with various cells, tissues and living organs in 

the study of their electrical properties (electrophysiology) to measure cell activity. Due to the local 

signal amplification, the activities of deep brain tissue or epileptic seizures can be observed using 

microfabricated OECTs, which can be placed directly on the brain of a living rat. In other 

published works, OECTs have been demonstrated in mediating the contact between the conducting 

channel and cerebrospinal fluid. This allows using OECTs to inject current and stimulate neurons 

locally [44]. Another example are OECTs coupled with OFETs which can record myograms with 

high temporal resolution in rats [45]. Epidermally applied OECTs can for instance record an 

electrocardiogram when placed on the human skin [46]. 

An integral part of these measurements is the cultivation of the cell monolayer which covers the 

channel. This, in turn, results in the formation of a barrier for ion motion and insertion into the 

channel altering the characteristics of the OECTs [50]. A similar basis can be employed to 

evaluate ion channels in lipid bilayers assembled on PEDOT:PSS channels [51]. Another 

advantage of PEDOT:PSS based OECTs is the possibility of simultaneous analysis of optical and 

electronic signals, due to the fact that PEDO:PSS is optically transparent in the visible part of the 

electromagnetic spectra [52]. Worth mentioning is also the fact that OECT can operate in various 

intricate environments, for example, milk where they can detect the pathogens by measuring 

transepithelial ion flow [53]. OECTs can be coupled with 3D cell cultures to monitor their 

integrity and the effect of several toxic compounds on the cell structure. It is also possible to 

control the location of epithelial cells attachment on the channel by the variation in an applied 

drain and gate voltage [54]. This offers the opportunity not only to monitor but also control cell 

behaviour as was shown using porous sponge-like PEDOT:PSS scaffold able to sustain and 

control cell culture attachment [55]. 

 

3.2 OECT IN CELL SENSING APPLICATIONS 

The integration of OECTs with living cells has concentrated on the sensitivity to the changes in 

biological ion flux. This indicator is used for monitoring the integrity of mammalian cells. The 

flow of ions is regulated in tissues and dysregulation is often a sign of disease or dysfunction. 

OECTs have been used for sensing barrier tissue integrity and changes in paracellular ion flux. 
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Another way to measure the integrity of cells is to seed the cells directly on a device. This can 

be done using a top-gate device structure, or side-gate structure. The top-gate structure was used 

by Lin et al. [56], and the device was able to detect cell attachment and detachment by shifting the 

Vg values. The constant operation of the OECT in cell culture together with the ability to facilitate 

cell growth was validated by Yao et al. [48]. 

 

Figure 6 Schematic of the device which consists of a PEDOT:PSS channel and gate patterned onto a glass 

slide. Cells and media are contained inside a 3D-printed PDMS (polydimethylsiloxane) well [48] 

 

Electrical stimulation and recording of neural activity and nerve tissue have provided invaluable 

information, mainly in the area of pathological and physiological functions of the body and brain. 

The primary technique to record cardiac activity, electrocardiography (ECG), uses electrodes in 

contact with the skin which provides information about the normal function or abnormalities of the 

heart. Campana [46] fabricated OECTs on flexible, resorbable PLGA poly(lactic-co-glycolic) acid 

substrates for ECG recordings. 

For the brain, there are three principal electrophysiology recording methods, 

electroencephalography (EEG), electrocorticography (ECoG), and stereoelectroencephalography 

(SEEG). 

Khodagholy et al. [21] demonstrated and published OECTs for ECoG recordings that can be 

directly implanted. A conformal device, consisting of integrated electrodes and OECTs array, was 

placed on the surface of the brain of an epileptic rat. This demonstrated that OECTs could detect 

low-level activity that was poorly detectable with surface electrodes. This type of devices can be 

potentially implemented in curing epilepsy, where the identification of zones generating high-

frequency oscillations or micro-seizures is critical for diagnosis. In a recent publication the use of 

an OECT to monitor cardiac rhythm, eye movement, and brain activity in a human volunteer have 

also been accomplished [47]. 
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Figure 7 Optical micrograph of an array carrying OECTs and electrodes, placed over the somatosensory 

cortex (a) and detail of the transistor and electrode structures (b). Recordings from an OECT (top) and an 

electrode (bottom) show the superior recording ability of the former (c) [10] 

 

Another example is the use of a 16-channel OECT array to map the field potential conduction 

of a primary rat cardiomyocyte monolayer [49]. Acquisition of the essential parameters in studying 

cardiac electrophysiology such as the heartbeat frequency, direction, and velocity of the 

propagation of FPs, the FP duration, and FP rise time has been recorded. These parameters are 

crucial to quantitatively describe the FP characteristics as was discussed previously. 

 

Figure 8(Left) lithographically fabricated multi-OECT device. (Right) The profile of a single field potential 

of measured cardiomyocytes [49] 

100 μm 
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4  METHODS 

In this chapter, a brief description of the manufacturing methods used in this thesis to produce 

OECT devices is presented. Specifically described herein are photolithography techniques used to 

prepare the negative photoresist layer SU-8 and the two printing methods (inkjet printing and 

screen printing) used to produce conductive, semiconducting and insulating layers. 

 

4.1 INKJET PRINTING OF ORGANIC ELECTRONIC 

The basic idea of inkjet printing is to print graphical images by firing tiny droplets of ink onto a 

substrate. Inkjet printing can be used as a combined deposition and patterning technique in the area 

of organic electronics. It is a noncontact, maskless, relatively fast and cheap technique. Inkjet 

printing has found its best uses in combination with other patterning techniques. 

