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Abstract 

Engineering Low Noise Organic Electrochemical Transistors for Electrophysiology Applications 

Anastasios Polyravas 

 

Understanding how the nervous system functions has always been one of the most difficult 

challenges the medical community has faced. Despite the progress made so far, the ability of 

scientists to treat brain disorders has been severely limited by the complexity of the nervous 

system and the quality of the information derived from recording devices. A device that holds 

great potential for recording high quality electrophysiology signals is the organic electrochemical 

transistor (OECT). OECTs have been fabricated onto flexible substrates from biocompatible 

materials and have been shown to provide higher signal-to-noise ratio (SNR) than electrodes. 

Their unique properties can pave the way for enhanced performance neural interfaces whilst 

minimising the invasiveness of the recording method. 

In this study, a thorough analysis of the noise characteristics of OECTs was performed with the 

greater aim of utilising these findings to further improve the performance of OECTs in various in 

vitro and in vivo environments. From an engineering perspective, different parameters such as 

the device geometry and the thickness of the channel film were tuned to minimise the intrinsic 

noise of an OECT. OECTs with different overlap between the conducting polymer and the source-

drain gold contacts were fabricated. It is shown that the contact overlap reduced the frequency 

response of OECTs without affecting the noise level, suggesting that a good Ohmic contact is 

achieved. The effect of the thickness of the polymer film was also studied, indicating that noise 

can be further reduced as a function of increased channel thickness. This effect was observed up 

to a specific polymer thickness, above which the noise level reached a plateau. These findings 

allow to design OECTs that exhibit record low noise and lead to the establishment of new design 

rules. 
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To further understand the origins of noise in OECTs, we applied these design rules and tested the 

performance of our devices under different bias conditions. It has been shown that the voltage 

applied between the three terminals of an OECT can modify the signal amplification, rendering 

an optimisation on the biasing conditions imperative for high quality recordings. By employing 

different bias conditions, we managed to combine maximum signal amplification with minimum 

noise, leading to an increased SNR. Our results highlight that the optimum operation point is 

achieved at zero gate voltage.  

Finally, an analysis of the performance of our low noise OECTs in an in vitro and an in vivo 

application was performed. The in vitro application consisted of a simulated neuron configuration 

that was employed to test the capability of OECTs to record low amplitude, high frequency signals. 

It is shown that OECTs have the potential to record a variety of neurological signals, including 

action potentials. The application of OECTs in electrocorticography (ECoG) recordings was also 

explored. By using devices that consisted of both transistors and electrodes, we collected and 

compared the quality of epidural recordings. OECTs were found to outperform electrodes and 

the quality of the recordings was significantly high, even with minimal filtering. Our findings 

demonstrate that OECTs are an ideal candidate for chronic neurological recordings due to their 

ability to provide consistent high signal quality in a minimally invasive set up.  
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Chapter 1 

 

Introduction 

 

1.1 Thesis overview 

This thesis focuses on broadening our knowledge on devices that can be used for neural 

interfaces. The device physics of organic electrochemical transistors (OECTs) are explored with 

more emphasis being placed on their noise characteristics, as the main way to understand and 

thus, improve their performance. The findings of these studies are then applied in an in vitro and 

an in vivo environment. The main contributions of this thesis are split into seven chapters as 

follow: 

• Chapter 1 introduces the motivation behind this study and provides a background on the 

need for neural interfacing, the different methods and types of electrophysiology 

recordings, as well as the fundamentals of OECTs and noise in organic devices. 

• Chapter 2 presents the methods and the materials used to fabricate and characterise the 

devices used for this work. 

• Chapter 3 focuses on how geometry and the bias conditions can be utilised to tune the 

performance of OECTs in a recording configuration, providing a set of design rules to 

achieve that. 
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• Chapter 4 investigates the effect of the channel thickness in the noise profile of OECTs, 

aiming to bridge the gap between maximum signal amplification and minimum noise level. 

These findings allow for an optimum operation point of OECTs from a recording and 

sensing perspective.  

• Chapter 5 demonstrates the performance of an OECT, designed based on the rules set on 

the previous chapters for optimum signal-to-noise ratio (SNR) operation, in an in vitro 

configuration.  

• Chapter 6 shows the behaviour of a similar OECT design in an electrophysiology 

configuration, used to collect epidural recordings in a minimally invasive way. 

• Chapter 7 summarises the main findings of this study and highlights potential future 

directions. 

 

1.2 Background 

The human brain has always been one of the most important and complex systems of the 

human body. It consists of billions of neurons that communicate with each other by exchanging 

electrical signals in order to transmit and process the desired information to and from different 

parts of the body. Understanding the working mechanisms behind this significantly complex 

organ has been one of the greatest challenges of the medical community. In recent decades, a 

variety of approaches have been examined providing us with a better understanding of the 

neuronal functions.   

Multiple diseases such as Alzheimer’s, Parkinson’s, epilepsy, depression and multiple 

sclerosis are affecting a large amount of the population with their causes rising from neurological 

disorders2.  To successfully treat these diseases, we need to be able to specify the origin of the 

disorder by recording the brain activity and effectively stimulate different populations of neurons 

to restore their functionality. Despite the progress made so far, our ability to intervene with the 

human brain and establish a clear communication path has not provided us with the desired tools 

to deal with these disorders.    
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The rising demands of the medical community to improve the interaction between 

electronic devices and the human brain has paved the way for the invention of biocompatible or 

“organic” materials, as they are most commonly known, giving birth to the field of Organic 

Bioelectronics. Organic materials can translate electric signals into bio signals3  and have low 

fabrication cost4, becoming a fitting candidate for neural interfaces.  Multiple electronic devices 

have been created including wires, electrodes and semiconductors using organic materials to 

interface with the brain. However, extracting the information from brain activity demands the 

recording of high quality signals, pushing the existing devices to their limits. A promising 

technology which can overcome such limitations and can be fabricated from biocompatible 

materials was developed by White and colleagues in 19845. Their findings heralded the creation 

of the organic electrochemical transistor. 

OECTs belong to the category of thin film transistors (TFTs) using an organic film as the 

semiconducting material. Their unique architecture confers them with biocompatibility as well 

as the ability to amplify the recorded signal, without the need of any external electronic circuits 

on the signal acquisition side.  They have been shown to provide high signal-to-noise ratio 

recordings6 and localised neuron stimulation7. Although the basic principles of operation of 

OECTs are understood, a more thorough analysis of their noise characteristics is needed to 

optimise the SNR and maximise their recording capabilities. OECTs hold great potential for the 

bioelectronics world as bio transducers and can eventually replace conventional electrodes.  

 

1.3 Electrophysiology 

Electrophysiology is “the study of the electrical properties of biological cells and tissues”. 

It was Jan Swammerdam in the 17th century who first discovered that an electrical stimulation 

can cause muscle contraction on the legs of a diseased frog8. Swammerdam’s research laid the 

foundations upon which Galvani based his more thorough exploration of the electric nature of 

nerves. Since then, medical research has attempted to understand how the human body reacts 

to stimuli derived from the environment, leading to the creation of bioelectronics as a scientific 
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field. Nowadays, bridging the gaps in our knowledge demands interaction with the nervous 

system through artificially made devices, called neural interfaces9. 

Neurons communicate with each other through an electrochemical process. The 

transmission of a signal within a neuron is carried in the form of an electrical pulse, called an 

action potential. Before receiving an impulse, the membrane of a neuron is in the resting phase 

exhibiting a -70 mV potential. This potential is generated from the difference in the concentration 

of ions between the inside and the outside of the cell membrane. The interior part is negatively 

charged as it contains a larger amount of potassium ions (K+) compared to the exterior. A strong 

enough action potential arriving to the axon terminal of a neuron can cause the depolarisation 

of the target’s cell membrane. If the threshold potential (-55mV) is reached the sodium (Na+) 

channels open allowing ions to flow inside the membrane (Figure 1.1). This flux of positively 

charged ions is responsible for the depolarisation of the cell membrane, up to a +40 mV potential. 

This process is considered an “all-or nothing” event as it demands a strong enough stimulus to 

reach the threshold potential and completely depolarises the neuron membrane. Following that, 

the repolarisation of the membrane is achieved by closing down the Na+ channels while K+ 

channels open allowing K+ cations to flow outside of the membrane. During this step (refractory 

period) the neuron is “inactive” and cannot respond to any other events. The membrane reaches 

a hyperpolarisation state due to the continuous diffusion of K+ ions up until it stabilises, waiting 

to fire again (Figure 1.2). During the depolarisation of the membrane, calcium (Ca2+) channels 

open, catalysing a procedure which unleashes neurotransmitter molecules. Neurotransmitters 

are then released into the synaptic cleft establishing connection between the presynaptic and 

the postsynaptic neuron, corresponding to the transmitting and receiving cells respectively. 

Through this process the information is transmitted to its final destination, by repeating this 

electrical-to-chemical signal translation process.   
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Figure 1.1 Voltage-gated ion channels responding to the potential of the cell membrane. The ion channels 

remain resting until an electrical impulse activates them, allowing the flow of positively charged Na+. A 

short period of time is needed before the channels can respond to any other event. Image reproduced from 

10.  

 

 

Figure 1.2 Propagation of an action potential. A large enough stimulus depolarises the cell membrane of a 

neuron. The neuron needs a finite amount of time to repolarise and restore its original resting state. Image 

adapted from 11.   
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1.3.1 Recording methods 

The study of the electrical signals that are generated from brain activity has revealed that 

there are two main types of signals that can be traced12. The first one is the signal that is 

generated when a single neuron fires and is called action potential, as mentioned above. The 

amplitude of an action potential is in the range of 100mV for transmembrane potential 

measurements or in the range of 100μV for surface potentials with the frequency bandwidth 

being dominated by the refractory period, <500 Hz13. Collecting action potentials demands 

placing the recording device very close to the neuron to ensure sufficient high resolution 

(extracellularly) or alternatively, penetrate the membrane of the cell (intracellularly). The most 

commonly recorded type of signal is the local field potential (LFP). LFPs are more complex signals 

originating from a population of firing neurons. As a sum of multiple action potentials, LFPs vary 

in amplitude and frequency (<200 Hz). Although action potentials can provide more accurate 

information about specific neurons, the invasive methods that are needed most often to perform 

a reliable measurement have made LFPs more popular with neuroscientists.  

There are two different approaches to record signals coming from neurons: intracellularly 

and extracellularly. Intracellular recordings offer higher signal quality, which can be translated 

into higher SNR but they come with the major drawback of invasive procedures. Early studies in 

the second half of the 20th century led to the invention of patch-clamp techniques14, allowing the 

study of single ion channels in cells. This radical discovery furthered our knowledge of charge 

transportation in cell membranes and earned Erwin Neher and Bert Sakmann with the Physiology 

Nobel prize, in 1991. Later findings have employed nanowires15, nanostraws16 and gold 

mushroom—shaped microelectrode arrays (MEAs)17. Despite the fact that intracellular 

measurements provide a reliable quality of signal, further improvements are needed to tackle 

critical issues such as the connection with external recording circuitry and micromotion18. On the 

other hand, extracellular recordings provide lower resolution signals but are less/non-invasive. It 

is of paramount importance to mention that the invasiveness of this technique varies, depending 

on the recording method (EEG, ECoG, etc.). Electroencephalography (EEG) involves collecting 
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signals from the surface of the scalp by attaching arrays of electrodes on the skin. Although this 

method is non-invasive, the quality of the recorded signal is relatively of low amplitude (typically 

tens of μV) and low frequency (<100 Hz), as it consists of spontaneous electrical activity of 

underlying neurons19,20. Electrocorticography (ECoG) employs a more invasive technique in which 

the recording device is placed on top of the brain surface, after a craniotomy has been performed. 

The recording quality of this method lies between EEG and LFPs. This higher quality of the 

recorded signals originates from the removal of protective layers, such as the scalp and the skull, 

that significantly affects the quality of EEG recordings. The amplitude of ECoG  is typically in the 

range of hundreds of μV and the majority of the information can be found in frequencies lower 

than 200 Hz13,21. Figure 1.3 summarises the recording types in relation to the brain sections. It 

should be noted that the recording method used depends on the quality of the extracted 

information that is desired; the higher the resolution of the signal the more invasive the approach.   

 

 

Figure 1.3 Different recording types relatively represented with the layers of brain from which they 

originate. Image reproduced from 22.  
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1.3.2 Electrodes as recording devices 

The most widely used devices that record signals coming from the human brain have been 

electrodes. Electrodes have the ability to both record and stimulate neurons, making them a 

useful tool for neural interfaces. A more critical approach is needed to understand the 

advantages/disadvantages and the possible limitations of electrodes. Figure 1.4 illustrates the 

equivalent circuit that describes the operation of a recording electrode. The total impedance 

consists of 4 different elements: the resistances Rs, Re, Rm and the double layer capacitance Ce. 

Reducing the interface impedance of the microelectrode is beneficial for both recording and 

stimulation applications18.  Larger areas of the microelectrode tip reduce Rs and increase Ce. 

Maximising Ce induces higher current, rapidly increasing SNR and paving the way to action 

potential recordings18. The need, though, to minimise the size of the electrodes in order to reduce 

the footprint of the device and allow to collect signals from smaller groups of neurons leads to 

an increased impedance, which reduces the quality of the recordings. Recent work on conducting 

polymers (CPs) has shown that materials such as Poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) PEDOT:PSS can be coated on top of the recording site of an electrode to significantly 

reduce the impedance and improve the SNR23,24. The unique properties of CPs, particularly the 

volumetric capacitance, provide a higher effective surface area and assisted in reducing the 

footprint of microelectrode recording devices18. 

The earliest reported recordings of neural activity date back to 1940s, when Renshaw 

employed metal wire electrodes to measure signals from single neurons22. Following that, the 

rapid development of semiconducting materials and the advance in microfabrication techniques 

gave birth to the Michigan probes25 and arrays26, in 1980s. Michigan probes were a stepping 

stone in the fabrication of microelectrodes as they offered, for the first time, the ability to 

implement abundant recording sites on a single shank, allowing for multiple simultaneous 

recordings22. In Michigan probes the neural activity is recorded along the whole length of the 

implanted shank.  On the other hand, Utah arrays consist of up to 128 microelectrode needles 

(arrays), in which the signal is collected only from the tip of the electrodes26. 
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Figure 1.4 Equivalent circuit of a microelectrode recording device, used to interface with neurons. Vsig 

corresponds to the electrical signal (generated from a population of neurons), Rs is the resistance of the 

electrolyte (consisting of ions such as Na+ and K+), Re resembles the resistance of the double layer that is 

created in the electrode interface (leakage resistance), Ce is the double layer capacitance, Rm is the actual 

resistance of the microelectrode, Vin is the input signal containing the recorded potential, Cs is the total 

shunt capacitance to the ground, Za is the impedance of the amplifier and Vrec is the final amplified signal. 

Image adapted from 22.  

 

Despite their high impact, Michigan probes and Utah arrays suffer from the rigid 

substrates on which they are fabricated onto, exhibiting a mechanical mismatch with the neural 

tissue. As shown in Figure 1.5 the Young’s modulus of materials such as SiO2 and Au is much 

higher than neural tissues and cells. This mismatch triggers the immune system causing a foreign 

body response, which in turn initiates the encapsulation of the device, rapidly decreasing the 

quality of the recorded signal overtime. Hence, a wide variety of materials such as parylene C 

(PaC), polyimide (PI) and SU-8 have been employed as an alternative choice of substrates, 

rendering the fabricated devices “flexible” while operating as insulators. From a device 

perspective, performance can be affected from the degradation of the electrode materials and 

from mechanical stress. Mechanical stress applied during the insertion process or after the 

implantation can cause delamination of the electrode layers and cracking of the insulating 

coating2. The exposed parts behave in an unexpected manner inducing parasitic currents and 

cross-talk between different recording sites18,22. Another important factor is the corrosion of the 

electrode material, which causes failure of the recording device and can release dangerous 
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substances to the human body. Figure 1.6 highlights the main factors which can lead to neural 

probe failure. It is important to mention that other parameters originating from the biology of 

the human body (such as the implantation technique, the tissue micromotion, the formation of 

glial scars, etc.) can affect the performance of the recording devices. 

 

Figure 1.5 Young’s modulus of different materials used in neural recording devices. Specially selected 

coatings can reduce the stiffness of rigid materials such as SiO2 and Au and make them compliant. Image 

reproduced from 18.  
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Figure 1.6 Mechanisms that lead to failure in the operation of a neural probe overtime. Image reproduced 

from 2.  