Applications of the inkjet technique include studies focused on the printing of hole 

interconnections in polymer thin film transistor circuits [58], the modification of the sheet 

resistivity of PEDOT:PSS electrodes [59], the printing of polymer field effect transistors [60], the 

printing of capacitors and the printing of the pixels in polymer displays. Inkjet printing of 

conjugated polymers has been done primarily by using advanced inkjet printing devices. On the 

other hand, several research groups are using simple desktop printers for device fabrication as 

well. 

 

4.2 SCREEN PRINTING OF ORGANIC ELECTRONICS 

The first developments of screen printing date back to the beginning of the 20
th

 century. It is a 

versatile printing technique that allows for full 2-dimensional patterning of the printed layer. 

Screen printing is used to manufacture several types of large graphics, posters and also writing on 

a printed circuit board. It is a simple technique compatible with various materials and surfaces of 

substrates. 

The screen printing device is shown in (Figure 9), and it involves a screen of woven material 

(synthetic fiber, steel mesh) glued to a frame. The printing pattern is realized by filling the screen 

printing mesh with a coating emulsion. The area of the printed pattern is kept open, without the 

emulsion. A squeegee is used to force printing paste through the screen and thus to reproduce the 

printing pattern onto the substrate. 

 

Figure 9 Scheme of the screen printing principle and the equipment involved 

 

Applications of the screen printing in organic electronics include studies done by Bao et al. 

[61], who have manufactured the first full screen printed organic field-effect transistor. They have 

found an appropriate organic semiconductor for solution processing, poly-(3-hexylthiophene) 

(P3HT), and have built on the work of Garnier et al. [62]. The results showed that the 
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characteristics of the films involved were the same as those of spin-coated or cast films. The hole-

transfer layer in OLEDs (organic light emitting diodes) has also been fabricated using screen 

printing technique by Jabbour et al. [63]. Screen printing of highly conductive PEDOT:PSS as an 

active layer or as conductive electrodes was done by several authors. They all proved that screen 

printing might be a suitable patterning method for PEDOT:PSS. 

 

4.3 PHOTOLITHOGRAPHY 

Photolithography (optical lithography or UV lithography) is a method used in microfabrication 

to pattern sections of a substrate. The fundamental concept behind photolithography is the 

selective exposure of a photosensitive polymer (photoresist), to ultraviolet light. Illumination of 

the photoresist through a mask leads to its selective exposure. The mask is usually made from 

opaque chrome feature on transparent quartz glass, or it can be a foil with precisely printed black 

patter for less demanding applications. 

The exposed parts of the photoresist to the UV light results in the localized chemical reactions 

which take place within the photoresist and changes its solubility and creates distinct photoresist 

features. Photoresists are classified as either negative or positive, which depends on their solubility 

being either increased or decreased by optical exposure, respectively. Photoresists are usually 

processed in a liquid form, which is accomplished by the addition of solvents, and are coated as 

thin films onto suitable substrates by means of spin coating. During spin coating, the centrifugal 

forces exerted by a spinning substrate reduce its thickness to a proportional amount of spin speed 

and viscosity. Thicknesses ranging from tens of nanometers to hundreds of microns are routinely 

obtainable [57]. 
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5  RESULTS AND DISCUSION 

In this section, all the inkjet printing, screen printing and lithographic processes that were 

developed in our lab are listed together with detailed preparation procedures and measured results. 

 

5.1 INKJET PRITENTED 24-WELL MICROPLATE 

SensoPlate
™

 is a sterile microplate without bottom containing 24 wells with a flattened, raised 

ring to reduce cross-contamination, chimney well with alphanumeric coding made out of 

polystyrene. These platforms were used as templates for the development of OECT sensors. 

Microplates are routinely used for single molecule detection, fluorescence correlation 

spectroscopy, and confocal microscopy. SensoPlate
™

 has high optical clarity, low auto-

fluorescence, and standard plate geometry – ANSI/SBS Standards (127.76 x 85.48 mm) with 

working volume per well of 0.5 to 1.5 ml (Figure 10). Micropaltes were purchased from Greiner 

Bio-One
®
 (Greiner Bio-One North America Inc., Monroe, North Carolina, USA). Our goal was to 

print one OECT sensor into each well. Our prototypes made using inkjet printing and screen 

printing were developed to mount into these microplates and are described in the following 

chapters. 

 

Figure 10 SensorPlate
™

 microplate with 24 wells, all dimensions are in mm 

 

5.1.1 Fabrication 

Inkjet printing of conductive and semiconductive layers was the necessary task to perform in 

order to manufacture the first prototypes of OECTs. Firstly, several versions of all planar OECT 

motives were designed. Then a matrix of 24 devices was put together to fit into the SensoPlate
™

 

(Figure 11). First prototypes employed simple electrode system printed using silver ink and a 

semiconductive part printed with PEDOT:PSS. 

In this section, for each ink, the general manufacturing process and a description of the printing is 

described. The optimization processes needed to produce functional devices have been presented 

in this chapter too. 

The first OECT prototypes were designed to have channel dimensions of 1 cm x 500 μm. The 

gate electrode with dimensions of 1 cm x 2 mm was set 500 μm apart from the channel (Figure 

11 Left). Patterns were designed with AutoCAD and subsequently converted to bitmaps with the 
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required resolution. Both the channel and gate electrode were inkjet-printed with PEDOT:PSS. 

Circuits printed out of the silver ink were placed outside of the cell cultivation area sealed by the 

silicone elastomer to avoid contact with the PBS and cells. The circuitry was terminated with five 

contacts compatible with standard connectors (Figure 11 Right). Transparent and flexible 150 μm 

thick PET foil was used as a substrate. Prior to the usage of the substrate, the cleaning by the two 

consecutive ultrasonic bath treatments (15 min each) first in Neodisher
®
 LM3 surfactant 

(Chemische Fabrik Dr. Weigert GmbH & Co., Muhlenhagen, Germany), and then in deionized 

water was performed. 

 

Figure 11 Designed patterns used to print 24 OECT arrays. Left: Close up of printing design of individual 

OECT sensors. Right: Envisioned 24 array layouts 

 

5.1.2 Results and drawbacks 

Resulting platform as shown in (Figure 12) consisted of 24 sensors that were mounted on 

SensoPlate
™

 and connected in sets of two to the measurement equipment. Each well was sealed 

from the top using rubber plugs in order to prevent drying of the electrolyte (PBS) from sensors 

during prolonged measurements. 

 

Figure 12 Left) Entirely inkjet printed matrix of 24 OECT sensors on transparent and flexible substrate. 

Right) Assembled SensoPlate
™

 with a rubber plug to minimize electrolyte evaporation 
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During the production of a fully inkjet-printed matrix of 24 sensors, we found few 

shortcomings in our design. Firstly, the PET substrates had insufficient thermal stability and 

during necessary thermal annealing at 150 °C (silver ink annealing) and even at 125 °C 

(PEDOT:PSS annealing) softened, waved and changed dimensions slightly. 

The silver ink had to be printed on a surfactant treated substrate to achieve a good printing 

resolution, prevent unwanted ink spreading and pattern joining. Moreover, the silver layer had 

poor adhesion to the surface and had a tendency to swell and peel off after soaking in water or 

electrolyte. Furthermore, to print the compact active layer of PEDOT:PSS the substrate with 

printed silver ink circuits had to be plasma treated to modify surface energy. The process of the 

fully inkjet-printed matrix of 24 sensors was technologically demanding and lengthy, mainly due 

to the fact that the reliability of the print was poor. This was caused by the clogging of the nozzles 

during PEDOT:PSS printing. Moreover, a large number of misprinted samples due to the poor 

alignment of a substrate in the multi-layer device were caused by substrates dimensional changes. 

 

5.2 SCREEN PRINTED 24-WELL MICROPLATE 

In order to overcome the previously mentioned shortcomings, we used different printing 

technology, namely screen printing. Printing of the whole 24-well OECT matrix had proved to be 

a much faster and more reliable using screen printing method in comparison to inkjet printing. All 

screen printed layers had better adhesion to substrates and better reproducibility than inkjet-printed 

ones. Screen printing meshes with our own design were custom made (SERVIS CENTRUM a.s., 

Brno, Czech Republic). Layers of specific materials (screen printing pastes) were designed in three 

different iterations. First two designs (Figure 13) were very similar to previously used inkjet 

printing design and only differed in the PEDOT:PSS channel dimensions. 

 

Figure 13 Left) Screen printed design with longer PEDOT:PSS channel (1 cm). Right) Screen printed 

design with shorter PEDOT:PSS channel (1 mm) 

 

As a next step, we designed and manufactured a circular pattern with a better than before Wd/L 

ratio. In this case, we had to print one additional layer of silicone elastomer Sylgard
®
 184 to cover 

all silver/carbon circuitry (Figure 14 Right). 
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Figure 14 The screen printing pattern of silver circuit layer. Middle) The screen printing pattern of 

PEDOT:PSS gate and channel. Right) The screen printing pattern of covering layer of silicone elastomer 

Sylgard
®
 184 

5.2.1 Fabrication 

At first, it was necessary to prepare a substrate of the correct shape and to modify its surface 

properties. Polyethylene naphthalate (PEN) of 30 cm width and thickness of 250 μm (Goodfellow 

Cambridge Ltd., Huntingdon, UK) was used as a substrate. This was subsequently cut into the 

final shape compatible with the other parts of the sensor. The cut substrate was cleaned with a 

series of three ultrasonic baths, each of them lasting for 15 min. The first bath contained distilled 

water with a Neodisher
®
 LM3 surfactant (Chemische Fabrik Dr. Weigert GmbH & Co., 

Muhlenhagen, Germany), the second bath contained distilled water and the last bath isopropyl 

alcohol. 

 

5.2.2 Conductive pathways 

The layer of silver conductive paste CB115v2 (DuPont Photopolymer and Electronic Materials, 

Wilmington, DE, USA) was printed onto a precisely positioned substrate (screen mesh count 

77 threads/cm). It created the conductive contact with the paths that were 500 μm in width. The 

substrate with printed silver circuits was set to sinter at 120 °C on a heated pad for approximately 

30 min. After curing the silver lines, the substrate was again aligned to print pattern of the 

semiconducting material. Other two conductive pastes: Flexible Silver Paste C2131014D3 and 

Heat Curable Carbon Paste C2050503P1 (Gwent Electronic Materials Ltd, Pontypool, UK) were 

used following the exact procedure as the CB115v2 paste. 

 

5.2.3 Clevios™ S V3 

The PEDOT:PSS layer was printed from commercially available Clevios™ S V3 screen printing 

pastes (Heraeus GmbH & Co. KG, Hanau, Germany). This paste performed the best from above-

mentioned variants in terms of the quality of the print, although it had slightly worse conductivity 

in comparison to Clevios™ S V4. A detailed study of the influence of the printing parameters on 

the resulting sheet resistance and the homogeneity of the layers has been given in our previous 

work [64]. 

The PEDOT:PSS pattern was printed using a screen mesh count of 140 threads/cm and created 

a functional OECT gate and channel. The channel dimensions were 5 x 5 mm and the gate 
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electrode was produced by printing a semi-circle that opens on the one side for source and drain 

contacts. 