 

Although microelectrode arrays have been used in a variety of medical applications, a 

different type of electronic device which can be used to perform recording and stimulation of the 

neural tissue is the transistor. The main advantage of transistors, compared to electrodes, is their 

ability to amplify the recorded signal as close to the recording site as possible, avoiding any extra 

noise that is introduced to the system by the transmission line when using an amplifier 

configuration. This intrinsic property of transistors can improve the SNR of the recorded signals 

and reduce the complexity of the signal acquisition circuit. A new type of thin film transistors the 

organic electrochemical transistor (OECT) has been shown to exhibit great characteristics, such 

as high transconductance27 and great SNR recordings of brain activity, compared to surface 

electrodes6. The necessity to continuously improve the quality of the recorded neural signals, to 

further broaden our knowledge of the human brain, combined with the promising properties of 

OECTs render this device a fitting alternative for neural recordings. 
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1.4 OECTs 

Since their first development in 1984 by Wrighton and colleagues5, OECTs have attracted 

a significant amount of attention and have found fertile ground in various biological applications, 

due to their unique properties28–30. Their ability to convert ionic to electronic current combined 

with the use of a conducting polymer as the semiconductor material makes them easy to 

fabricate onto flexible substrates and suitable for electrophysiological monitoring31,32.  

 An OECT consists of two metal contacts (Drain and Source), a semiconducting material, 

which establishes connection between them, and a gate electrode. The semiconducting film is in 

direct contact with an electrolyte, filled with mobile ions, in which the gate electrode is 

submerged4 (Figure 1.7). OECTs use ions injected from the electrolyte to change the doping state 

and hence, the conductivity of the semiconducting film33.  This process is controlled by the 

voltage applied between drain-source (VD) and gate-source (VG). VD creates a current (ID) in the 

channel and VG regulates the amount of ions being injected into the channel4. Depending on the 

organic semiconductor material, OECTs can be designed to operate in two different modes: 

accumulation or depletion. In the accumulation mode, the drain current ID can be considered 

negligible at zero gate voltage and the transistor is switched OFF. When a negative voltage is 

applied holes accumulate in the semiconductor, compensating the injected anions, and the 

transistor is switched ON34–36. In contrast, depletion mode OECTs are switched ON at zero gate 

voltage. The application of a positive voltage in the gate electrode injects cations that replace the 

holes flowing in the channel reducing the drain current ID and thus, switching OFF the device37. 

Figure 1.8 illustrates the transfer curves of a depletion and an accumulation mode OECT, 

respectively. 
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Figure 1.7 Typical OECT structure. The two metal contacts Source (S) and Drain (D) communicate through 

the semiconducting polymer (pointed by the white and black arrows). The gate electrode (G) is immersed 

into the electrolyte, which makes contact with the conducting polymer. Image adapted from 4.  

 

Figure 1.8 a) Transfer curve of a depletion mode OECT. The drain current ID decreases when a positive gate 

voltage is applied. b) Transfer curve of an accumulation mode OECT. The drain current ID increases when a 

negative gate voltage is applied. Image adapted from 4. 
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One of the factors that differentiate OECTs from other types of transistors is the doping-

dedoping of the conducting polymer, which is performed across the entire volume of the channel 

(bulk)38. This allows the induction of high values of drain current for low gate voltages and creates 

the potential for OECTs to be used as powerful amplifiers, biosensors and bio actuators27,38,39. 

Most OECT architectures are defined by the typical planar structure shown in Figure 1.7. It is 

important, however, to mention that vertical OECTs with high transconductance values have also 

been reported40. This 3D model of OECTs has a smaller footprint and can open a door for higher 

density architectures in the near future. Limitations such as the parasitic series resistance 

between source and drain, as well as the extra complexity in the fabrication process need to be 

tackled first though.  

 

1.4.1 Principle of operation and device physics of OECTs 

As previously mentioned, OECTs work as transducers. The application of a signal in the 

gate electrode is translated in a large change to the drain current. This change is measured by 

the transconductance (gm), which is the first derivative of drain current over gate voltage, 𝑔𝑚 =

𝜕𝐼𝐷

𝜕𝑉𝐺
 . Higher transconductance provides higher gain in the output which renders the device more 

sensitive to lower power signals.  

OECTs have been shown to exhibit exceptionally high values of transconductance, in the 

order of mS, which makes them suited to record electrophysiology signals6. This figure of merit 

made OECTs extremely appealing to the research community. A comparison performed in recent 

work, illustrated the superior performance of OECTs in signal amplification by evaluating the 

transconductance of different types of transistors27 (Table 1).  
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Active material Dielectric material |VD| 
(V) 

gm  
(μS) 

gm/|VD| 
(μS*V-1) 

Aqueous electrolyte 

PEDOT:PSS  
(~400 nm thick) 

NaCl 0.6 8000 13333 

PEDOT:PSS  
(~100 nm thick) 

NaCl 0.6 2000 3333 

Graphene41,42 PBS+NaCl 0.1 420 4200 

Diamond43 PBS+KCl  
(in vitro) 

0.2 18 90 

Silicon44 SiO2/Ti02 

(in toto) 
0.25 15 60 

Silicon nanowire45 SiO2, PBS 0.03 5 167 

Ionic liquid/gel, solid electrolyte 

ZnO46 IL (DEME/TFSI) 0.1 160 1600 

ZnO nanowire47 Solid electrolyte 
(PVA/LiClO4) 

0.5 2.79 5.58 

Organic 
semiconductor: 
P3HT48,49 

IL (EMIM/TFSI) 
gel (PS-PEO-PS) 

1 50 50 

Solid state 

ZnO50,51 Al2O3 4 1400 350 

Graphene52–54 SiO2 (bottom 
gate); Y2O3 (top 

gate) 

2 1863 932 

III-V nanowire: n-
InAs nanowire55,56 

SiNx 1 97.5 98 

III-V Bulk: 
GaN/InAlN57–59 

SiNx 2 - - 

Carbon nanotube 
(mat)60,61 

HfO2 0.5 50 100 

Organic 
semiconductor: 
DNTT62–64 

AlOx/SAM 2 12 95 

Silicon nanowire65 SiO2 - 2 - 
 

Table 1 Illustration of the variation of transconductance in different transistor types. Table adapted from27. 
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Bernards and Malliaras proposed a model to describe the behaviour of depletion mode 

OECTs33. The operation of an OECT was divided into two circuits: the first one describing the 

behaviour of the device based on solid state physics (electronic circuit) and the second one 

describing the exchange of ions based on electrochemistry (ionic circuit). Figure 1.9 illustrates 

the schematic of an OECT. 

 

Figure 1.9 Schematic representation of the behaviour of an OECT. A bias voltage is applied to drain contact 

while source is grounded. The current flowing in the channel can be modulated by applying different gate 

voltages. When a positive gate voltage is applied, cations from the electrolyte are injected into the channel 

dedoping the semiconducting film, leading to a reduction in the drain current. Image adapted from 32. 

 

The electronic circuit is examined by applying Ohm’s law whereas the ionic circuit is 

modelled as a resistor in series with a capacitor. The equivalent circuit combines the principle of 

operation of a typical transistor such as a MOSFET (metal oxide semiconductor field effect 

transistor) and an ideal polarisable electrode33 (Figure 1.10).  
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Figure 1.10 Ionic circuit of an OECT showing the charge Q being injected into the channel of the transistor. 

Image adapted from 33. 

 

The thickness of the semiconducting polymer has been examined extensively, as Bernards’ 

model indicates that transconductance is proportional to the thickness of the channel33.  In the 

saturation regime transconductance is given by66: 

𝑔𝑚 =
𝑊

𝐿
∗ 𝑑 ∗ 𝜇 ∗ 𝐶 ∗ (𝑉𝑇𝐻 − 𝑉𝐺), 

where W is the width of the channel, L is the length, d is the thickness, μ describes the mobility 

of the holes or electrons, C is the capacitance per volume (F/m3), VTH is the threshold voltage and 

VG is the voltage applied to the gate electrode with reference to the source. Understanding the 

meaning of this equation is of paramount importance in identifying the advantages and 

disadvantages of OECTs. The form of the equation is similar to those describing other types of 

transistors such as MOSFETs with the exception of the thickness factor (d). In OECTs, 

transconductance is affected by the volume of the conducting polymer whereas in other 

transistors it is only affected by the channel ratio (W/L) and the capacitance per surface area 

(F/m2). Hence, the high signal amplification in OECTs originates from the volumetric coupling of 

the conducting polymer compared to organic field effect transistors (OFETs), in which the 

presence of a dielectric layer prohibits the injection of ions into the channel. 
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Rivnay et al. was one of the first to analyse the influence of geometry on maximising 

transconductance39. OECTs with different widths (W), lengths (L) and polymer thickness (d) were 

fabricated. Careful examination of the results showed that the voltage at which the device 

reaches a peak in transconductance depends on the W/L ratio and the polymer thickness. The 

surface area was found to not affect the measurements. From an engineering perspective, the 

findings of this study allow us to tune the geometry of OECTs in order to achieve the highest 

signal amplification in a designated gate voltage VG (for constant VD) and thus, actively set the 

desired bias conditions (Figure 1.11). 

 

Figure 1.11 Optimising the W/L ratio and the polymer thickness to achieve maximum transconductance at 

0 gate voltage. Image adapted from39. 

 

In a more recent study, researchers utilised the thickness dependence of 

transconductance to fabricate OECTs with enhanced performance67. The results showed that 

capacitance in OECTs scales proportionally to the volume and can reach high values up to 39-40 
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F/cm3; a value that is 100 larger than the equivalent capacitance per unit area of 500 μF/cm2 for 

a 130 nm thick PEDOT:PSS film (Figure 1.12). 

 

Figure 1.12 a) Capacitance dependence of PEDOT:PSS for OECTs of different volume. b) Transconductance 

behaviour for OECTs with different geometry. White dots correspond to the maximum transconductance 

values measured while black dots correspond to transconductance values in the saturation regime. Image 

adapted from 67. 

 

Bernards’ model provides an easy and effective way to analyse how different parameters 

can affect the performance of an OECT but cannot fit in every occasion. A typical example is the 

non-monotonic curve of the transconductance. Based on Bernards’ model, transconductance 

should be constant in the linear regime and reduce linearly  in the saturation regime33.   However, 

transconductance exhibits a bell-shaped curve. Kaphle et al. proposed that the resistance of the 

contacts can be one of the main factors leading to this bell-shaped curve. An exponential increase 

of the contact resistance over gate voltage was observed, signifying that the contact resistance 

dominates the total resistance of the device, up until a gate voltage high enough is applied to 

dedope the semiconducting film68. Further investigation demonstrated that although this may be 
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the case for some p-type semiconductor materials, such as PEDOT:PSS, this trend is not observed 

in every p-type conducting polymer, for example p(g2T-TT). It was shown that the influence of 

disorder on the electronic transport in the channel of the semiconducting polymer is the main 

reason for the shape of the transconductance curve, suggesting that this is an intrinsic 

characteristic of  OECTs69. A model based on hopping transport with a Gaussian-shaped density 

of states (DOS) was employed to provide a better fit between the experimental and the 

theoretical results of the output curves of OECTs. 

Furthermore, Bernards’ model treats the electronic circuit of an OECT as a resistor with 

the value depending on the voltage applied, assuming that the carrier mobility is constant. 

Despite the fact that this assumption simplifies the analysis of the circuit, it does not reflect the 

behaviour of conjugated polymers. A non-uniform model of carrier mobility has been developed 

providing a better fit with the output curves of OECTs70. In addition, the ionic circuit of the model 

needs to be examined more carefully. The use of a polarisable electrode and the nature of the 

OECT channel introduce a pair of capacitors: one between the gate and the electrode (double 

layer) and another one expressing the volumetric capacitance of the channel4. Previous studies 

conducted in OECTs employing different fabrication methods (photolithography and inkjet-

printing) demonstrated that the material and the surface area of the gate electrode can directly 

influence the response of an OECT71,72. Transistors exploiting larger channel areas demonstrated 

higher sensitivity in sensor applications71. The materials of the gate electrode were Pt and 

PEDOT:PSS on PET (polyethyleneterephthalat), respectively. As the two capacitors formed in an 

OECT are in series and the value of the capacitance is proportional to the surface area, with the 

resistance being inverse proportional to the capacitance, we expect a voltage drop on the 

capacitor with the lowest value. As a result, Ag/AgCl non-polarisable electrodes that exhibit 

negligible voltage drop between the gate and the electrolyte have been introduced to achieve a 

more effective gating73.   

Finally, one of the major drawbacks of OECTs is the response time. The volumetric nature 

of OECTs endows them with high transconductance but also with slow ON/OFF operation ratio. 

It has been shown that the response time of an OECT scales with the area and the thickness of 
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the conducting polymer (volumetric dependency)67. This renders the use of OECTs in high 

frequencies unsuitable. Khodagholy et al. however, fabricated OECTs with response times in the 

range of hundreds of μs74, making them an appealing option for electrophysiology signal 

recordings6. 

  

1.4.2 Semiconducting materials of OECTs 

Since the fabrication of the first accumulation mode OECT using polypyrrole as a 

semiconducting film,5 a variety of different materials have been explored. Despite being 

challenging to categorise all of the materials using well-established criteria, previous work has 

successfully benchmarked the majority of them by utilising their transconductance 

characteristics66. As mentioned above transconductance is given by: 

𝑔𝑚 =
𝑊

𝐿
∗ 𝑑 ∗ 𝜇 ∗ 𝐶 ∗ (𝑉𝑇𝐻 − 𝑉𝐺). 

For similar device geometry and operating conditions, it is the product μ*C of carrier 

mobility and capacitance per unit of volume that can be used to identify the intrinsic 

characteristics of different polymers. Figure 1.13 summarises the results of this study. With the 

highest carrier mobility observed, μ*C product really close to the top performing material, easy 

processing methods and commercial availability, Poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS) stands out as one of the top semiconducting organic film candidates. 
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Figure 1.13 a) Dependence of transconductance on the geometry of the device and the applied voltage. 

The slope of this graph represents the product (μ*C). b) The product (μ*C) as a function of independent 

measurements of the carrier mobility (μ) and the capacitance per unit volume (C). The dashed line indicates 

a good fit for most of the polymers. c) Carrier mobility (μ) vs. volumetric capacitance (C) for all the examined 

materials. Image reproduced from 66.  

 

1.4.3 PEDOT:PSS 

PEDOT:PSS is a polymer formed by polymerising the monomer 3,4-

ethylenedioxythiophene in the presence of a water soluble polyanion,  poly(styrene sulfonate) 

(PSS)75 (Figure 1.14). Although PEDOT is a conjugated polymer and is not soluble in water, the 

polymerisation with PSS creates an aqueous dispersion which can be exploited to spin-coat 

PEDOT:PSS on the surface of a substrate or use it as an ink to print multiple layers. In 

commercially available solutions, the negative charge of PSS chains is greater than the positive 

charge of PEDOT chains, categorising the material as a p-type semiconductor75.  

PEDOT:PSS has been extensively used to develop bioelectronics devices for 

electrophysiology, such as electrodes, OECTs and biosensors38,76,77.  Its low toxicity level and 

biocompatibility have also been explored in vitro in different types of cells78–80. Enhancing the 

electrical conductivity, ensuring long term stability and uniformity of the semiconducting film is 
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of paramount importance for bioelectronic applications. Hence, different materials such as 

ethylene glycol81, dimethyl sulfoxide82, sorbitol83, dodecyl benzene sulfonic acid (DBSA)1 and (3-

glycidoxypropyltrimethoxysilane) GOPS77 have been employed to further improve the performance 

of PEDOT:PSS films. For all these reasons PEDOT:PSS has become one of the most commonly used 

organic polymers in the bioelectronics community84. It should be noted though that more 

research needs to be undertaken to ensure that the degradation of PSS chains does not lead to 

the release of deleterious compounds in long term applications85. 

 

Figure 1.14 Chemical structure of PEDOT chain (top) and PSS chain (bottom). The excess of positive charges 

in PEDOT is compensated by the negative charges of PSS. Image adapted from 27. 

 

1.4.4 Applications of OECTs 

OECTs operate at low working voltages (less than 1V) and yet amplify the drain current 

by several orders of magnitude86,87. They can also be fabricated by low-cost materials and be 

implemented onto flexible substrates31. All of these properties combined with their ability to 
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translate ionic to electronic current made them a promising candidate for multiple biological 

applications. In this section, we will briefly highlight some representative applications of OECTs. 