 

5.2.4 Sylgard 184
®
 

The device was masked and sealed by the third pattern of the silicone elastomer insulation 

layer, Sylgard
®
 184. The silicone elastomer was printed using screens with a mesh count of 

120 threads/cm) and insulates the silver conducting paths from the electrolyte environment. It also 

prevents the tested biomaterial from coming into contact with the non-biocompatible parts and 

layers of the device. The silicone elastomer was mixed with the initiating agent at a ratio of 10:1 

prior to printing. After that, it was printed on the re-aligned substrate and left to polymerize at 

room temperature for at least 24 h. 

 

5.2.5 Characteristics of 24-well microplate 

Screen print of both the organic semiconductor PEDOT:PSS ink as well as silver conducting 

paste resulted in reliable operating procedure and final function devices. The main characteristics 

of OECTs, the transconductance g = 100 µS and the time constant τ = 0.07 s at zero gate bias 

VG = 0 V and 50 mV input gate signal were achieved. 

 

5.3 SCREEN PRINTED 96 WELL MICROPLATE 

SensoPlate
™

 with 96 wells was used as a template for the development of miniaturized OECT 

sensors. These microplates had standard plate geometry – ANSI/SBS Standards 

(127.76 x 85.48 mm) with working volume per well of 25 to 340 μl (Figure 15). It was purchased 

from Greiner Bio-One
®
 (Greiner Bio-One North America Inc., Monroe, North Carolina, USA). 

Our goal was again to print one OECT sensor into each well. Prototypes were all made using 

screen printing and also photolithographic methods were developed, and are described in the 

following chapters. Reliability of devices was dependent on how well the individual layers adhere 

to the substrate and how they are able to resist in the long term. The reproducibility of the 

electrical properties of the individual sensors depends on the quality of printing and the ability to 

print all layers with the highest resolution possible. This is especially true in case of 

semiconductive material, which has to be as homogenously thick/thin as possible. 

The aim of our research at this point was to prepare sensors that are functional, reliable, and 

have all more or less the same electrical properties. Previous experience with inkjet printing and 

screen printing of a 24-well microplate has shown that the functionality of sensors is primarily 

dependent on the continuity of all printed parts and proper multi-layer alignment. The significance 

of the thickness homogeneity of the PEDOT: PSS layer results from the OECT function. Since the 

OECT function is influenced by the injection of cations into the polymer layer and subsequent 

diffusion from the layer, it is important for the layer to have a uniform thickness. The thin parts of 

the layer would result in faster de-doping, while the thicker parts would still have highly 

conductive areas in the vicinity of the substrate. 
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Figure 15 SensorPlate
™

 microplate with 96-wells, all dimensions are in mm 

 

5.3.1 Fabrication 

The fabrication of screen printed devices consisted of a series of processes adjusting the 

physical and chemical properties of both the surface of the substrate and also the printing pastes. 

The overall process was divided into several sub-steps, the order of which was experimentally 

determined and fixed. Replacing the order of these steps, or omitting one or more of them, would 

result in a faulty sensor. In this chapter, an extended summary of the fabrication process is given. 

The detailed fabrication steps and necessary printing adjustment are summed up in previous work 

[65]. 

At first, it was necessary to prepare a substrate of the correct shape and to modify its surface 

properties. Polyethylene naphthalate (PEN) of 30 cm width and thickness of 250 μm (Goodfellow 

Cambridge Ltd., Huntingdon, UK) was used as a substrate. This was subsequently cut into the 

final shape compatible with the other parts of the sensor. The cut substrate was cleaned with a 

series of three ultrasonic baths as detailed previously in the  

24-well microplate section. All screen printing meshes with our own design were again custom 

made (SERVIS CENTRUM a.s., Brno, Czech Republic). Layers of specific materials (screen 

printing pastes) were printed on the cleaned substrate using designed patterns adjusted for a 96-

well platform (Figure 16). 
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Figure 16 Detail of the printing patterns of 96-well platform 

 

5.3.2 Silver conductive paste CB115v2 

Firstly, the layer of silver conductive paste CB115v2 (DuPont Photopolymer and Electronic 

Materials, Wilmington, DE, USA) was printed onto a precisely positioned substrate (screen mesh 

count 77 threads/cm). That created a conductive field and the paths with a width of 180 μm. The 

substrate with printed silver circuits was set to sinter at 120 °C on a heated pad for approximately 

30 min. After curing the silver lines, the substrate was again aligned to print pattern of the 

semiconducting material. 

 

5.3.3 Clevios™ S V3 

The PEDOT: PSS layer was printed from commercially available Clevios™ S V3 screen 

printing pastes (Heraeus GmbH & Co. KG, Hanau, Germany). The PEDOT:PSS pattern was 

printed using a screen mesh count of 140 threads/cm and created a functional OECT gate and 

channel. The channel dimensions were 1.5 x 1.5 mm, and the gate electrode was created by 

printing a semi-circle opened on the one side for source and drain contacts. The substrate with the 

printed layer was then placed on a heated pad at 120 °C for approximately 30 min until the layer 

had dried. 

The paste was first stirred intensively before printing in order to obtain a lower viscosity and 

better homogeneity of the resulting film. AN ARG2 rheometer (TA Instruments, New Castle, DE, 

USA) was used for viscosity measurement at various shear rates at the fixed temperature of 25 °C. 

The PEDOT:PSS paste of gel consistency exhibited thixotropic behaviour. The static viscosity (at 

shear rates of 0.1/s) fell from the initial value above 1000 Pa·s down to as low as 15 Pa·s. This was 

achieved after several days of intensive stirring in a magnetic stirrer at laboratory temperature. 

Additionally the stirring of the PEDOT:PSS Clevios
™

 S V3 was done in magnetic stirrer in a 

vial at 1000 rpm at elevated temperature of 90 °C. Typical curve depicted in (Figure 17) was 

obtained for given times of stirring. The stirring at ambient temperature resulted in the rapid 

change in viscosity that occurred after about 100 h of prior stirring. 
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Figure 17 Effect of stirring at an ambient and elevated temperature on viscosity of PEDOT:PSS paste 

 

The stirring at elevated temperature 90 °C shortened the time needed for this change to occur to 24 

hours. The viscosity did not decrease further by additional stirring. The viscosity of the paste 

returned to the initial value in a matter of several hours after the stirring was stopped. Therefore, 

the printing had to be performed within a few minutes after stirring. Otherwise, the consistency of 

the paste returned to its initial gel state. 

The stirring slightly decreased the resulting thickness of the layer by an average of 20 %, from 

250 nm to 200 nm. It also improved the thickness homogeneity and roughness from 25 nm to 

18 nm and waviness from 25 nm to 10 nm. These parameters were measured by a DektakXT 

Stylus Profiler (Bruker, Billerica, MA, USA). 

Additionally, the sheet resistance decreased significantly from around 1 kΩ/square 

to 400 Ω/square. It is considered that intensive stirring acts similarly to alcohol treatment. 

Furthermore, the core-shell molecular structure changes in a linear fashion as was already 

reported, and the process is reversible [66]. This can also explain the resistance, roughness, and 

waviness reduction. 

 

5.3.4 Sylgard 184 

The system was masked and sealed by the third pattern of the silicone elastomer insulation 

layer, Sylgard
®
 184. The silicone elastomer was printed using screens with a mesh count of 

120 threads/cm. This insulates the silver conducting paths from the electrolyte environment and 

also prevents the tested biomaterial from coming into contact with the non-biocompatible parts of 

the device. Sylgard 
®
 184 and every other component and material were tested for biocompatibility 

by the Institute of the Biophysics of the Czech Academy of Sciences [67]. 

The silicone elastomer was allowed to react at room temperature for 1 h after being thoroughly 

mixed with the initiating agent at a ratio of 10:1 prior to printing. After that, the silicone elastomer 

was printed on the re-aligned substrate. The silicone elastomer pattern was left to polymerize at 

60 °C for at least 8 hours before further manipulation. The following screen print has provided a 

layer of the thickness of 12 µm. A coating to increase biocompatibility was done with Mouse 

Collagen, Type IV (BD Biosciences, cat. No. 354233), at 10 µg·cm
−2

 [68]. 
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The detail of the sensor with labels S and D indicating the source and drain electrode, and the 

circular gate electrode G, all made out of PEDOT:PSS is depicted in (Figure 18). The OECT 

channel visible in (Figure 18), created by a screen-printed rectangular PEDOT:PSS layer on PEN 

foil, was surrounded by planar circular gate electrode 6 mm in outer diameter. The rotary 

symmetry should improve the electric field distribution. The electrodes were joined by printed 

silver conductors 0.2 mm wide. The printed transparent silicone layer covered the surface of the 

sensing array except for functional PEDOT:PSS interface with the biomaterial and physiological 

solution. The exposed channel area had length of L = 1 mm and width of W = 1.5 mm, the 

thickness of the PEDOT:PSS layer was 250 nm on average, and the typical electrical resistance of 

the channel was 500–700 Ω [65]. 

 

 

Figure 18 A detailed picture of one screen printed sensor. (S) Source electrode, (D) Drain electrode, (G) 

Gate electrode 

 

5.3.5 Amplifier and measurement setup 

The connect array of the microplate foil was connected by 18-pin Molex connectors and 18-

wire ribbon conductors. Eight OECTs were connected by a single connector and each individual 

OECT could be selected from the array by a proper couple of micro-switches as shown in (Figure 

19). Contrary to the majority of researchers, we used the planar arrangement of the electrodes for 

an easy optical and camera investigation [68]. 

The gate potential VG was set from the external source in a range from −0.8 V to 0.8 V to 

prevent redox reactions at electrodes. Source and drain voltage VD could be set down to −0.725 V. 

The source current IS was converted to voltage in an I/V converter and recorded by an oscilloscope 

after further amplification. The offset IS at a stable working point was compensated by setting the 

corresponding opposite current at the input of the operating amplifier. The zero Analog OUT 

voltage was set as an input voltage of VG = 0 V via Roffset resistor/potentiometer. The feedback 

resistor Rsense = 1 kΩ gives a conversion of 1 mA/1 V. Further amplification was enabled by 

switching the output jumper [68]. 

The electric field strength at the channel vicinity determined the effective ion drift through the 

channel and consequently the channel conductance. The small channel area at the interface with 

the electrolyte compared with the large gate electrode area enhanced the electric field. Together 

with the volumetric capacitance of OECT, it was responsible for the device amplification and 

speed. The capacitance of the electrode in a physiological solution of phosphate-buffered saline 

(PBS) based on a 0.15 M solution of NaCl was estimated at C = 0.2 F·mm
−2

. 

Together with the electrolyte conductance of g = 1 μS, the time constant t = 0.2 s was 

anticipated. The capacitance of the much larger gate electrode could be neglected due to its serial 

combination with the channel capacitance. The speed of the OECT device was limited by the 
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capacitance of the gate circuit. It was controlled by the effective capacitance of the channel. The 

label ‘effective’ here takes into account that the potential at the channel is not uniform but 

distributed nonlinearly along its length from the source to the drain electrode (from 0 to −0.725 V 

in our case). It was, to some degree, considered a consequence of the channel aspectratio. 