To begin with, Khodagholy et al. explored the ability of OECTs to amplify signals on the 

spot of the recording site and measured enhanced quality signals coming from brain activity of 

rats6. He showed that OECTs cannot only be fabricated onto flexible substrates, capable of being 

implanted into human brains, but can also provide higher SNR compared to electrodes (Figure 

1.15 a,b,c,d). Following that, researchers illustrated that OECTs can be employed to stimulate 

neurons in a minimally invasive way in the hippocampus, paving the way for potential medical 

applications7. OECTs have also been used for fibre and cutaneous applications such as saline 

sensing on single cotton threads88 (Figure 1.15 e), nylon fibre glucose sensors89 and 

electrocardiograms on human skin90. Lin et al. illustrated the dependence of OECTs output 

current on the concentration of the electrolyte solution91. An increase in the concentration leads 

to a decrease of the drain current, which can be explained by the ionic behaviour of OECTs and 

can be utilised to implement ion sensors. Another study, focused on ion detection sensors, 

demonstrated how OECTs can be used to provide high sensitivity for low operating voltage, 

reporting a value of 1200 mVV-1dec-1 (normalised value for ion sensitivity over supply voltage), 

the highest ever observed in ion-sensitive transistors92. DNA sensors that detect complementary 

DNA targets using OECTs and microfluidic channels have also been developed93. Single strands 

were immobilised on the gate to assist with the sensing. Furthermore, Yao et al. used OECT arrays 

to record ion transport in epithelial cells, investigating potential applications of OECTs in drug 

delivery94. Finally, recent work demonstrated that OECTs can be used as transducers to 

characterise interactions between biological molecules and cell membranes36. It was 

demonstrated that the formation of a lipid membrane prohibits ion transportation, leading to a 

significantly reduced drain current in the saturation regime (Figure 1.15 f,g).   
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Figure 1.15 Summary of OECT applications. a) Image of a flexible probe, consisting of OECTs and 

microelectrode arrays. b) Optical microscopy image showing the structure of an OECT (drain and source 

contacts) and a surface electrode. c) Optical micrograph of an ECoG probe placed on the cortex. Dashed 

lines highlight the craniotomy area.  d) Signals of brain activity recorded by an OECT (pink), a PEDOT:PSS 

surface electrode (blue) and an Ir-penetrating electrode (black). The quality of the signals collected by an 
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OECT surpasses the ones measured by surface electrodes, providing a much higher SNR. Images adapted 

from 6. e) Single cotton thread OECT. The silver wire (top) corresponds to the gate of the OECT while the 

black PEDOT:PSS wire (bottom) implements the Source-Drain contacts. An electrolyte is placed between 

them to establish connection. Image adapted from 88. f) Output curve of an OECT in the saturation regime 

before the formation of a lipid monolayer (gate voltage was kept constant at -0.8V). g) Output curve of the 

same OECT after the formation of a lipid monolayer. A significant reduction in the saturation drain current 

is observed. Images adapted from 36. 

 

1.5 Noise in electronic devices 

Noise can be defined as “any unwanted disturbance that obscures or interfaces with a 

desired signal”95. Noise in electronic devices behaves as a random signal, which suggests that its 

waveform cannot be predicted or be quantified in any instant of time. However, different 

approaches have been developed to tackle this problem, providing distributions which examine 

the probability of a signal to have a specific value at a designated point of time95. Analysing how 

different types of noise can affect the behaviour of an electronic device can provide us with 

crucial information about the intrinsic properties of the device itself, as well as pave the way to 

an enhanced, optimised performance. In this section, we will focus on two different types of 

noise, thermal and flicker, as they are the most commonly addressed in organic devices.  

 

1.5.1 Thermal noise 

Thermal noise was first investigated by Johnson and Nyquist in 1928. Their preliminary 

studies in a resistor showed that noise was generated by the thermal motion of charge carriers 

in a conductor, inducing random fluctuations in the current96. This phenomenon is independent 
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of the applied voltage and is treated as an intrinsic property of every material. The equation 

describing thermal noise is given below: 

𝑆𝑉 = 4𝑘𝐵𝑇𝑅𝛥𝑓, 

where SV is the voltage power spectral density (PSD), kB is Boltzmann’s constant, T is the 

temperature in Kelvin, R is the resistance of the device and Δf is the frequency bandwidth. A 

simple conversion can be implemented to provide the current PSD (𝑆𝐼 = 4𝑘𝐵𝑇/𝑅). Thermal noise 

exhibits a constant spectral density across the whole spectrum of frequency, behaving identically 

to white noise. Despite the fact that the nature of thermal noise itself makes it impossible to be 

alleviated or even minimised, it is of paramount importance to  carefully examine its PSD, as a 

misinterpretation can lead to incorrect conclusions when studying the noise behaviour of a 

device97. 

 

1.5.2 Flicker noise 

Flicker noise is a type of noise that appears in multiple electronic devices and has been 

shown to be inverse proportional to the frequency (also called 1/f noise).  Its existence has been 

identified by studies performed in light emitting diodes98, MOSFETs99, TFTs100, etc. However, the 

explicit source that originates flicker noise has not been specified yet. Different theories have 

been proposed in an attempt to explain the behaviour of different devices. McWhorter studied 

the effects of flicker noise in germanium and suggested that the origin of 1/f noise is the 

fluctuations between the semiconducting material and the oxide layer (insulator in 

semiconductor devices)80. This suggestion implies that the fluctuations are caused by the 

trapping-detrapping of charge carriers inside the oxide, affecting electrons tunnelling trough the 

semiconductor-oxide interface (carrier number fluctuations model)97. A few years later, Hooge, 

having experimented on resistors and semiconductors, proposed a model using an empirical 

relationship to correlate the PSD with the frequency and the voltage/current applied102. The 

equations describing this model are listed below: 
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𝑆𝐼

𝐼2 =
𝑆𝑉

𝑉2 =
𝑎

𝑓𝑁
, (eq. 1) 

where α corresponds to the Hooge parameter, f is the frequency and N stands for the total 

amount of free charge carriers inside the material. Hooge’s model suggests that fluctuations in 

the mobility of the carriers, induced by charge scattering cross section, are directly translated 

into fluctuations in the drain current (mobility fluctuation model)103,104. Despite the fact that most 

of the findings found in the literature are based on inorganic semiconductors, the mechanisms 

used in these devices can also be applied to analyse noise in organic electronics. 

 

1.5.3 Noise analysis in organic transistors 

Vandamme et al. was one of the first to describe the effects of noise in organic 

semiconductors. With his colleagues they analysed how 1/f noise affects the performance of 

pentacene and poly-thienylene vinylene (PTV) transistors. For PTV transistors, it was found that 

they exhibit a 1/f slope for frequencies higher than 3 Hz under different bias conditions, by 

varying VDS while keeping VGS constant (Figure 1.16). To ensure that PTV transistors comply with 

the mobility fluctuations model, different plots were acquired showing that the normalised 

current noise (SI/I2) is inversely proportional to the applied gate voltage VGS and to the length of 

the channel L (Figure 1.17). This study provides a quick and effective guide to test if the empirical 

relationship, proposed by Hooge, is applicable in the devices under test. Both the applied voltage 

(VGS) as well as the geometrical characteristics of the transistor (L) can provide us with an insight 

of the intrinsic noise properties of the devices. Another way to examine the applicability of 

Hooge’s model is a direct comparison of the current PSD (SI) with the square of the current. This 

type of measurement can assist in identifying the noise level of different device architectures, 

such as bottom contact vs. top contact TFTs105. However, a huge disadvantage of this approach 

is that it may lead to incorrect assumptions when comparing devices coming from different 

batches, where the fabrication conditions might not have been exactly similar.  
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Furthermore, using Hooge’s model, Marinov et al. proposed a figure of merit  in which a 

normalisation over the surface area of the channel (W*L) can be employed to categorise more 

accurately different semiconductor materials, based on the fact that N scales proportionally to 

the area of the channel106. His hypothesis was that the main parameter contributing to the 

mobility fluctuations was the hopping of carriers in the polymer film. The proposed figure of merit 

( 
𝑆𝐼𝐷

(𝑉𝐷𝑆∗𝐼𝐷)/(𝑊∗𝐿)
 ) quantifies how the bias voltage applied is converted into 1/f current noise per 

unit of surface area. Moreover, a more recent study revealed that noise in pentacene transistors 

shows an inverse proportionality to the applied gate voltage, in transistors with different channel 

thicknesses107. The results of that study illustrated that the noise spectral does not depend on 

the channel thickness, which can be probably explained by the fact that in TFTs the gate voltage 

is translated into a field effect doping of the semiconductor (a sheet of charged carriers is created 

but there is no ionic exchange as in OECTs).   

 

Figure 1.16 Power Spectral Density acquired by measuring the output current in a PTV sample (SI) for 

different bias conditions (VDS = -4.5, -3, -1.5 V). The plot indicates that the PSD is inverse proportional to the 

frequency (1/f slope). Increasing the applied VDS leads to an increase in the current which in turn generates 

more noise in the device. Image reproduced from 108. 
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Figure 1.17 a) Normalised Power Spectral Density (SI/I2) showing the dependency of noise on length. An 

inverse proportional relationship is observed in agreement with Hooge’s model as N ∝ L and SI/I2  ∝ 1/N, 

which suggests that SI/I2  ∝ 1/L (taken at f = 1Hz, VDS = -3 V, VGS = -15.9 V and same width for all the examined 

devices). b) Normalised Power Spectral Density (SI/I2) showing the dependence of noise on the applied gate 

voltage (VGS). Similarly an inverse proportional relationship is expected as  N ∝ VGS. Image adapted from 108. 

 

1.5.4 Noise in OECTs 

As mentioned above, analysing the noise characteristics of OECTs in order to enhance 

their performance is one of the major goals of this study. Based on a recent study, OECTs exhibit 

1/f noise in lower frequencies (Figure 1.18) and their behaviour can be described by a charge-

noise model109. In all of the experiments performed VD was kept constant at 100mV whereas the 

transistor was gated to different resistance values by changing the gate voltage. More focus was 

placed on the so called “channel regime” which corresponds to the subthreshold regime of a 

transistor (VG > 0.35V, approximately). 
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Figure 1.18 Power spectral density of the voltage fluctuations (SV) for different frequencies, showing a 1/f 

dependence. Image adapted from 109. 

 

Two different models were examined to identify which one fits better the behaviour of 

an OECT. The first one is called the a-noise model (which corresponds to Hooge’s law) and can 

be expressed as: 

  
𝑆𝐼

𝐼2 =
𝑎

𝑓𝑁
=

𝑎

𝑓𝑝𝑤𝑙𝑑
=

𝑎𝑒𝜇𝑉𝐷

𝑓𝐼𝑙2 , (eq. 2) 

where N=pwld (p represents the hole density and wld is the volume of the channel) and the final 

form of the equation can be obtained by applying Ohm’s law and substituting the conductivity, 

σ=epμ. From eq. 2 we extract that normalised noise is inverse proportional to the output current, 

measured in the drain contact, for a standard device geometry and a constant bias voltage (VD). 

Figure 1.19 illustrates the experimental data and the fit of the a-noise model (green line). As it 

can be seen the a-noise model cannot sufficiently describe the acquired data and thus, a different 

approach needed to be examined.  
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An alternative model that was applied and showed a better fit, at least in the channel 

regime, was the charge noise model which was previously used to describe the noise 

characteristics of graphene transistors110. This model was intially developed by Tersoff to 

describe the noise behaviour of electrolyte gated transistors111. The charge noise model assumes 

that fluctuations in the drain current are caused by a fluctuating liquid-gate voltage (number 

fluctuation model)112.  The equation that quantifies this model is given below: 

  
𝑆𝐼

𝐼𝐷
2 =

𝑔𝑚
2 𝑆𝑉𝑔

𝐼𝐷
2 =

𝑔𝑚
2 𝑆𝑞

𝐼𝐷
2 𝐶𝑔𝑎𝑡𝑒

2 , (eq. 3) 

where gm is the transconductance of the transistor, SVG is the gate referred voltage noise and ID 

is the drain-source current. This relationship between the PSD and the transconductance of an 

OECT can also be seen in Figure 1.19. The model starts to roll off as the transistor enters the 

contact regime, in which the contribution of the gold contacts is significantly higher68. From a 

critical point of view, despite the fact that this model seems to provide a better fit than the 

empirical relationship, it suffers from limitations such as the relatively small bandwidth of the 

examined regime (VG > 0.35 V) and the significant deviations observed for higher drain currents 

(Figure 1.20).  

 

Figure 1.19 a) Normalised current noise (SI/I2) vs. drain current (ISD) at 10 Hz. The green line corresponds to 

the a-noise model (following Hooge’s law) whereas the blue triangle dots correspond to the charge noise 
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model. A better fit is observed in the channel regime by applying the charge noise model. b) 

Transconductance (gm) vs. drain current (ISD). Image adapted from 109. 

 

Figure 1.20 Normalised current noise (SI/I2) vs. gate voltage (VGS). The green line shows the prediction of 

the a-noise model whereas the blue line corresponds to the charge-noise model. Image adapted from the 

supplementary information of 109. 

Having proposed a model to explain the noise behaviour of OECTs, Stoop et al. and his 

colleagues studied how the device geometry can affect noise in OECTs. As shown in Figure 1.21 

a) the PSD remains stable in the channel regime for varying resistance values. Similar conclusions 

were drawn for the dependency of the PSD on the channel thickness (Figure 1.21 b).  It should 

be noted that although the ratio of the thickness between the two measured devices (thick 

channel/thin channel) was approximately 13, the transconductance ratio gm,thick/gm,thin was found 

to be approximately 2.5. 
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Figure 1.21 a) Gate referred voltage noise (SVG) plotted vs. resistance at 10 Hz, for devices with different 

channel dimensions. The noise level scales inverse proportionally with the surface area of the channel (W*L) 

b) Gate referred voltage noise (SVG) plotted vs. resistance at 10 Hz for 2 devices with different channel 

thickness. Image adapted from 109. 
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Chapter 2 

Methods and materials 

2.1 Fabrication  

The fabrication of OECTs was based on previous publications6,27,113 and included the 

deposition of gold, parylene C (PaC) and PEDOT:PSS in several subsequent steps. 26 x 76 mm2 

glass slides (Knittel Glass) were used as the substrate of the devices after they were thoroughly 

cleaned. The cleaning process involved an ultra-sonic bath in a Micro 90 (Cole Parmer) - deionised 

water (DI) low concentration solution (2%) for 20 minutes. Following that, the samples were 

rinsed with DI water, immersed into an acetone -  isopropyl alcohol (IPA) solution (90%-10%) and 

were sonicated for another 20 minutes. To pattern the metal pads, a negative photoresist (AZ 

nLOF2035, Micro-Chemicals GmbH) was spun on the glass substrate at 4000 rpm for 30 seconds, 

baked at 110oC for 1 minute and was exposed to UV light under constant power (80mJ/cm2), 

using a mask aligner (Karl Suss MA/BA6). The exposed samples were post-baked at 110oC for 1 

minute and were developed using a MIF 726 developer. Having completed the development of 

the first layer, the samples were activated for 2 minutes using an O2 plasma cleaner (Diener 

Electronic Femto), before being placed inside an e-beam evaporator (Kurt J Lesker PVD-75) to 

start the deposition of gold. A thin layer of Ti (5nm) was deposited on the glass substrate, 

followed by 100 nm of gold. The gold structures were fully formed after performing an overnight 

lift-off process, using a Technistrip® NI555 (Micro-Chemicals GmbH). Before proceeding with the 

deposition of the two layers of PaC, the samples were activated again for 2 minutes (O2 plasma 

cleaner). An adhesion promoter, 3-(trimethoxysilyl)propyl methacrylate (Sigma Aldrich A-174), 

was used as to ensure that the first layer of PaC would not be removed during the peel-off process.  
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The samples were submerged in the solution for 30 secs and were hard baked for an hour in 70oC, 

using a hot plate. Subsequently, they were placed in a parylene coater (SCS) to deposit the two 

layers of PaC. An anti-adhesive layer (2% v/v soap solution) consisted of Micro 90 and DI water 

was spun at 1000 rpm between the two layers of PaC. To pattern the PEDOT:PSS channels, a layer 

of photoresist (AZ9260, Micro-Chemicals GmbH) was spun on top of PaC at 4500 rpm for 30 

seconds and was post baked at 110oC for two minutes. The samples were exposed to UV light 

under constant power, using a mask aligner (MA/BA6), and were developed for 6 minutes, using 

a MIF 726 developer. The OECT channels were formed by reactive ion etching (Oxford 80 

Plasmalab plus).  

For the preparation of PEDOT:PSS, 19 ml of Clevios PH1000 (Heraeus), 1 ml of ethylene 

glycol, 50μl of dodecyl benzene sulphonic acid (DBSA, Sigma Aldrich) and 0,2 ml of (3-

glycidyloxypropyl)trimethoxysilane (GOPS, Sigma Aldrich) were mixed and sonicated for 15 

minutes. The PEDOT:PSS dispersion was spun at 3000 rpm for 30 seconds on the activated surface 

of OECTs and was annealed at 110oC for 1 minute. To finalise the fabrication of OECTs a peel-off 

technique was used to remove the top sacrificial layer of PaC114. Finally, the samples were hard 

baked at 130oC for an hour before being immersed into DI water to remove any excess 

compounds. 

In order to fabricate flexible devices (Chapters 5 & 6), we followed the same process as 

described above for glass slides with the following changes. 1)The substrate that was employed 

for flexible devices was a 4 inch silicon wafer, 2) an extra layer of PaC was deposited on top of 

the silicon wafer (to allow the device to be lifted from the substrate), 3) an extra step of 

photolithography was used to define the outline of the OECTs. 4) An AZ 5214 E image reversal 

photoresist was employed to pattern gold. The photoresist was spun at 4000 rpm for 30 seconds, 

before proceeding with a soft bake at 100oC for 1 minute. A subsequent image reversal bake at 

110oC for 2 minutes was performed after the exposure of the photoresist. To complete the 

pattern, the image was reversed by flood exposing the devices under the same mask aligner 

(<200 mJ>cm2). The transistor contacts were formed by employing an AZ 351B MIF developer. 5) 

AZ 9260 was replaced by AZ 10 XT 520 cP positive photoresist, spun at 3000 rpm, followed by a 
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soft bake at 110oC for 2 minutes. Figure 2.1 shows the subsequent steps used to fabricate a 

flexible device (from left to right). 

 

Figure 2.1 Illustration of the different steps of the fabrication process.  

 

2.2 Characterisation  

The PEDOT:PSS film area, including the total length of the stripe as well as the width and 

length of the actual channel, was measured using an optical microscope (Nikon Eclipse LV100ND). 

A DektakXT® stylus profilometer (Bruker) was used to measure the thickness of the PEDOT:PSS. 

Transistors were characterised using a 0.01 M Phosphate Buffered Saline (PBS) solution and a 

Ag/AgCl gate electrode (World Precision Instruments). A semiconductor device analyser 

(Keysight B1500A) was employed to bias and measure the gate and the drain current of OECTs. 

A delay of 100 ms was applied between measurements to ensure that the transistors had reached 

steady state. Customised software was designed in MATLAB to analyse and plot the exported 

data. In order to measure the frequency response of our devices, two NI-PXI-4071 digital 

multimeters and a customised LabVIEW program were used. All measurements were performed 

inside a Faraday cage to shield the transistors from any external sources of noise. Custom-built 
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electronics were used to control bias and convert the drain source current into voltage by utilising 

a transimpedance amplifier (10k gain), as shown in figure 2.2. The voltage signal was split into DC 

(frequency < 0.1 Hz) and AC (0.1 Hz < frequency < 5 kHz). The AC signal was amplified by an 

additional factor of 100 to assist with the noise evaluation. The voltage read out was done by a 

standard data acquisition system. All of the recordings were digitally filtered, using customised 

software in MATLAB, to remove 50 Hz noise and its harmonics as well as any external noise being 

added by the acquisition system. The data was also smoothed by using the smooth() function 

provided by MATLAB. Figures 2.3 a) and 2.3 b) illustrate the effects of filtering in the raw data. 

All calculations and graphs presented in this study were based on data that was treated in this 

manner, unless otherwise stated. 

 

Figure 2.2 Schematic of an organic electrochemical transistor (OECT), highlighting the source and drain 

contacts as well as the gate electrode. A current to voltage amplifier was used to perform the noise 

measurements115. 
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Figure 2.3 a) Removal of 50 Hz noise and its harmonics (indicated by the black lines) from the power spectral 

density (SId). b) Smoothing of SId vs. frequency.  

 

2.3 Data treatment 

 All electrophysiology recordings were simultaneously acquired by a Keysight B2902A 

source measure unit, with a sampling frequency of 20 kHz. Both OECT and PEDOT:PSS electrode 

recordings were collected by the same equipment to minimise the effect of any noise added by 

the acquisition system and allow for fair comparisons between the two. Data were filtered 

digitally by employing a custom made MATLAB code. A Notch filter at 50 Hz was used to remove 

any noise added by power lines. We further filtered our data with a bandpass (1 – 300 Hz) filter 

to limit the frequency bandwidth of our experimental data, as we were mainly interested in 

recording LFPs. Time frequency analysis was performed in MATLAB in data that was filtered in 

both these manners.  

 

2.4 In vivo protocol 

 All experimental procedures were performed in accordance with the UK Animals 

(Scientific Procedures) Act 1986. ~250 g Sprague Dawley rats (Charles River UK) were used for 
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this work. Animals anaesthetised using isoflurane (induction at 5% in O2, maintenance at 2.5%). 

This was lowered to 1.25% isoflurane for electrophysiology recordings. Once anaesthetised 

animals were mounted on a stereotaxic frame, and their body temperature was monitored and 

maintained using a thermal blanket. Two stainless steel screws (M0.8 x 2mm, US Micro Screw) 

were inserted into the skull above the cerebellum to act as the grounded gate electrode for 

OECTs and the floating reference electrode for PEDOT:PSS electrodes.   

A 6 mm by 4 mm square craniotomy was made (from approximately +2 mm anterio-posterior 

and +1 mm lateral, to -4 mm anterio-posterior and +5 mm lateral, relative to Bregma). The ECoG 

device was positioned over the limb somatosensory cortex (approximate Bregma coordinates -1 

mm anterio-posterior and +3 mm lateral). All exposed tissue was kept moist by regular flushes 

using sterile saline. An ECoG device was then placed onto one of the two windows. The ECoG 

device was connected through its flexible flat cable to a custom made PCB board via a zero 

insertion force connector, and from there to one of the two channels of the Keysight B2902A 

source measure unit. After recording the device was moved to the other window, and recordings 

were repeated.  
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Chapter 3 

Impact of contact overlap on transconductance and 

noise in organic electrochemical transistors1 

 

3.1 Introduction 

Since they were first developed by Wrighton in 19845, organic electrochemical transistors 

have attracted a great deal of attention and have found fertile ground in a variety of applications4. 

OECTs are organic transistors, consisting of two metal electrodes (source and drain), a 

semiconducting polymer film and a gate electrode submerged in an aqueous electrolyte. 

Different polymers have been employed to fabricate OECTs, with the most widely used being 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), a p-type degenerately 

doped semiconductor. PEDOT:PSS has become popular within the bioelectronics community due 

to its stability, high conductivity and biocompatibility85. The unique architecture of OECTs allows 

them to convert ionic to electronic current by leveraging the mixed conductivity of their channel. 

This conversion is achieved by the injection of ions from the electrolyte and translates into a 

proportional modulation to the drain current33. This reversible exchange of ions between the 

electrolyte and the volume of the channel differentiates OECTs from field effect transistors (FETs) 

and makes them particularly suitable for biological sensing28. OECTs have been employed to 

 
1 This chapter is based closely on previously published work: Anastasios G. Polyravas, V. F. Curto, N. 
Schaefer, A. B. Calia, A. Guimera-Brunet, J. A. Garrido, and G. G. Malliaras, “Impact of contact overlap on 
transconductance and noise in organic electrochemical transistors”. Flex. Print. Electron. 4, 044003 (2019). 
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detect analytes88, metabolites89,116,117, ions92, neurotransmitters118 and DNA93; to interface with 

cells36,119; to measure neural activity6,7; and to replicate neuromorphic functions120,121.  

A figure of merit which is commonly used to characterise transistors is transconductance, 

defined as the first derivative of the drain current over the gate voltage, gm = ΔId/ΔVg. 

Transconductance quantifies the sensitivity of a transducer, as it directly relates a modulation in 

the gate voltage (input) to a modulation in the drain current (output). OECTs have been shown 

to exhibit the highest transconductance observed between electrolyte-gated transistors27 given 

by the volumetric capacitance that describes conjugated polymers, such as PEDOT:PSS122. This 

leads to signal amplification and bestows OECTs with higher signal-to-noise ratio compared to 

surface electrodes6 while providing them with a response time in the range of hundreds of μs74. 

A lot of recent work has focused on enhancing the performance of OECTs through the tuning of 

the device geometry39,67 and the selection of the semiconducting material66. However, noise, 

which is a main limiting factor of the performance of OECTs has not been studied thoroughly. 

Noise is described as a random disturbance in a signal and leads to a significant decrease 

in the quality of the information retrieved. The noise spectra can be divided into different types 

based on the source that generates it and the dependence on frequency, with the most 

important types of noise being thermal and flicker. Thermal noise originates from the thermal 

motion of charge carriers in a conductor and consists of a constant power spectral density that 

spreads across the whole frequency bandwidth. On the other hand, flicker noise exhibits a power 

spectrum that is inverse proportional to the frequency, rendering its contribution dominant in 

low frequencies and insignificant in high frequencies. A wide variety of reasons such as the bias 

voltage, the resistance and the structure of the organic device have been associated with the 

presence of flicker noise97. In contrast to thermal noise, flicker noise has been shown to 

significantly impact the performance of an electronic device and thus, it has been extensively 

studied in light emitting diodes98, field effect transistors 99,112,123, thin film transistors100 and 

graphene transistors110. While a lot of research has been performed on different types of 

transistors, there is only one study on OECTs109. 
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In this work, we explore the noise characteristics of OECTs using PEDOT:PSS as the 

semiconducting material. We investigate how the bias conditions (drain and gate voltage) and 

the overlap between the gold contacts and the channel of the transistor affect the noise level of 

our devices. Our findings show how to tune the geometry and the bias conditions of OECTs to 

minimise noise and maximise signal-to-noise ratio. 

 

 

3.2 Device performance  

In this study, arrays consisting of 16 transistors with a channel length (L) of 50 μm and a 

width (W) of 50 μm were fabricated. The transistors were symmetrically grouped in 4 quadrants 

and exhibited different overlap between the source-drain contacts and the semiconducting 

channel area. A schematic of an OECT and the measuring system used is presented in Figure 3.1 

a). Four different percentages of overlap were patterned (10%, 30%, 50% and 70%) 

corresponding to the length (L) of the PEDOT:PSS channel, leading to a total overlap of 5, 15, 25 

and 35 μm on each side respectively. Figure 3.1 b) illustrates the resulting geometry, with the top 

image showing an OECT with 10% of overlap and the bottom image showing an OECT with 70% 

of overlap. The width and the length of the channel of every device was checked and was found 

to not deviate significantly (less than 2 μm) from the nominal values, with the overlap being in 

close proximity as well (within 1 μm). The total length (overlap between the PEDOT:PSS stripe 

and the source contact + overlap between the PEDOT:PSS stripe and the drain contact) in all 

OECTs was similar, allowing for comparisons between different devices. 

Figure 3.1 c) shows the output characteristics of an OECT with W = 50 μm, L = 50 μm and 

d ~ 100 nm. The output characteristics were taken by applying a drain voltage (Vd) between 0 

and - 0.6 V and a gate voltage (Vg) between 0 and 0.6 V, with a 50 mV step, and are typical for an 

electrolyte gated transistor operating in depletion mode33.  The PEDOT:PSS film is fully doped in 

the absence of a gate voltage and hole current is flowing from source to drain. Upon the 
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application of a positive gate voltage cations from the electrolyte are injected into the channel, 

de-doping the film, leading to a significant reduction in the absolute value of the drain current 

(Id). Figure 3.1 d) illustrates how the drain current and the transconductance vary as a function 

of the applied gate voltage for a constant Vd of - 0.6 V. From this transfer curve we obtain a 

maximum transconductance of about 1.7 mS at a Vg between - 0.1 to 0 V, in good agreement 

with transconductance values reported for OECTs with similar dimensions27,39. 

 

Figure 3.1 a) Schematic of an organic electrochemical transistor (OECT), highlighting the source and drain 

contacts as well as the gate electrode. A current to voltage amplifier was used to perform the noise 

measurements. b) Optical micrograph of an OECT with 10% (top) and 70% (bottom) overlap between the 

gold contacts and the PEDOT:PSS channel. c) Output curve of an OECT showing how the drain current (Id) 

varies as a function of the drain voltage (Vd) for different gate voltage (Vg). Each curve is obtained by ranging 

Vg from 0 to 0.6 V with a 50 mV step (bottom to top). d) Transfer curve of an OECT biased at a constant Vd 

of - 0.6 V, indicating how the drain current and the transconductance (gm) change as a function of the 

applied gate voltage. 
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3.3 Results and discussion 

3.3.1 Noise behaviour  

In order to understand the origin of noise in OECTs, we calculated the power spectral 

density of the drain current fluctuations (SId) for different gate and drain voltages while 

maintaining the same percentage of overlap. We found that SId depends on the bias conditions, 

as SId ∝ Id
2, whilst the spectra showed a 1/f characteristic in low frequencies. To minimise the 

effect of the current and be able to compare between different technologies, we normalised SId 

by dividing with Id
2 and used this as a figure of merit. Interistingly enough, we observed that  the 

normalised power spectral density, or relative noise, (SId/Id
2) is independent of the applied Vd, for 

a fixed Vg (Figure 3.2). This suggests that drain voltage can be selected based on the needs of the 

application and the limitaions in power consumption, without affecting the noise level of an 

OECT. 

 

Figure 3.2 a) Power spectral density (SId) as a function of frequency for different bias voltages (Vd). Gate 

voltage was fixed at 0 V. b) Relative noise (SId/Id
2) vs. frequency under the same bias conditions. 



46 
 
 

To further investigate the noise behaviour of our devices we plotted SId/Id
2 as a function 

of frequency, shown in Figure 3.3 a). A constant Vd of - 0.5 V was applied to bias the device and 

the overlap was set to 30% (15 μm). The data shows that flicker (or 1/f) noise is the main 

contributor of noise in frequencies lower than 100 Hz with the spectra saturating above that; a 

regime where white noise becomes dominant. Figure 3.3 b) shows how relative noise varies as a 

function of the drain current with the blue line corresponding to the prediction of the α-noise 

model. In comparison, figure 3.3 c) demonstrates the dependence of relative noise on the ratio 

(gm/Id)2, in agreement with the charge noise model. SId values were calculated at 10 Hz while Id 

and gm values were measured by changing the bias conditions. A better fit between our 

experimental data and the latter model was found. Our results agree with previous findings of 

Stoop et al., who verified this model for OECTs109.  

 

Figure 3.3 a) Relative noise (SId/Id
2) vs. frequency. The black dashed line indicates a 1/f frequency 

dependence (flicker noise). b) Relative noise as a function of the drain current. The blue line corresponds 

to the prediction of Hooge’s law. c) Relative noise vs. (gm/Id)2. A better fit between our experimental data 

and the proposed charge noise model is observed.   
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3.3.2 Contact overlap  

In order to investigate how geometry affects the performance of OECTs, we examined 

samples with 4 different percentages of overlap between the channel and the gold contacts. 

Transistors with different overlap had the same channel area (W, L) but a different percentage 

of surface area was covered by PEDOT:PSS and was exposed to the electrolyte solution (Figure 3. 

1 b). We explored how gm changes as a function of Vg for transistors with 10%, 30%, 50% and 70% 

of overlap. Figure 3.4 a) highlights our findings for four representative devices. All four OECTs 

were fabricated on the same glass slide and were equally spaced from the centre, to ensure that 

the thickness of PEDOT:PSS was similar for all of them. As can be seen from figure 3.4 a), gm 

appears to not vary systematically as a function of the contact overlap. As expected an increase 

in the overlap area does not modify the active length of the channel and hence, the 

transconductance of OECTs. Our results demonstrate that a good ohmic contact is achieved at 

both source and drain contacts, independently of the overlap area. 

To further explore the effect of overlap on the performance of OECTs we studied the 

frequency response of our devices. OECTs were biased with a constant Vd while a series of sine 

waves (amplitude of 50 mV, frequency range from 1 Hz to 20 kHz) was used at the gate electrode. 

Figure 3.4 b) shows how normalised transconductance (gm/gm,max) changes as a function of 

frequency for four devices with different percentage of overlap. We found that the cut-off 

frequency, which corresponds to  𝑔𝑚,𝑓𝑐 =
1

√2
∗ 𝑔𝑚,𝑚𝑎𝑥, increases as the overlap decreases. Our 

findings come in good agreement with previous work performed in thin film transistors124.  To 

quantify this shift in fc we considered that an OECT consists of two circuits, an electronic and an 

ionic one33. A recent study has shown that the cut-off frequency of PEDOT:PSS square surface 

electrodes is inverse proportional to 𝐴
1

2 , where A stands for the total surface area of the 

electrodes125. Based on that study we employed a simple RC circuit to model OECTs67 and 

substituted L with L’ (given by adding the total length of the overlap into the active length (L) of 

the transistor channel) to describe the length of the PEDOT:PSS stripe. We derived that 𝑓𝑐~
1

𝑅𝑠𝐶
, 

where 𝑅𝑠~
1

2(𝐿′+𝑊)
 126 and 𝐶~(𝐿′𝑊𝑑) 67. A more thorough analysis of the derived equations is 
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presented in the section below. A difference of ~300 Hz in the fc was observed between OECTs 

with the 70% and 10% of overlap. 