Moreover, the geometry of the entire system including the gate electrode and electrolyte could 

influence the channel potential distribution. 

 

Figure 19 Encapsulated OECT – 96 well microplate with a power source-signal amplifier and 

current/voltage converter 

 

The gate offset voltage as well the voltage modulation (simulation of the cardiomyocyte 

pulsing), were delivered from the function generator to the Analog IN input. An OECT was 

selected by a couple of switches as shown in (Figure 19). The drain was supplied by a negative 

voltage down to VD = −0.735 V. This value was set due to the factory setting. It represented a 

compromise between the requirement of a safety voltage against electrode redox reactions in the 

event of a positive gate voltage (VG > 0 V) and the necessity of high amplification 

(transconductance g). Its fixed value enabled comparing the amplification of OECT devices at any 

point in time. The source was connected to a virtual zero input of the I/V converter. The amplified 

signal was recorded by a digital memory oscilloscope. The offset of the stable channel current was 

compensated for by a potentiometer Roffset so the Analog OUT DC signal component could be 

eliminated [68]. 

 

5.3.6 Results 

The first experiment tested the OECT parameters such as the transfer characteristics and the 

derived transconductance g. The fix drain potential was set to VD = −0.735 V, and the output 

source current was measured continuously at the triangular, symmetric gate voltage VG in a range 

of 0.2 to −0.8 V. The results can be found in (Figure 20). The transfer characteristics in our case 

show significant hysteresis. In the case of a short period of about T = 1 s, the volumetric 

capacitance charging delays the output current IS, so the hysteresis is oriented counter-clockwise. 

In the case of a long period of T = 20 s, slow relaxations of the polymer network in the channel, 

reducing the output current IS, dominate so that the hysteresis is oriented clockwise. In the case of 

a medium period of T = 5 s, both effects are compensated. 
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Figure 20 Transfer characteristics measured at the triangular gate periodic voltage at various periods [68] 

 

The second experiment, investigating the response of an OECT’s channel current on a 

simulated signal of electrogenic cells, was conducted (Figure 20). The standard PBS solution was 

used as an electrolyte. In looking for the optimum working point of the OECT with the highest 

transconductance, the gate voltage VG from the function generator was modulated by rectangular 

pulses of 10 mVpp at a 5 s period. 

The aging of the OECT structure under the voltage load described above was performed over a 

period of 28 h (Figure 21). A gradual, approximately 25 % decrease of IS and the transconductance 

g was recorded. 

 

Figure 21 OECT degradation at VD = −0.735 V and VG = 0 V in PBS solution 

 

The biocompatibility of the sensor was tested by 3T3 fibroblasts. Cells were able to grow on 

sensors to the same extent as on control substrates (standard cell culture plastics). The cell viability 

was comparable to that of control substrates, and it typically reached 90  95 %. This indicated 

that a high level of biocompatibility was reached. Indeed cells were able to form a confluent layer 

within 48 h (Figure 22 A). A proof of concept experiment for the sensor function was carried out. 
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Due to extensive ion exchange, the cells grown at the transistor channel modulate the current 

within it. Therefore the removal of cells resulted in changes in the channel current. Thus, the 

confluent layer of cells within the sensor was treated with trypsin, an approach to detach cells from 

their support [68]. Indeed, the absolute value of the current decreased in parallel to the trypsin-

mediated detachment of cells (Figure 22 B). 

Finally, the function of the sensor was verified through a spike of KCl (Lachema, Brno, Czech 

Republic), which resulted in a significant dropdown of the absolute current value. The main idea 

of the final proof of concept experiment with cells was to demonstrate that the sensor can host the 

living cells efficiently and an electrogenic event related to cell physiology could be recorded. 

 

Figure 22 (A) OECT with a confluent layer of 3T3 fibroblasts: S – source, D – drain (B) The electrical 

response to cell release due to trypsin. 100 mM KCl spike served as a positive control of transistor function 

[68] 

 

5.4 SU-8 PHOTOLITHOGRAPHY 

In good agreement with previously published works improvement of the transconductance and 

time constant of prepared devices can be achieved by decreasing the OECT dimensions [69]. The 

increase in parameters mentioned above is done by shortening the gate-channel distance and 

minimizing the channel-electrolyte volumetric capacitance by reducing the channel area. The 

miniaturization and optimization were done via photolithography using SU-8 photoresist. 

 

5.4.1 Fabrication process 

The combination of photolithographic techniques together with screen-printing method was 

employed for the device assembly. The copper laminates on a PEN-film backing with a thickness 

of 50 µm (AKAFLEX PENCL HT provided by Gatema a.s, Boskovice, Czech Republic), was 

used to photolithographically pattern flexible circuits. The PEN variant was chosen due to its 

superior stability at high temperatures compared to PET laminates and enabled processing at a 

temperature of up to 150 °C. On top of the patterned electrolytic copper foil (thickness of 17 µm) 

was galvanically applied a thin layer of gold (10–100 nm) with an interlayer of nickel for better 

adhesion. The PEDOT:PSS layer was printed from commercially available Clevios
™

 S V3 screen 

printing pastes (Heraeus GmbH & Co. KG, Hanau, Germany). The PEDOT:PSS pattern created a 

functional OECT gate and channel. PEDOT:PSS was screen-printed in the form of a rectangular 

channel connecting two parallel gold electrodes with a width of 250 µm and 200 µm gap between 
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them. The channel was surrounded by a planar circular gate electrode also printed using 

PEDOT:PSS with an outer diameter of 6 mm (Figure 23). 