 

Figure 3.4 a) Variation of the transconductance as a function of the applied gate voltage for four transistors 

of different percentage of overlap. b) Normalised transconductance (gm/gm,max) vs. frequency. OECTs with 

a lower percentage of overlap show a higher cut-off frequency. 

 

Finally, we examined how overlap correlates with noise in OECTs. Figure 3.5 shows how 

SId/Id
2 varies as a function of Vg for four transistors of different overlap, at a fixed frequency of 10 

Hz. The value of 10 Hz was selected as it corresponds to alpha waves in encephalography127 and 

also allows comparisons between different technologies. As can be seen, relative noise increased 

under the application of a higher gate voltage for all the reported devices. To better understand 

this trend we calculated the ratio gm/Id for different Vg and found that the absolute value of gm/Id 

increased under the application of a higher Vg; in agreement with the prediction of the charge 

noise model. In contrast to fc, no significant dependency between noise and overlap was 

observed. This is consistent with the fact that device performance, as seen by the steady state 

transconductance, does not vary with contact overlap. It demonstrates that noise is determined 

by the length of the transistor channel instead of the length of the PEDOT:PSS film. 
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Figure 3.5 Relative noise vs. gate voltage illustrating that the noise level of an OECT is independent of the 

overlap. 

 

3.3.3 Calculation of the cut-off frequency 

The measured values of the cut-off frequency, where 𝐠𝐦,𝐟𝐜 =
𝟏

√𝟐
∗ 𝐠𝐦,𝐦𝐚𝐱, are shown in Table 2. 

The cut-off frequency is given by: 

 𝐟𝐜~
𝟏

𝐑𝐂
 ,  (S1)  

where:  

 𝐑~
𝟏

𝟐(𝐋′+𝐖)
 126  (S2)  

and  

 𝐂~(𝐋′𝐖𝐝), 67  (S3) 
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where L’ is the length of the PEDOT:PSS stripe125. 

The shift in fc can be calculated by  

𝐟𝐜,𝐧+𝟏 

𝐟𝐜,𝐧
=

(𝐋′𝐧+𝟏+𝐖)

(𝐋′
𝐧+𝐖)

∗
𝐋′𝐧

𝐋′𝐧+𝟏
, (eq. 1) 

where fc,n+1 is the estimated “shifted” cut-off frequency and fc,n is the known/starting cut-off 

frequency of the device under test.  To check the validity of eq. 1, we measured the cut-off 

frequencies of our transistors by numerical interpolation and compared these values to the ones 

calculated by eq. 1. Eq. 1 seems to provide accurate estimations of fc with slight deviations that 

can be justified by the rounding of the channel overlap edges, caused during the fabrication 

process. A difference of 287 Hz in the fc was observed between OECTs with 70% and 10% of 

overlap (see Table 2). The values of the cut-off frequencies can alternatively be calculated by 

applying an exponential fit to the temporal response of the drain current to a positive gate 

voltage74. However, eq. 1 provides a quick and effective way to correlate the cut-off frequency 

of an OECT with the overlap between the channel and the gold contacts. Assuming agreement 

for 10% contact overlap, the calculated values for contact overlap are shown in Table 2. The ”fc 

Measured” column corresponds to the frequency values measured by numerical interpolation 

and the “fc Calculated” column corresponds to the frequency values calculated by applying eq. 1.  
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% contact 

overlap 

W (μm) L’ (μm) fc(Hz), 

Measured 

𝐟𝐜,𝐧+𝟏 

𝐟𝐜,𝐧
 

fc(Hz), 

Calculated 

10% 50 60 1052 (-) (1052) 

30% 50 80 905 0.886 932 

50% 50 100 811 0.923 835 

70% 50 120 757 0.944 765 

Table 2 Experimental and calculated values of the cut-off frequency for OECTs with different contact 

overlaps. 

 

3.3.4 Discussion  

The analysis of the noise characteristics of OECTs revealed that the power spectral density 

can be divided into two regimes. The first one consists of frequencies lower than 100 Hz and is 

dominated by flicker noise whereas the second one starts from frequencies higher than 100 Hz 

and exhibits a constant white noise spectra, typical of thermal noise. In this study, we emphasised 

on understanding the origin of flicker noise and provide ways of minimising the relative noise of 

OECTs. Minimising the noise level of an OECT can significantly enhance its performance and 

provide more detailed information when used as a recording device. This is particularly 

interesting when exploring electrophysiology signals such as alpha, delta, theta, beta and low 

gamma activity, which can be found in a frequency bandwidth ranging from 1 to 70 Hz.  

In the analysis we performed, we investigated how the bias conditions (both gate and 

drain voltage) can affect the noise level of our OECTs. Our results show that the noise level 

increases with gate voltage. However, in contrast to SId, which was found to depend on the 

applied voltage Vd, relative noise appeared to be independent of Vd. Based on these findings, we 

suggest modifying the geometry of OECTs in order to exhibit maximum transconductance at zero 
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gate voltage while choosing a drain voltage that provides sufficient current and exhibits minimum 

power consumption, with regards to the respective application.  

We also aimed to answer the question of whether the overlap between the channel and 

the metal electrodes can affect the performance of OECTs, with the greater aim of setting new 

design rules. Our findings show that overlap can be used as a factor to tune the frequency 

response of an OECT without significantly affecting the transconductance and the noise 

characteristics of the device. Understanding the behaviour of the frequency response of a 

transistor is of paramount importance as it sets a physical limitation in the bandwidth of the 

recorded signals. In order to efficiently record a signal of good quality, we need to ensure that 

the majority of the information is found in a range that does not exceed the cut-off frequency. 

Having mentioned this, we propose minimising the length of the organic semiconductor stripe to 

achieve a higher frequency bandwidth. 

By fitting our data with the existing noise models, we found that a better fit was observed 

when applying the charge noise model, according to which the measured noise in the drain 

current originates from fluctuations in the hole density inside the channel. Noise can therefore 

be referred to voltage fluctuations at the gate according to 𝑆𝐼𝑑 =  𝑆𝑉𝑔 ∗ 𝑔𝑚
2 , where SVg is the gate-

referred noise111,128. Using this equation, we extracted an 𝑆𝑉𝑔 = 12.7 ∗ 10−14 V2Hz−1. This value, 

compares favourably to previous measurements in PEDOT:PSS OECTs109 and electrolyte-gated 

graphene transistors110.  

For sensor applications, √𝑆𝑉𝑔 is an important figure of merit as it can used to evaluate 

the measuring capabilities of a device128. The signal-to-noise ratio (SNR) can be determined as the 

change in the potential of an ion sensitive membrane to the gate voltage noise (SNR ∝  
1

√𝑆𝑉𝑔
), 

where the smallest detectable voltage is given by 𝛥𝑉 = √𝑆𝑉𝑔  109. The extracted value for SVg 

translates into a 3.5669 ∗ 10−7 ΔV. Comparing our devices with the ones previously reported109, 

we found a 4.4 improvement in the SNR. Calculations in the SVg and SNR values were performed 

by rescaling the dimensions of the channel area in our devices, assuming that 𝑆𝑉𝑔  ∝  
1

𝑊𝐿
 109. 

Similarly to SVg, another figure of merit that is widely used to compare the recording 

capabilities of a device is Vrms. In contrast to SVg, which referes to a specific frequency (10 Hz in 
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our case), Vrms is calculated by applying a bandpass filter between a desired frequency bandwidth 

and thus, is calculated by: 

𝑉𝑟𝑚𝑠 = √
∫ 𝑆𝐼𝑑

∙ 𝑑𝑓
𝑓2 𝐻𝑧

𝑓1 𝐻𝑧

𝑔𝑚
2

 

In a frequency range varying from 1 to 100 Hz, we calculated a 𝑉𝑟𝑚𝑠 = 3.4 μV. This value is more 

than adequate for enabling electrophysiology recordings20.  

 

3.4 Conclusion 

In this work, we investigated how different parameters such as the contact overlap and the bias 

conditions can affect the noise characteristics of an OECT. We identified flicker noise as the main 

source of noise in low frequencies (<100 Hz) and consistent with the charge noise model. We 

found that relative noise is affected by the voltage applied in the gate electrode but is 

independent of the voltage applied between source and drain. By studying transistors with 

different overlap, we presented a way to change the frequency response of an OECT without 

changing the noise level and the transconductance. Our results shed light in some new design 

rules that can be utilised to tune the performance of OECTs and improve their recording 

capabilities. 
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Chapter 4 

 

Effect of channel thickness on noise in organic 

electrochemical transistors2 

 

 

4.1 Introduction 

Organic electrochemical transistors have been attracting a great deal of attention due to 

advantages they bring, such as simple structure and high performance4.  Their principle of 

operation involves changes in the conductivity of a semiconducting film induced by ions 

injected/extracted from an electrolyte33. This process is regulated by a gate electrode, which is 

immersed in the electrolyte and results to changes in the doping state of the semiconductor. 

These changes in the doping state of the polymer film are translated into different values of drain 

current. The latter is induced by a voltage applied between source and drain electrodes that make 

contact with the semiconducting film. The simple architecture of OECTs lends itself to fabrication 

by traditional photolithography129 but also by low-cost printing techniques130, onto a variety of 

 
2 This chapter is based closely on previously published work: Anastasios G. Polyravas, N. Schaefer, V. F. 
Curto, A. B. Calia, A. Guimera-Brunet, J. A. Garrido, and G. G. Malliaras, “Effect of channel thickness on 
noise in organic electrochemical transistors”. Appl. Phys. Lett. 117, 073302 (2020). 
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substrates that include plastic27, paper131 and textile fibres132. OECTs have been used as 

transducers133,134, in electrophysiology6,7,90,135,136, biosensing137–140 and in vitro systems36,141.    

In the majority of these applications, OECTs are used as transducers that regulate a 

voltage change at the gate ∂Vg to a current modulation in the drain ∂Id 4. This process is described 

by transconductance gm=∂Id/∂Vg and is directly linked to the ability of OECTs to amplify recorded 

signals39. Consequently, a lot of emphasis has been placed on understanding how to improve 

transconductance by tuning device geometry39,67, engineering the material design142 and 

developing new device architectures143. OECTs using PEDOT:PSS, a commercially available p-type 

semiconducting material, show transconductance in the range of mS, outperforming transistors 

from both traditional and emerging semiconductors27. In contrast to field-effect transistors, 

where changes in conductivity happen in a thin channel formed close to the gate insulator, OECTs 

architecture allows the modulation of the entire volume of the semiconducting film. As a result, 

transconductance scales with channel thickness67, making this an identifying characteristic of 

OECTs66. By utilising this volume dependence of transconductance, one can reach arbitrarily high 

values of gm by simply increasing the channel thickness; OECTs with a transconductance of 1 S 

have been demonstrated144. 

Having highlighted the importance of channel thickness on signal amplification, a 

question that rises is how could this identifying parameter correlate with the noise being 

generated in the channel of an OECT. Stoop et al. and his colleagues were the first to investigate 

noise in OECTs109. Their study assisted in quantifying parameters that relate to signal-to-noise 

ratio (SNR) and limit of detection (LOD) while also showing that PEDOT:PSS OECTs exhibit a noise 

level that is comparable to graphene transistors, and only slightly higher than transistors based 

on carbon nanotubes and silicon nanowires. Moreover, their results suggested that large area 

channels maximise SNR. In the previous section, we investigated the impact of contact overlap 

and showed that it does not modify the noise characteristics of PEDOT:PSS OECTs115. Here, we 

explore the scaling of noise in OECTs as a function of the channel thickness. We demonstrate that 

metrics for SNR and LOD improve with channel thickness and address the origin of this behaviour. 

Our findings provide guidelines for optimising the performance of OECT-based transducers, 



57 
 
 

combining previous knowledge on the steady state behaviour of OECTs with the noise profiles 

arising from this work. 

 

4.2 Results and discussion 

4.2.1 Device architecture  

OECTs developed for this study have the typical planar structure shown in Figure 3.1 a). 

Briefly, the gold contacts were photolithographically patterned onto a glass substrate, resulting 

in a 50 x 50 μm2 channel. The semiconducting film was formed by spin coating a dispersion of 

PEDOT:PSS at multiple cycles to create channels with multiple layers of the polymer film. This 

resulted in OECTs with different thickness, i.e. 140 ± 14, 315 ± 74 and 1330 ± 75 nm (N = 6 devices 

per thickness); with the error bars corresponding to the standard deviation. To ensure good 

adhesion and uniformity, a soft pre-bake (one minute at 110oC) was employed before the 

deposition of each subsequent layer of PEDOT:PSS. A 2 μm thick layer of parylene C (PaC) was 

used to insulate the gold contacts of each transistor, leaving only the channel area exposed to an 

aqueous electrolyte. The conductivity of the semiconducting film was regulated by a Ag/AgCl 

electrode, submerged into the electrolyte solution.  

Before proceeding with the noise analysis, we examined the steady state characteristics 

of our devices. Figure 4.1 shows how Id scales as a function of the applied gate voltage for a Vd 

varying from 0 to - 0.5 V. As can be seen, the saturation voltage as well as the amount of current 

that is induced between the drain and source contacts depends on the channel thickness. The 

transconductance of three representative devices is also presented in Figure 4.2. 

Transconductance was measured by grounding the source contact and applying a voltage of - 0.5 

V at the drain, with Vg varying from - 0.6 to 0.6 V. Despite the increase observed in the maximum 

gm value for OECTs with greater thickness, transconductance was not found to scale 

proportionally to the channel thickness, as expected from Bernards model33. Consistent with a 
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previous study67, we found that the main reason for this deviation is the voltage drop caused by  

the resistance of the gold interconnects (described in the section below).  

 

Figure 4.1 Output curves of three representative OECTs with a thickness of ~140 (a), 315 (b) and 1330 (c) 

nm. Each line corresponds to a different gate voltage ranging from 0 to 0.6 V with a 50 mV step. 

 

Figure 4.2 Transconductance vs. gate voltage for three OECTs with different thickness. The curves 

correspond to the measured values before applying any correction for resistive loss. Vd was fixed at – 0.5 

V. 
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4.2.2 Correction for resistive loss  

Despite knowing that resistive loss is present in every electronic system, we decided to 

apply a simple model to account for the voltage drop happening at the source and drain contacts. 

We used this model to correct for the effective voltage applied between the gate, source and 

drain terminals but most importantly to correct for the peak gm, as this is an important figure of 

merit when examining OECTs with varying channel thickness.   

If R is the total resistance of the interconnects, the circuit between the source and drain 

terminals can be modelled as three resistors in series: A resistor 
1

2
𝑅 representing the path from 

the source terminal to the source electrode, a resistor that corresponds to the channel Rch, and 

a resistor 
1

2
𝑅 representing the path from the drain electrode to source. Placing the ground at the 

source terminal and applying Vg,appl at the gate terminal and Vd,appl at the drain terminal, the true 

values of Vg and Vd are: 

𝑉𝑔 =  𝑉𝑔,𝑎𝑝𝑝𝑙 −
1

2
𝐼𝑑𝑅            

𝑉𝑑 =  𝑉𝑑,𝑎𝑝𝑝𝑙 − 𝐼𝑑𝑅            

The interconnects had a length varying from 1.3 mm to 3 mm and a width that tapered 

from 300 µm down to 100 µm. The mean value of R was measured by short-circuiting the 

channels with a Au film and were calculated to be 92 ± 18 Ω (N = 12 devices). The values of the 

transconductance were also corrected for the true value of Vd based on: 

𝑔𝑚 =
𝑊

𝐿
𝑑𝜇𝐶∗𝑉𝑑             

The corrections are summarised in Table 3 below. 
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Channel 
thickness/correction 

140 nm 315 nm 1330 nm 

Vg +30 mV +80 mV +170 mV 

Vd -440 mV -340 mV -160 mV 

gm ×1.11 ×1.46 ×3.12 
 

Table 3 Corrections applied to account for resistive loss at the Au interconnects. 

Figure 4.3 shows the variation of transconductance as a function of the applied gate 

voltage for three OECTs, after performing the resistive loss correction. The maximum 

transconductance for the OECT with the thickest PEDOT:PSS channel was 22.8 mS, a value that is 

10.5 and 3.8 times higher compared to the OECTs with a thickness of ~140 nm and ~315 nm, 

respectively. These results are in better agreement with Bernards model33. A shift in the gate 

voltage at which peak transconductance is reached was also observed, consistent with previous 

reports that studied the dependence of transconductance as a function of the channel geometry 

(width, length, thickness)39.  

 

Figure 4.3 Transconductance vs. gate voltage for three OECTs with different thickness. Both gm and Vg were 

corrected for resistive loss at the interconnects.  
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4.2.3 Frequency response  

An increase in channel thickness is known to be accompanied by a decrease in the cut-off 

frequency67, as the response time of OECTs increases drastically. This increase is directly linked 

to the volumetric behaviour of an OECT channel; thicker films exhibit a greater capacitance 

allowing the exchange of more ions within the organic polymer and thus slowing the operation 

of the device.  This is shown in Figure 4.4, where the normalised transconductance gm,norm is 

plotted as a function of frequency f. OECTs were biased by applying - 0.5 V at the drain terminal 

with a series of sine waves with a frequency ranging from 1 Hz to 20 kHz and an amplitude of 50 

mV being applied at the gate terminal. Transconductance was calculated by measuring the 

change ΔId in the drain current as a function of the applied sine wave in the gate terminal. Figure 

4.4 is plotted by numerical interpolation of the acquired measured points. A 7.2 times decrease 

(998 Hz compared to 138 Hz) in the cut-off frequency was observed when the channel thickness 

was varied from ~140 nm to ~1330 nm.  

 

Figure 4.4 Normalised transconductance vs. frequency with the dashed line corresponding to the cut-off 

frequency (-3dB).  

 



62 
 
 

Two different models were examined to provide a prediction for the cut-off frequency. 

The first one is a simplified model that consists of a resistor Rs in series with a capacitor C (RC 

circuit) whereas the second one includes an extra resistor Rp in parallel with the capacitor C (RRC 

circuit). These models have been previously applied to describe electrode operation and have 

also found applicability in OECT operation67. Fit parameters and predictions of the two models 

are shown in Table 4. As expected, Rp decreases with channel thickness (due to an increase in the 

total volume of the polymer film), but remains three orders of magnitude higher than Rs, meaning 

that the RC circuit is accurate enough. The model does a reasonable job at predicting the cut-off 

frequency. Values in Table 4 were calculated based on a previous study67. 

 

Channel thickness 140 nm 315 nm 1330 nm 

Rs 10 kΩ 10 kΩ 10 kΩ 

Rp 20 MΩ 10 MΩ  6 MΩ 

C 15 nF 30 nF 150 nF 

fc,RC 1061 Hz 531 Hz 106 Hz 

fc,RRC 1061 Hz 531 Hz 106 Hz 

fc,meas 998 Hz 444 Hz 138 Hz 

 

Table 4 Fit parameters and predictions for the two models frequency response models. 

 

4.2.4 Noise analysis 

  Having explored the effect of different channel thickness on the device performance, we 

proceeded with the analysis of the noise characteristics of OECTs. Figure 4.5 a) shows how the 

power spectral density of the drain current SId of an OECT with ~140 nm channel thickness varies 
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as a function of frequency; the black dashed line is a guide for the eye, indicating a 1/f slope. As 

mentioned, this is a typical characteristic of flicker noise and was observed in frequencies lower 

than 100 Hz, in agreement with previous studies in thin film transistors110,123, including 

OECTs109,115. To be consistent with our previous findings, we also investigated how relative noise 

SId/Id
2 varies as a function of frequency and we observed a similar trend. Considering that relative 

noise can be used as a figure-of-merit to compare the noise level across different device 

architectures and bias conditions145,146, we applied it as a normalisation to compare OECTs with 

different channel thickness. Figure 4.5 b) illustrates how relative noise scales with gate voltage 

for OECTs with three different thicknesses. Calculations were performed at 10 Hz. Each point in 

the graph represents the mean value measured from six OECTs with the same nominal channel 

thickness, with the error bars corresponding to the standard deviation. As seen from Figure 4.5 

b), relative noise decreases non-linearly with channel thickness. 

 

 

Figure 4.5 a) Power spectral density SId vs. frequency for an OECT with ~140 nm channel thickness. The 

dashed line has a slope of 1/f, indicating that flicker noise is the dominant contributor of noise at low 

frequencies. b) Normalised power spectral density SId/Id
2 vs. gate voltage for OECTs with different thickness. 

Each point corresponds to the mean value (N = 6 transistors), with the error bars indicating the standard 

deviation. The solid lines are guides to the eye. Vg was corrected for resistive loss at interconnects. The 

dashed lines correspond to the scaling predicted by the charge noise model. 
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The noise behaviour of electrolyte-gated transistors110,112,128, including OECTs109, is 

usually described by the charge noise model. This model assumes that flicker noise originates 

from fluctuations in the number of charge carriers in the channel of the transistor111. Based on 

this assumption, the normalised power spectral density SId/Id
2 is expected to be proportional to 

the ratio gm
2/Id

2, a trend that seems to hold in our devices (Figure 4.6). Moreover, in the charge 

noise model SVg is inversely proportional to the square of the gate capacitance109,145. By 

combining this with the capacitance dependence of OECTs with channel thickness, we extract 

that SId/Id
2 is expected to scale proportionally to 1/d2. The dashed lines in Figure 4.5 b) reflect the 

theoretical scaling of relative noise for OECTs with a channel thickness of ~315 nm and ~1330 nm. 

The thickness of the thinnest OECT was used as a starting point to assist with these calculations. 

While a good agreement is observed for transistors with a ~315 nm thick channel, the relative 

noise predicted for transistors with a ~1330 nm thick channel is about 10 times lower compared 

to the measured values. This discrepancy is discussed more thoroughly in the Discussion section 

below.  
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Figure 4.6 Normalised power spectral density of the drain current vs. (gm/Id)2 for OECTs with a thickness of 

140 nm (a), 315 nm (b) and 1330 nm (c), respectively. Each point corresponds to the mean value calculated 

from N = 6 transistors. The dashed line is a fit to the charge noise model. Transconductance values were 

corrected for resistive loss at the gold interconnects. 

 

In addition to relative noise, parameters that relate to SNR and LOD are also used to 

characterise and compare transducer technologies. One of these parameters is the square root 

of the gate referred voltage noise SVg
1/2, obtained by dividing SId

1/2 by gm. SVg
1/2 refers to a certain 

frequency (10 Hz in our case) and as such, it is used as a way to estimate SNR when the transistor 

is operating as a voltage sensor (the lower the SVg
1/2, the higher the SNR)109,123. Figure 4.7 a) shows 

how SVg
1/2 varies as a function of Vg, for OECTs with different channel thickness. The dashed lines 

reflect the theoretical values of SVg
1/2 for OECTs with a channel thickness of ~315 nm and ~1330 

nm, respectively. Similarly to relative noise, a good agreement is observed for OECTs with a ~315 

nm thick channel. However, a lower value is predicted for OECTs with a ~1330 nm thick channel. 
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It should be noted that despite the deviation from the theoretical values, the 50 nV/Hz1/2 

obtained from the OECT with ~1330 nm channel compares favourably to values reported in other 

thin film transistor technologies110,128,147. 

Another important metric for transistors is Vrms. Vrms is obtained by integrating SId over a 

frequency window of interest and extracting the square root of the integrated SId divided by 

transconductance112,148. As such, it quantifies the LOD, or the minimum voltage that can be 

detected by the transistor. In Figure 4.7 b) the Vrms values of eighteen OECTs with different 

thickness are plotted as a function of transconductance. Since relative noise flattens in 

frequencies higher than 100 Hz (Figure 4.5 a)), we chose the frequency window to correspond to 

1 – 100 Hz and calculated Vrms with Vg = 0 V. For comparison reasons, we also calculated the Vrms 

values at a Vg corresponding to maximum transconductance (Figure 4.8). We found that Vrms 

decreases at higher transconductance (and hence channel thickness), realising its lowest value of 

approximately 0.4 μV for OECTs with the thickest channels. Table 5 shows the calculated Vrms 

values in different frequency bandwidths. Based on our results, OECTs compare favourably to 

reported values of transistors148 and electrodes149 from other materials. It should be noted that 

the thermal noise added by the Au interconnects was 12.28 nV in the 1-100 Hz range and hence, 

it was considered negligible.  

 

Figure 4.7 a) Root square gate voltage noise vs. Vg for OECTs with different thickness. Each point 

corresponds to the mean value obtained from N = 6 transistors, with the error bars indicating the standard 
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deviation. The solid lines are guides to the eye. Vg was corrected for resistive loss at interconnects. The 

dashed lines correspond to the scaling predicted by the charge noise model. b) Root mean square of the 

voltage fluctuations Vrms in the 1 Hz to 100 Hz bandwidth vs. transconductance. Vrms values were calculated 

for 0 V applied at the gate terminal.   

 

Figure 4.8 Root mean square of the voltage fluctuations in the 1 Hz to 100 Hz bandwidth vs. 

transconductance. Vrms values were calculated at the voltage at which the maximum transconductance was 

observed.   

 

Channel thickness Vrms at different frequency ranges 

(1 - 30) Hz (1 – 100) Hz (1 – 1000) Hz (1 – 5000) Hz 

140 nm 1.88 μV 2.20 μV 2.83 μV 3.40 μV 

315  nm 0.77 μV 0.89 μV 1.16 μV 1.39 μV 

1330 nm 0.34 μV 0.40 μV 0.51 μV 0.60 μV 

 

Table 5  Vrms of OECTs at varying frequency bandwidths. 
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4.3.1 Discussion 

The volumetric capacitance that organic materials such as PEDOT:PSS show has been 

leveraged in several applications in bioelectronics122. This property bestows OECTs with high 

transconductance, which translates into high signal amplification27. It comes, however, at the 

expense of cut-off frequency. The volumetric doping/dedoping that occurs across the whole bulk 

of the organic film makes OECTs response time decrease as a function of channel thickness. Still, 

OECTs have been used in biosensing and electrophysiology, where signals range from quasi-DC 

up to several kHz127. A proper balance needs to be struck between the appropriate channel 

thickness that maximises transconductance while preserving a desired cut-off frequency, in order 

to optimise device performance67. Our findings for transconductance and cut-off frequency of 

OECTs with varying channels thickness validate this trade-off and are in quantitative agreement 

with the predictions of Bernards model. With respect to noise, we found that relative noise in 

OECTs decreases non linearly with the channel thickness. This suggests that a large channel 

thickness is not only desirable because it increases transconductance but also because it provides 

a higher SNR and a lower LOD, with the trade-off being cut-off frequency. This can be overcome 

though by using a different OECT architecture136. It should also be noted that Vrms tends to 

saturate for high polymer thickness, suggesting that no significant improvement in SNR is 

achieved for particularly thick OECT channels. 

The analysis of our data showed that the decrease in noise was consistent with the 

prediction of the charge noise model for OECTs that exhibit a channel thickness within 300 nm. 

However, when we increased the channel thickness to values above 1 μm, the model 

underestimated the measured values of noise. We tried to interpret this deviation by applying a 

more sophisticated model that considers fluctuations in both carrier number and carrier mobility. 

This model, which was originally developed for field-effect transistors145,150, introduces an 

additional factor in SId/Id
2 that is proportional to the gate capacitance and hence, predicts a more 

moderate decrease of relative noise with channel thickness. Despite the fact that this additional 
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factor was not able to explain the observed deviation in OECTs with a thicker channel, a 

description of the augmented noise model is given in the section below. 

 

4.3.2 Noise modelling 

The charge noise model attributes noise to fluctuations in the number of charge carriers 

in the channel of the transistor. The normalised power spectral density of the drain current is 

linked to the power spectral density of the gate voltage as:  

𝑆𝐼𝑑

𝐼𝑑
2 =  

𝑔𝑚
2

𝐼𝑑
2 ∗ 𝑆𝑉𝑔

 ,           (4) 

with109: 

𝑆𝑉𝑔
=  

𝑆𝑞

𝐶2             (5) 

where Sq is constant for a given frequency and channel dimensions and C is the gate capacitance. 

In OECTs, the capacitance is proportional to the thickness d of the channel, meaning that relative 

noise scales as 1/d2.  

A more sophisticated model can be derived by assuming that noise arises from both fluctuations 

in carrier numbers in the channel and corresponding changes induced in the carrier mobility. We 

write150: 

𝛥𝐼𝑑 =
𝑑𝐼𝑑

𝑑𝑉𝑔
Δ𝑉𝑔 +

𝜕𝐼𝑑

𝜕𝜇
𝛥𝜇 .          (6) 

Friedlein et al. showed that the carrier mobility in PEDOT:PSS OECTs can be described as70: 

𝜇 =  𝜇𝜊 (
𝑝

𝑝𝑜
)

𝛽

,           (7) 

where p is the hole concentration, μo is a mobility pre-factor and po is the zero-field hole 

concentration, which is equal to the density of sulfonate groups SO3
- compensating holes in the 

PEDOT:PSS film67. The exponent β is found to be ~1 for PEDOT:PSS OECTs70. 
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Based on the Bernards model33, the hole density in the channel is : 

𝑝 = 𝑆𝑂3
− −

𝐶∗

𝑒
𝑉𝑔 ,           (8) 

with C* is the volumetric capacitance and e the absolute value of the charge of an electron. 

By combining Eqs. 7 and 8 we get: 

𝑑𝜇 =  𝜇𝜊
−𝐶∗

𝑒𝑆𝑂3
−  𝑑𝑉𝑔 ,           (9) 

where C* is the capacitance of the film per volume area. 

From the Bernards model we can get: 

𝑑𝐼𝑑

𝑑𝜇
=  

𝐼𝑑

𝜇𝑜
 ,            (10) 

Combining the above, Eq. 6 can be rewritten as: 

𝑑𝐼𝑑 = 𝑔𝑚 ∗ d𝑉𝑔 − 𝐼𝑑 ∗
𝐶∗

𝑒𝑆𝑂3
−  𝑑𝑉𝑔 ,         (11) 

By integrating we get the expression: 

𝑆𝐼𝑑

𝐼𝑑
2 = ( 1 −  

𝐶∗

𝑒𝑆𝑂3
− ∗

𝐼𝑑

𝑔𝑚
 )

2

(
𝑔𝑚

𝐼𝑑
)

2

𝑆𝑉𝑔
 .        (12) 

The extra term on the right-hand side of Eq. 12 (compared to Eq. 4) does not depend on channel 

thickness, hence the relative noise still scales as 1/d2, as determined by Eq. (5). 

 

4.4 Conclusion 

In this section, we investigated how channel thickness impacts the noise characteristics 

of PEDOT:PSS OECTs. We found that relative noise decreases with channel thickness. When the 

channel thickness increased from 140 nm to 315 nm, the decrease in noise was consistent with 

the prediction of the charge noise model. However, this model was not able to properly explain 
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our experimental data for OECTs with 1330nm channel thickness. Our results on metrics such as 

signal-to-noise ratio and limit of detection show that OECTs compare favourably to other 

transistor technologies, including graphene transistors and electrodes. This work demonstrates 

that OECT-based transducers should be designed for the maximum possible thickness, as 

determined by the cut-off frequency requirements of the application.   
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Chapter 5 

 

Organic electrochemical transistors for wearable 

and sensing applications 

 

5.1 Introduction 

Wearable devices have seen an increase in their applicability due to the advantages they 

bring such as health monitoring, analyte detection and electrophysiology activity sensing. Recent 

reports from the World Health Organization have shown that cardiovascular diseases are the 

main cause of death worldwide, resulting in almost one third of global deaths151. A healthy 

lifestyle can reduce the rate at which such diseases appear, however, early detection is equally 

important. As a result, methods that allow the detection of early signs or provide a consistent 

way of health monitoring have attracted a great deal of attention. Currently existing devices in 

clinical applications include the use of Ag/AgCl electrodes to record electrophysiology signals 

from the human body. Ag/AgCl electrodes are disposable and provide a good quality signal. They 

do, however, suffer from connectivity issues, they are limited to short term measurements due 

to the gel they utilise to interface with the skin152, and they can cause skin irritation or allergic 

reactions153. Electrodes coated with Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate), 

PEDOT:PSS, have been developed on different substrates, including paper154, polyimide155 and 

textiles156 as an alternative to record electrocardiography and electromyography signals. 
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As the needs of the biomedical society keep on rising, more inexpensive, biocompatible, 

non-invasive technologies have been employed to assist with that cause. Organic electrochemical 

transistors (OECTs) offer the ability to amplify any electrophysiology signal collected from 

muscles, skin or brain. They can also be fabricated with PEDOT:PSS, a material which is used to 

enhance the properties of multiple electronic devices and can be sterilised, allowing for direct 

clinical translation157. OECTs architecture bestows them with a conductivity which corresponds 

to the doping state of the channel material. Any changes in the electrolyte in which they are 

submerged (i.e. voltage fluctuations, molecule motion) leads to the exchange of ions with 

PEDOT:PSS and thus, changes the output current. Such properties combined with their superior 

performance in electrophysiology recordings compared to electrodes6, made OECTs a champion 

candidate for cutaneous and biosensing applications. OECTs have been applied to interface with 

the skin and record different types of signals, including ECG, EMG and EEG90,135,158.  They have 

also found fertile ground in biosensing and health monitoring applications as they can operate as 

transducers, enabling the detection of analytes and metabolites.  Similarly to recording an 

electrophysiology signal by detecting changes in the doping state of the channel film as a result 

of a voltage signal in the gate, OECTs can detect the interaction of a redox enzyme with a 

metabolite due to the transfer of an electron to the gate terminal4. OECTs have been used to 

detect a variety of analytes (glucose, lactate, cholesterol)138, uric acid159, alcohol160 and ph 

changes161. 