 

Figure 23 The detail of the designed OECT array 

 

5.4.2 Screen printing of SU-8 

The device was sealed by the layer of photoresist SU-8 (MicroChem Corp. Westborough, MA, 

USA). This layer insulated the gold conducting paths from the electrolyte environment and created 

a narrow active channel. 

For screen printing the RokuPrint Screen printing machine, SD 05 was used together with 

custom-made polyethylene screens 36/31 (36 µm – size of mesh opening, 31 µm – the size of 

thread diameter) for screen printing of Clevios S V3 PEDOT:PSS and 140/65 screen for screen 

printing of SU-8 photoresist. The layers of approximately 200 nm of PEDOT: PSS and 30 µm of 

SU-8 were obtained. To this end, the SU-8 2015 with a viscosity of 1250 cSt had to be diluted by 

cyclopentanone to the viscosity of approximately 250 cSt. An ARG2 rheometer (TA Instruments, 

New Castle, DE, USA) was used for viscosity measurement at the fixed temperature of 25 °C. 

The prepared screen-printed layer was firstly dried on a hot plate at 95 °C for 5 min (soft bake). 

This step was necessary in order to minimize the amount of solvent in the layer of SU-8 before 

exposure. The resulting photoresist layer was 30 μm thick. The unexposed photoresist substrate 

was then aligned under a microscope with a chrome photomask made by electron-beam 

lithography and placed in the Suss Microtech MA6/BA6 adjuster (Institute of Scientific 

Instruments, The Czech Academy of Sciences, Brno). The photoresist was exposed to UV 

radiation of 5.6 mW/cm
2
 for 120 s. This step was followed by another heat curring on a hot plate 

for 5 min at 100 °C (post exposure bake). This step was necessary for the development of the 

desired pattern. Subsequently, the photoresist was submerged for 1 min in the developer, rinsed 

with isopropyl alcohol and dried in nitrogen flow. 

The screen printed and the photolithographically patterned layer of SU-8 covers the surface of 

the whole OECT sensing array as can be seen in (Figure 24). 
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Figure 24 Screen-ptinted and photolithographically patterned OECT sensor array 

 

Only parts of the sensor that comes in contact with the electrolyte (active channel and gate 

electrode) are exposed. The exposed channel area had the dimension of L = 50 µm and a width of 

W = 600 µm as shown in (Figure 25). The typical electrical resistance of the channel was  

200–300 Ω. 

 

Figure 25 The detail of one sensor channel patterned using SU-8 photoresist 

 

The electrical circuitry designed for OECT remained the same as previously. The connector 

array at the microplate foil was contacted by 18-pin Molex connectors and 18-wire ribbon 

conductors so that a single connector connected eight OECTs. Individual OECT could be selected 

from the array by a proper couple of microswitches. 

 

5.4.3 Results 

The initial test determined the OECTs parameters such as output characteristics (Figure 26) 

and transfer characteristics (Figure 27), and from them, the highest derived transconductance 

g = 2.5 mS which was comparable or even better than state of the art fully lithographically 

prepared devices. The next experiment investigated the response of an OECT’s channel current on 

a simulated signal of electrogenic cells. The standard PBS solution was used as an electrolyte. In 

looking for the optimum working point of the OECT with the highest transconductance, the gate 

voltage VG was set to 0.2 V and the voltage between Source and Drain electrode was set to VD 

= −0.4 V. The rectangular pulses of 1 mVpp at a 1 s period were modulated. Typical response on 

such pulse together with filtered data using FFT (fast Fourier transform) bandpass from 0 to 25 Hz 

and determined value of the time constant can be seen in (Figure 28). 
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Figure 26 Output characteristics of 96-well OECT with SU-8 as covering layer 

 

 

Figure 27 Transfer characteristics with the illustration of set point and the slope dependent on the drain 

potential 
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Figure 28 Response of OECT to 1 mVpp gate rectangular signal at setting point VD = −0.4 V, VG = 0.2 V 

 

The screen printing process of commercially available and biocompatible photoresist  

SU-8 was optimized and successfully implemented into previously adapted OECT sensors based 

on PEDOT:PSS. Using the photolithographic process the pattern of 50 mm thin active channel was 

achieved. Signal amplification was shown employing an electrogenic cell pulsation simulation, 

where the constant gate offset potential was modulated by a 1.0 Hz, 1.0 mVpp rectangular signal. 

The resulting Source-Drain current response ID was 2.5 µA, and the corresponding achieved 

transconductance 2.5 mS. The upper-frequency limit 7 Hz was concluded from the OECT gate 

circuit time constant of 0.15 s. 
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6  CONCLUSION 

The main goal of this dissertation thesis was to compile a comprehensive overview of organic 

electrochemical transistors, fabrication of such a device using conventional printing techniques 

and their subsequent use as a bioelectronic sensor. The manufacturing process was done in several 

iterations consisting of multiple steps. Firstly the inkjet printing of conductive and semiconductive 

layers was the necessary task to perform in order to manufacture the very first prototypes of 

OECTs. Several versions of all planar OECT motives were designed to be mounted into a matrix 

of 24 devices of SensoPlate
™

. First prototypes employed simple electrode system printed using 

silver ink and a semiconductive PEDOT:PSS. The first OECT prototypes were designed to have 

channel dimensions of 1 cm x 500 μm. The gate electrode with dimensions of 1 cm x 2 mm was 

set 500 μm apart from the channel. Patterns were designed with Autodesk AutoCAD. Both the 

channel and gate electrode were inkjet-printed using PEDOT:PSS. Circuits printed out of silver 

ink were placed outside of the cell cultivation area sealed by the silicone elastomer Sylgard
®

 184 

to prevent contact with the PBS and living cells. The circuitry was terminated with five contacts 

compatible with standard connectors. Transparent and flexible 150 μm thick PET foil was used as 

a substrate. 

During the production of a fully inkjet-printed matrix of 24 sensors, we found out few 

shortcomings in our design. Firstly, the PET substrates had insufficient thermal stability and 

during necessary thermal annealing at 150 °C (silver ink annealing) and even at 125 °C 

(PEDOT:PSS annealing) softened, waved and changed dimensions slightly. The silver ink had to 

be printed on a surfactant treated substrate in order to achieve good printing resolution, prevent 

unwanted ink spreading and pattern joining. Moreover, the silver layer had poor adhesion to the 

surface and had a tendency to swell and peel off after soaking in water or electrolyte. Furthermore, 

to print the compact active layer of PEDOT:PSS the substrate with printed silver ink circuits had 

to be plasma treated to modify its surface energy. The process of the fully inkjet-printed matrix of 

24 sensors was technologically demanding and lengthy, mainly due to the fact that the reliability 

of the prints was poor. This was aggravated by the constant clogging of the nozzles during 

PEDOT:PSS printing. On top of that, a large number of misprinted samples due to the poor 

alignment of a substrate in the multi-layer device were caused by substrates dimensional changes. 

In order to overcome previous shortcomings, we used screen printing technology to print the 

whole 24-well OECT matrix. It had proved to be a much faster and more reliable technique. All 

screen printed layers had better adhesion to substrates and better reproducibility than inkjet-printed 

ones. Layers of specific materials were designed in three different iterations. 

Previous experience with inkjet printing and screen printing of a 24-well microplate has shown 

that the functionality of sensors is primarily dependent on the continuity of all printed parts and 

proper multi-layer alignment. The significance of the thickness homogeneity of the PEDOT: PSS 

layer results from the OECT function. Since its function is influenced by the injection of cations 

into the polymer layer and subsequent diffusion from the layer, it is important for the layer to have 

a uniform thickness over its entire surface. 

The homogeneity of the PEDOT:PSS was addressed by the intensive stirring of the paste. The 

stirring slightly decreased the resulting thickness of the layer by an average of 20 %, from 250 nm 

to 200 nm and also improved the thickness homogeneity and roughness from 25 nm to 18 nm and 

waviness from 25 nm to 10 nm. 

The PEDOT:PSS paste of gel consistency exhibited thixotropic behaviour. The static viscosity 

after stirring fell from the initial value of above 1000 Pa·s down to as low as 15 Pa·s. This was 
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achieved after several days of intensive stirring in a magnetic stirrer at laboratory temperature or at 

an elevated temperature of (90 °C) in a matter of hours. 

To further improve device performance we opted to decrease crucial OECT dimensions. That 

meant shortening the gate-channel distance and minimalizing the capacitance by reducing the 

channel area. To this end an all screen printed 96-well array of OECTs for cell culture electrical 

response monitoring was developed. 

We also developed an electrical circuit designed for OECT testing with the connector array at 

the microplate foil connected by 18-pin Molex connectors and 18-wire ribbon conductors. In this 

way, the eight OECTs were connected by a single connector and individual OECTs could be 

selected from the array by a proper couple of micro-switches. The gate potential VG was set from 

the external source in a range from −0.8 V to 0.8 V to prevent redox reactions at electrodes. 

Source and drain voltage VD could be set down to −0.725 V. The source current IS was converted 

to voltage in an I/V converter and recorded by an oscilloscope after further amplification. 

Due to relaxations, the transfer characteristics and transconductance g included were strongly 

dependent on the sweep rate of the testing gate voltage VG and its direction. The sharp 

transconductance maximum and its position at the VG axis dependent on the channel geometry was 

reported in the literature, but no sweep rate influence was previously mentioned. The transfer 

characteristics also showed significant hysteresis. 

To improve the biocompatibility of the PEDOT:PSS screen printing paste it was mixed with 

increasing concentration of Mouse Collagen, Type IV. Resulting composites were tested by the 

Institute of the Biophysics of the Czech Academy of Sciences. The cell viability was assessed by 

using MTT test and by the fluorescein diacetate and propidium iodide (FDA/PI) staining. All tests 

were done employing 3T3 fibroblasts using the 96-well platform. 

To further miniaturize manufacturing process of OECT biosensor production based on 

PEDOT:PSS the screen printing process of commercially available and biocompatible photoresist 

SU-8 was optimized and successfully implemented. Using the photolithographic process the 

pattern of 50 mm thin active channel was achieved. Signal amplification was shown employing an 

electrogenic cell pulsation simulation, where the constant gate offset potential was modulated by a 

1.0 Hz, 1.0 mVpp rectangular signal. The resulting Source-Drain current response Id was 2.5 µA, 

and the corresponding achieved transconductance of 2.5 mS. The upper-frequency limit 7 Hz was 

concluded from the OECT gate circuit time constant of 0.15 s. 

3T3 fibroblasts were used to test the biocompatibility of the sensors. Cells were able to grow on 

top of the sensors to the same degree as in control substrates (standard cell culture plastics). The 

cell viability was similar to the control and was typically around 90  95 %. The unimpaired 

viability indicated that a high level of biocompatibility was reached. 

To conclude, we were successfully able to produce microelectronic arrays of OECT sensors 

using standard printing techniques employing only commercially available materials. This 

approach is cheap, accessible and easy to implement during routine cell culture assessments. All 

our devices were manufactured without the need for cleanroom facilities, quickly, reliably and in 

large quantities. OECT sensors were biocompatible and able to measure the simulated response of 

the cardiac cells to the required extent. 
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