In this study we apply the design rules that we established in Chapters 3 and 4115,162 to 

fabricate a flexible, biocompatible device that can be used for cutaneous and biosensing 

purposes. We demonstrate that the noise level of our device, despite being higher compared to 

the OECT devices fabricated onto glass, is adequate for non-invasive electrophysiology. In 

addition, we show the ability of our transistors to record signals of varying amplitude and 

frequency in an artificial simulated electrode configuration. 

 



75 
 
 

5.2 Results and discussion 

5.2.1 Characterisation of flexible devices 

 Flexible devices for this work were fabricated as described in Chapter 2. Figure 5.1 shows 

the output and transfer curves of a representative OECT from the flexible device. All devices were 

characterised in a phosphate-buffered saline (PBS) solution with the use of a Ag/AgCl electrode 

as the gate. Figure 5.1 a) shows how the drain current scales as a function of the bias voltage, Vd, 

under the application of different gate voltages (ranging from 0 to 0.6 V from bottom to top). 

Higher gate voltages signify the injection of a greater quantity of cations from the electrolyte, 

leading to a larger decrease in the conductivity of the PEDOT:PSS film and thus, to lower current 

values. The transfer characteristics of the same OECT are presented in Figure 5.1 b). A maximum 

transconductance of ~2.5 mS was achieved at a gate voltage of – 0.2 V; Vd was constant through 

the measurement and was set at – 0.6 V. 

 

 

Figure 5.1 a) Output curve of a representative OECT on the flexible device, illustrating the variation of ID 

as a function of Vd for different gate voltages. Vg was ranging from 0 to 0.6 V with a 50 mV step. b) 

Transfer curve of a representative OECT, showing the variation of transconductance as a function of Vg for 

a constant Vd of – 0.6 V. 
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5.2.2 Noise characteristics 

 To better understand the performance of our transistors, we proceeded with the noise 

analysis of the flexible devices. Figure 5.2 shows the noise behaviour of a representative device. 

The power spectral density of the current fluctuations as a function of frequency is highlighted 

in Figure 5.2 a). In these measurements Vgs was chosen to vary from 0 to 0. 5 V and Vd was set at 

– 0.2 V. The normalised expression of the PSD is presented in Figure 5.2 b), where a division with 

the square current was performed. In contrast to previous measurements in glass slide devices, 

we operated the devices with a lower Vd (- 0.2 V instead of - 0.5). This change was performed to 

account for the amplifier gain that was used to collect the current and reduce the power 

consumption of the device, as high power consumption can be a limiting factor in some 

electrophysiology applications. Our graphs show that both the PSD and the normalised PSD are 

decreasing as a function of frequency, a behaviour that is typical for flicker noise, however, the 

curves are reaching a plateau in a much lower frequency compared to previously reported 

studies109,115,162. We also plotted the variation of SVg
1/2 as a function of gate voltage (Figure 5.2 c) 

and find a good agreement in the reported values to the glass slide OECTs with the thinnest 

PEDOT:PSS channels162. An average value of 1.32 μVHz−1/2 for SVg
1/2 and 17.6 μV for Vrms were 

calculated (N = 8 devices). Our results indicate that the noise level of the fabricated flexible 

devices is higher compared to previous OECTs, fabricated onto glass slides.  
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Figure 5.2 Noise characteristics of a representative OECT on a flexible device. Power spectral density SId (a) 

and normalised power spectral density SId/Id
2 vs. frequency for different gate voltages; Vd was set at – 0.2 

V. c) Root square gate voltage noise vs. Vg for the same device, showing the limit of detection of the 

transistor. 

 

5.2.3 Simulated signal detection 

 To test the performance of our transistors we designed an artificially simulated 

environment that uses two gold electrodes, closely spaced to each other. The electrodes were 

insulated with PaC and only the tips were left exposed. They were submerged in a PBS solution 

and a waveform generator was used to create electric pulses (sine waves of varying amplitude 

and frequency) between the two. The flexible device was also submerged in the solution, with a 

Ag/AgCl electrode being used as a gate terminal to apply zero voltage. The approach in this 
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experimental in vitro set up was to test the ability of our devices to record signals coming from 

electrophysiology activity. A series of sine waves with different amplitudes and frequencies were 

applied from the waveform generator and the current changes were recorded. Figure 5.3 

illustrates the configuration used for the in vitro measurements.  

Figure 5.4 shows the fluctuations in the drain current after the application of a 100 mV 

pulse, with different graphs corresponding to different frequencies (varying from 1 Hz to 1kHz). 

OECTs were biased with a Vd of – 0.6 V while the gate was grounded. As seen from Figure 5.4, the 

amplitude of the signal is high enough to be easily recorded from the OECTs. In contrast, when 

we reduced the signal to 4 mV (which was the limit of the waveform generator) the OECT 

recordings were not accurate representations of the applied signal (Figure 5.5). We also observed 

that for low frequencies (Figure 5.5 a) some instabilities of the drain current were detected. In 

addition, despite not changing the bias conditions of our devices the steady state current was 

found to vary between measurements; we believe that such deviations might originate from 

connectivity issues with the flexible cable that was bonded on the device. Figure 5.6 highlights 

our previous observations by showing the relative modulation of the drain current as a function 

of the generated signal frequency. It should also be noted that for amplitudes between the ones 

described above, the transistors were performing similarly, i.e. the signal quality was high up to 

approximately 10 mV.  
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Figure 5.3 Schematic of the configuration used to record artificially generated signals. The flexible device 

was submerged into the electrolyte, which was PBS in this case, and it was recording the electric pulses 

being generated by the two gold electrodes. A Ag/AgCl electrode was also used to supply zero gate voltage 

and assist with the bias of the OECTs. 
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Figure 5.4 Changes in the drain current as a result of the application of different sine waves with an 

amplitude of 100 mV and a frequency of 1 Hz (a), 10 Hz (b), 100 Hz (c) and 1 kHz (d).   

 

 

Figure 5.5 Changes in the drain current as a result of the application of different sine waves with an 

amplitude of 4 mV and a frequency of 1 Hz (a), 10 Hz (b), 100 Hz (c) and 1 kHz (d).   
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Figure 5.6 Relative modulation of the drain current as a function of the frequency of the generated pulse. 

Blue dots correspond to a signal of 100 mV amplitude, whereas red dots correspond to a signal of 4 mV. 

 

5.2.4 Discussion 

 In this study we fabricated a flexible device with the greater aim of testing its applicability 

in electrophysiology. To optimise the performance of the device, we applied the design rules that 

we established in our previous work115,162 in order to achieve maximum signal amplification and 

minimum noise. The characterisation of the device showed that peak transconductance was 

obtained for negative values of the applied gate voltage, however, the gain at zero Vg was 

sufficient enough to allow efficient operation. In future work, we propose tuning the architecture 

of the device, such as the channel dimensions, to shift maximum gm at zero Volts39. The analysis 

of the noise characteristics of our transistors showed that the noise level of the flexible device is 

slightly higher compared to OECTs fabricated on glass162. In addition, the variation of the 

measured PSD as a function of frequency was found to deviate from previously reported flicker 

noise behaviour. This trend was observed for most of the studied devices, indicating that more 

analysis might be needed to ensure that such behaviour is attributed to the devices and not to 
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external factors. A potential issue that could arise in flexible devices is the interface of the 

measuring set up with the PaC substrate. In conformable substrates, a soft contact needs to be 

established to avoid damaging the gold pads, an issue that is not present when the device is 

fabricated onto rigid substrates (glass, silicon, etc.).   

 Finally, an artificially simulated electrode configuration was employed to test the 

performance of OECTs to record signals of different amplitude and frequency. Our devices 

showed good performance in a frequency bandwidth that varied from 1 Hz to 1 kHz, a range that 

is more than adequate for most electrophysiology signals20. A degradation in the signal quality 

was found as a function of the reduction in pulse amplitude. Such behaviour is expected and is 

linked to the recording limitations of OECTs as well as the nature of the experimental set up. In 

this configuration, we used insulated gold wires that were closely spaced as the signal source, 

and maintained a constant distance through the measurements. As a result, the picked up signal 

from the OECTs was much lower compared to a configuration where a Ag/AgCl is used as an 

active gate electrode. In summary, our flexible device showed good performance and has the 

potential to be applied in a variety of wearable and sensing applications, including invasive 

electrophysiology applications (described in chapter 5). 

 

5.3 Conclusion 

 In this work we fabricated a flexible device using the design rules we established in 

previous chapters and tested its potential to be applied in electrophysiology applications. 

Characterisation of the device revealed that some tuning in the architecture might be needed to 

further optimise the operation point. Our noise analysis showed that the noise level of our 

flexible devices is higher to those previously reported, with a higher limit of detection and Vrms 

being observed. More research is required to examine the origins of such deviations. By utilising 

an artificial electrode configuration, we tested the recording capabilities of our devices and found 
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that our transistors are adequate for electrophysiology recordings. We believe that this 

technology has the potential to be used in a variety of electrophysiology applications. 
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Chapter 6 

 

High quality epidural recordings using organic 

electrochemical transistors 

 

6.1 Introduction 

Understanding the mechanisms that the brain uses to communicate and process stimuli 

from the environment has been a topic that attracted a great deal of attention over the past few 

decades. To assist them with this task, scientists have employed microelectrode arrays using 

different technologies (Utah arrays, Michigan probes) to interface with the brain and record the 

electrochemical signals produced by the exchange of ions between the cell membranes of 

neurons (more information in Chapter 1)25,26,127. The information derived is used to analyse the 

behaviour of the brain and can be connected to specific motor or sensor activity. The latter has 

given birth to brain computer interfaces (BCIs), which are computer driven systems built to 

interact with the nervous system20,163. BCIs utilise signals collected from the brain to control 

external devices such as two dimensional cursors164, prosthetic limbs165,166 and wheelchairs167. 

Consequently, BCIs  have been employed to assist with motor,168 cognitive rehabilitation169 and 

restore lost functionality in patients with  paralysis170 and paraplegia171. 
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The invasiveness of the method used in a BCI is of paramount importance as it is directly 

linked to the amplitude and the frequency spectrum of the recorded signals.  Typical oscillations 

corresponding to brain activity include delta (1-4 Hz), theta (4–8 Hz), alpha (7-14) beta (13-30 Hz) 

low and high gamma (30-150 Hz), as well as ripples (100-200 Hz)127,172. These oscillations of the 

neuronal circuitry are ultimately formed by single neuron activity (1-4 kHz). Non-invasive 

procedures involve the usage of electrode arrays placed on the scalp (electroencephalography 

(EEG)), less invasive methods employ arrays placed on the surface of the brain 

(electrocorticography (ECoG)), whereas more invasive methods utilise penetrating probes that 

pierce into the brain parenchyma20. Typically, more invasive methods allow recordings of higher 

frequency components from smaller volumes of tissue (e.g. individual neurons), increasing the 

spatio-temporal resolution of the received information. Although penetrating probes provide 

higher quality signals, their performance has been shown to significantly decline in long term 

recordings2. The main reason for this reduction lies within the response of the immune system 

of the human brain. The introduction of a foreign object triggers an inflammatory response, 

resulting in the encapsulation of the probe by an inactive layer of tissue. This process is known 

as “foreign body response” and has been linked to a variety of factors such as the insertion tissue 

damage173,174, the blood brain barrier breach175, the toxicity of the probe materials176 and the 

mechanical mismatch between the implanted probe and the neural tissue18,177.  

It becomes apparent that a good balance between adequate signal quality and 

invasiveness needs to be struck to optimise the performance of a recording method. While EEG 

recordings are non-invasive and show good performance164, their resolution is not sufficient for 

most BCI applications178.  On the other hand, ECoG recordings typically consist of multiple 

grouped electrical potentials collected from the cortex of the brain (local field potentials (LFPs)). 

LFPs offer the advantage of providing higher temporal and spatial resolution compared to EEG 

signals. As an electrophysiology technique, ECoG does not necessitate penetration of the 

neuronal tissue, making it an excellent candidate for neuroscientists to study brain activity.  ECoG 

microelectrode arrays have been used to assist with brain mapping179 and localisation of 

epileptogenic zones180. Recording of ECoG signals can be performed above or below the dura, 
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leading to epidural or subdural activity respectively6,181. The presence of the dura can affect the 

quality of the recordings, with researchers demonstrating that small sized electrodes exhibited a 

higher signal quality when placed subdurally182. When used for chronical implantations though, 

epidural recordings have been shown to exhibit similar signal-to-noise ratio (SNR) to their 

subdural counterparts, a result that could be linked to the foreign body reaction triggered by the 

removal of the dura183. As a result, epidural recordings are preferred in a chronic implant 

environment due to the reduced risk they present for the patient. These findings pave the way 

for further reducing the invasiveness of the recording method whilst obtaining high SNR 

recordings. 

An alternative method to record signals from brain activity is by using transistors instead 

of electrodes. A transistor is a three terminal device which can translate a voltage fluctuation on 

its input to a drain fluctuation on its output, expressed by transconductance. The main advantage 

that transistors bring compared to electrodes is the ability to amplify the recorded signal on the 

acquisition site, further improving the SNR. A promising architecture of organic transistors that 

offers high transconductance with biocompatibility is the organic electrochemical transistor 

(OECT). Poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) OECTs 

have been previously used for a variety of electrophysiology applications including myogram 

recordings in transgenic rats184, ECG90 and EEG signals in human volunteers185, neuron 

stimulation7 and subdural ECoG recordings in rats6. 

In this study, we explore the potential of OECT technology for minimally-invasive 

ECoG/BCI applications. We demonstrate the ability of OECTs to efficiently record signals from the 

cortex of an animal brain in a minimally invasive way, where the dura has not been removed. 

Simultaneous recordings of transistors and electrodes were collected in two different 

environments of ambiguous noise level. OECTs show a superior SNR compared to electrodes, 

particularly in the higher environmental noise environment.   
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6.2 Results and discussion 

6.2.1 OECTs architecture 

To collect electrophysiology signals from the cortex of the brain we fabricated our devices 

on a parylene C substrate with a thickness of approximately 2 μm. PaC has been widely used in 

biomedical applications due to the unique properties it provides in neural interfacing, such as 

biocompatibility and conformability186–188. Au was photolithographically patterned onto the PaC 

substrate leading to the formation of the transistor contacts, the electrodes and the 

interconnects. The dimensions of the Au interconnects were carefully chosen to minimise the 

voltage drop across the line, allowing for better performance and fair comparison between OECTs 

and electrodes. Another 2 μm layer of PaC was deposited on top to properly insulate each 

individual device. Reactive ion etching was performed to assist with the formation of the 

transistor channels and the electrode tips (more information provided in Chapter 2). Perforation 

holes were also patterned to ensure good conformation of the device on the cortical surface, as 

shown in Figure 6.1 a). Maintaining a constant flow of cerebrospinal fluid (CSF) in the cortex is 

important from both biological and recording perspective, as any alterations in the CSF fluid can 

compromise the stability of the recording. In addition, this design minimises any wrinkling and 

relative movement of the device to the recorded area of the cortex without compromising its 

mechanical stability189. The exposed parts were covered by a layer of PEDOT:PSS to establish 

connection between the source and drain contacts of the OECTs and reduce the impedance of 

surface electrodes. Each device consisted of 4 OECTs and 4 electrodes evenly distributed to allow 

simultaneous recordings of brain activity at comparable scale. The surface area of the transistor 

channels and the electrodes was designed to vary between 25 x 25 μm2 to 100 x 100 μm2 (Figure 

6.1 b). Finally, anisotropic conductive film (ACF) bonding was used to establish connection 

between the pads of the recording devices and a flexible cable (Figure 6.1 c). The flexible cable 

was later connected into a zero insert force (ZIF, 14 pins, 0.5 mm spacing, ONECALL) connector 

to assist with the transmission of the recorded data via a custom made interface printed circuit 

board (PCB, 52.5 mm width, 40 mm height, 1.55 mm thickness, EuroCircuits). 
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Figure 6.1 a) Schematic of an ECoG device. The Au interconnects are shown with green; black colour 

indicates the Au pads connected to the ZIF; red squares correspond to the perforation holes. b) Micrograph 

of an ECoG device. Scale bar is 50 μm. c) Image of an implantable ECoG device connected to a flexible cable. 

 

6.2.2 OECTs in vitro characterisation 

The fabricated OECTs were characterised in a phosphate-buffered saline (PBS) solution 

used as the electrolyte, with a stainless steel screw being submerged into the solution to act as 

a gate. Figures 6.2 (a,b) show the output and transfer characteristics of a representative OECT, 

biased with a constant drain voltage (Vd) of - 0.6 V. For the output curve the gate voltage (Vg) was 

chosen to vary between 0 to 0.6 V (Figure 6.2 a), whereas for the transfer curve Vg was ranging 

from - 0.6 to 0.6 V (Figure 6.2 b). A decrease in the drain current (Id) is observed for higher gate 

voltages as a result of a reduction in the conductivity of the PEDOT:PSS film. This is caused by to 

the injection of cations from the electrolyte, leading to the dedoping of the polymer film. A 

maximum transconductance of ~ 2 mS was achieved at a Vg of - 0.2 V. Typically, characterisation 

of OECTs is performed with a non-polarisable Ag/AgCl electrode, however, this type of electrode 
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is toxic to the living tissue190. To accommodate comparisons between the two, we plotted the 

output and transfer characteristics of an OECT under the same conditions (both for Vd and Vg) 

with the use of a Ag/AgCl electrode, Figures 6.2 (c, d). Similar values for the drain current were 

observed, with transconductance exhibiting a slightly higher ( ~ 2.2 mS) peak value. 

 

Figure 6.2 a) Output curve of an OECT, showing how ID scales as a function of Vd for different gate voltages. 

Vg was ranging from 0 to 0.6 V with a 50 mV step. b) Transfer curve of an OECT, illustrating the variation of 

transconductance as a function of Vg for a constant Vd of – 0.6 V; a stainless steel screw was used as gate 

electrode. c) Output curve of an OECT. d) Transfer curve of an OECT; a Ag/AgCl electrode was used as gate. 

Similar bias conditions to graphs a) and b) were applied. 

  

6.2.3 OECTs in vivo characterisation 

 After characterising the devices in vitro, we proceeded with the ECoG measurements in 

Sprague Dawley rats. The ECoG devices were peeled off from the silicon wafer and were placed 

on a glass substrate to assist with the alignment of an ACF bonding machine. A flexible cable was 
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attached to the pad area of the device to separate the implantable part from the non-implantable 

part, which was later connected to a ZIF connector. A custom made PCB was used as the interface 

board between the ECoG device and a precision source measure unit (SMU, Keysight B2902A). 

The PCB board consisted of a ZIF connector, allowing for the implantable probe to transmit the 

recorded data, and a double row pin header allowing the experimenter to choose between the 

electrode signals and the transistor signals. Oscillations in the somatosensory cortex were 

recorded as voltage fluctuations from the PEDOT:PSS electrodes and as drain current fluctuations 

from OECTs. Signals from both electrodes and transistors were acquired simultaneously and were 

directed to different individual channels on the same SMU. To avoid cross talk and minimise any 

interference from closely spaced devices, each measurement consisted of a single transistor and 

a single electrode. The measuring configuration was designed to provide identical recording 

conditions for both transistors and electrodes to allow for comparisons between them.  

 For the in vivo validation of the ECoG devices, we used Sprague Dawley rats that were 

under the effect of anaesthesia. After ensuring that the animals were properly anesthetised, a 

craniotomy was performed to reveal the cortex of the brain. Two stainless steel screws were 

implanted in the animal brain to assist with the ECoG recordings. For OECTs, the stainless steel 

screw was grounded and was used as the gate electrode of the transistor. For electrodes, the 

stainless steel screw was set to float and was used as the reference electrode of the configuration. 

After ensuring good connectivity with the PCB board, the ECoG devices were placed on the 

somatosensory cortex on top of the dura (Figure 6.3). A common source configuration was used 

for the OECT, similarly to previous work in subdural OECT recordings6. This enabled the 

transistors to work as transconductance amplifiers with a constant Vd of – 0.6 V. Figure 6.4 a) 

shows the recordings of low amplitude oscillations acquired by an OECT, with Figure 6.4 b) 

showing an equivalent recording from a surface electrode. Data in Figure 6.4 were filtered with 

a 50 Hz Notch filter to remove any noise added by main power lines. Despite being placed next 

to each other and thus, recording the same activity, the SNR of the signal recorded by OECTs was 

much higher compared to electrodes. To quantify SNR we used the mean value of the background 

signal in a period of low activity and subtracted it from the highest peak recorded in a period of 
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high activity, as well as the highest peak of biological noise recorded in a period of low biological 

activity. OECTs exhibited an SNR of 12.67 dB and PEDOT:PSS electrodes exhibited an SNR of 1.15 

dB (averaged over five individual recordings).        

   

 

Figure 6.3 Intraoperative image illustrating an ECoG device, with the implantable part conforming on the 

surface of the animal cortex and the non-implantable part connected to a flexible cable. Scale bar 1 mm.    
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Figure 6.4 Recordings of ECoG signals above the dura of the somatosensory cortex using an OECT (a) and 

an electrode (b). The OECT was biased with a constant Vd of -0.6 V while the gate was grounded. 50 Hz 

noise was removed by applying a Notch filter to the acquired data. A much higher SNR is observed for 

OECTs compared to PEDOT:PSS electrodes. 

 

 As signals that correspond to LFPs show a frequency <200 Hz, we decided to further 

process the data by applying a bandpass filter (1 – 300 Hz). This provides a spatial-temporal 

resolution that is sufficient enough to drive a BCI whilst allowing to further reduce other sources 

of noise, both from non-neuronal physiological sources as well as from the acquisition system. 

Figure 6.5 shows how the recorded information appears after the application of the bandpass 

filter. OECTs continued to show higher SNR (20.13 dB) compared to their electrode counterparts 

(14.03 dB). By comparing the SNR of the two sets of data, we find that the signal quality recorded 

by the PEDOT:PSS electrodes was significantly improved. For OECTS, the addition of an extra 

filtering step contributed in better identifying the shape of the recorded LFPs, however, the main 

figures were clearly observed with minimal filtering.  This can be attributed to the signal 

amplification of transistors happening on the spot of acquisition, in contrast to electrodes where 

the amplification occurs on a later stage by the measuring equipment.  
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Figure 6.5 Recordings of ECoG signals above the dura of the somatosensory cortex using an OECT (a) and 

an electrode (b). The OECT was biased with a constant Vd of -0.6 V while the gate was grounded. Data was 

processed by applying a 50 Hz Notch filter and a bandpass filter (1 – 300 Hz). Despite showing improved 

quality compared to Figure 5.4, PEDOT:PSS electrodes still exhibited a lower SNR to OECTs. 

 

 To further investigate the limitations of our ECoG devices, we performed recordings in an 

environment with higher ambient noise. Figure 6.6 shows the recordings of epidural ECoG signals 

from a representative OECT (a) and a PEDOT:PSS electrode (b). Despite the higher ambient noise, 

the information derived from OECTs (Figure 6.6 a) clearly represents LFP activity. In the case of 

PEDOT:PSS electrodes, however, (Figure 6.6 b) the peaks of the recorded signal can barely be 

distinguished. The recording conditions were similar to the ones in the low noise environment, 

with data of Figure 6.6 being filtered with a 50 Hz Notch. In a second stage of processing, we 

applied a bandpass filter (1 - 300 Hz) to test the performance of both OECTs and electrodes; 

Figure 6.7 highlights our findings. As shown in Figure 6.7, the application of the bandpass filter 

significantly improved the quality of the signal. For OECTs, the recorded signal in Figure 6.7 a) 

resembles the one shown in Figure 6.6 a) with a much lower background noise. For the 

PEDOT:PSS electrode, the recorded signal in Figure 6.7 b) has similar peaks with the OECT, 

indicating that they recorded the same activity. Despite the improvement in the surface 

electrode recording, the background noise is quite high and affects the resolution of the derived 

information. These observations are also validated by the calculated SNR, which was found to be 
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19.06 dB for OECTs and 11.19 dB for the PEDOT:PSS electrode (averaged over five individual 

recordings). It should be noted that the SNR values reported for OECTs in the high ambient noise 

environment are approximately 1 dB lower than the ones calculated in low ambient noise, with 

electrodes showing a difference of approximately 3 dB.  

 

Figure 6.6 Recordings of ECoG signals above the dura of the somatosensory cortex using an OECT (a) and 

an electrode (b). The OECT was biased with a constant Vd of - 0.6 V while the gate was grounded. 50 Hz 

noise was removed by applying a Notch filter to the acquired data. It should be noted that despite the 

higher ambient noise, brain activity is clearly recorded by OECTs. 

 

Figure 6.7 Recordings of ECoG signals above the dura of the somatosensory cortex using an OECT (a) and 

an electrode (b). The OECT was biased with a constant Vd of - 0.6 V while the gate was grounded. Data was 

processed by applying a 50 Hz Notch filter and a bandpass filter (1 – 300 Hz). Note that the superior SNR of 

OECTs compared to PEDOT:PSS electrodes. 
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  In order to better investigate the spectrum of the recorded ECoG signals, we performed 

a time frequency analysis on our data. The power spectrum of an OECT and a PEDOT:PSS 

electrode as a function of time and frequency is shown in Figures 6.8 a), b) respectively. The 

experimental data was collected in a low noise environment and were filtered with a 50 Hz Notch 

and a bandpass (1 – 300 Hz) filter. Our results show that the resolution provided by OECTs is 

better compared to PEDOT:PSS electrodes. Despite having a higher signal power, the PEDOT:PSS 

electrode cannot resolve the recorded activity as accurately as an OECT, in agreement with the 

quality of the ECoG recordings above. A similar trend was observed in a higher ambient noise 

environment, shown in Figure 6.9. 

 

Figure 6.8 Time frequency analysis of a representative OECT (a) and a PEDOT:PSS electrode (b) placed 

epidurally to record ECoG signals, in a low ambient noise environment. The OECT was biased with a 

constant Vd of - 0.6 V while the gate was grounded. Data was processed by applying a 50 Hz Notch filter 

and a bandpass filter (1 – 300 Hz). Note that the OECT shows maximum signal power in a frequency range 

of 1 – 20 Hz, whereas the PEDOT:PSS electrode has a wider energy distribution. 
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Figure 6.9 Time frequency analysis of a representative OECT (a) and a PEDOT:PSS electrode (b) placed 

epidurally to record ECoG signals, in a higher ambient noise environment. The OECT was biased with a 

constant Vd of - 0.6 V while the gate was grounded. Data was processed by applying a 50 Hz Notch filter 

and a bandpass filter (1 – 300 Hz). A wider frequency bandwidth in which the majority of the signal power 

is distributed is observed in OECTs. 

 

6.2.4 Discussion 

 In this work we demonstrated the ability of OECTs to record LFPs from the somatosensory 

cortex of an animal brain without removing the dura layer. To obtain a better understanding of 

OECT advantages and limitations, we developed an ECoG device that consisted on both OECTs 

and PEDOT:PSS electrodes, closely spaced to record similar brain activity. Having a transistor 

architecture, OECTs have the drawback of needing a constant power supply to provide them with 

a bias voltage (Vd and potentially Vg, depending on the configuration) due to their operation as 

an active device, in comparison to passive electrodes. This can be a major limiting factor when it 

comes to chronic clinical implantations. However, if properly tuned, this property can be proven 

to be significantly beneficial as it allows to locally amplify the recorded signal and improve the 

SNR of the derived information. In previous work we showed that for a thickness of around 300 

nm and at zero gate voltage, OECTS can be employed as biological transducers that exhibit both 



98 
 
 

maximum signal amplification and minimum noise level115,162. Here, we used a Vd of – 0.6 V to 

ensure saturation and grounded the gate to achieve a minimal noise level. Our work is inspired 

by previous research that showed the ability of PEDOT:PSS electrodes and OECTs to record both 

epidural181 and subdural6 ECoG signals in an acute recording configuration, and is aiming on 

providing a fertile ground for the application of OECTs in BCIs. 

 To achieve this we analysed the behaviour of OECTs and PEDOT:PSS electrodes in a simple 

configuration that included a commercially available source measure unit, a PCB interface board 

and a flexible ECoG device. Despite not including any evoked potentials, our set up allowed us to 

collect recordings of brain activity from anaesthetised animals. Our results show that the quality 

of the recorded information and the SNR of OECTs is much higher compared to surface electrodes. 

OECTs therefore allow the recording of brain activity with higher resolution due to the lower 

background noise level. This can be utilised to observe smaller features that cannot be resolved 

from electrodes whilst reducing the amount of time required to record the same information of 

brain activity with surface electrodes6. A key advantage of epidural recordings is the reduced 

invasiveness of the recording method, which translates into a reduced foreign body response and 

inflammation as well as lower associated risks (i.e. post-surgical compilations, infections, 

hematoma) making translation to the clinic easier. Our findings show that the LFPs recorded 

above the dura corresponded to typical brain activity under anaesthesia, paving the way for 

chronic applications. In addition, OECT recordings showed a high SNR even with a minimal 

filtering, as the main features of the ECoG signals could be observed with the application of a 

single 50 Hz Notch filter. By utilising this, more complex integrated circuits that involve OECTs 

and a simple stage of analogue filters could be implemented to assist with chronic BCIs.  

 

6.3 Conclusion 

 In this study, we focused on exploring the ability of OECTs to record ECoG signals in a 

minimally invasive way. We designed an ECoG device that included both OECTs and PEDOT:PSS 
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electrodes and implanted our device on the brain somatosensory cortex of a rat model. Our 

results showed that our transistors were able to collect LFPs above the dura with high SNR and 

better resolution, compared to PEDOT:PSS electrodes. By avoiding the removal of the dura, we 

show that our technology is mature enough to provide sufficient information of brain activity to 

drive clinical/sensory/BCI applications with minimal invasiveness, ensuring a lower surgical risk 

and minimising the foreign body response. We envision that our findings will pave the way in 

implementing integrated circuits of OECTs for further use in chronical BCI applications.  
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Chapter 7 

Conclusions and future work 

7.1 Key findings 

In this work, a study of the noise characteristics of OECTS is presented with more 

emphasis being placed on enhancing their performance for electrophysiology applications. To 

achieve that we analysed how some geometry parameters affect the steady state behaviour of 

OECTs and more importantly their noise profile. Our results allowed us to form new design rules 

for OECTs, that we used to engineer flexible devices for sensing and recording applications. A 

more thorough description, split in the chapters of this thesis, is given below. 

  In Chapter 3 we focused on the effect of geometry and bias conditions on the 

performance of OECTs. Transistor arrays were fabricated onto glass substrates with different 

contact overlaps; we defined contact overlap as the total length of the PEDOT:PSS stripe, 

including the channel of the transistor itself. Our findings show that a change in the percentage 

of contact overlap does not significantly alter the steady state transconductance and the output 

characteristics of OECTs. It does, however, reduce the cut-off frequency of the device, limiting 

the frequency bandwidth of OECTs. To test the behaviour of our devices further, we explored 

how noise scales as a function of the contact overlap and the applied bias. Our results 

demonstrate that the noise level of OECTs is independent of the contact overlap, highlighting 

that a good Ohmic contact is established. Relative noise was found to increase as function of the 

applied gate voltage but remains constant for different drain-source voltage. By combining our 

findings, a set of new design rules has been developed for OECTs with minimum noise. Our study 

suggests that OECTs should be designed with the minimum contact overlap defined by the 
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microfabrication technique used, to ensure the highest frequency bandwidth for the specified 

architecture. A greater aim of achieving maximum transconductance at zero gate voltage should 

also be considered, as it allows for maximum amplification whilst maintaining a minimum noise 

level.  

In Chapter 4 we investigated how the thickness of the polymer film impacts noise in OECTs. 

OECTs similar to Chapter 3 were fabricated with multiple layers of PEDOT:PSS spun to form 

devices with three different channel thickness. In this work, we employed two different models 

to describe the behaviour of OECTs. Our results showed that a good fit with the charge noise 

model was observed, with significant deviations for high PEDOT:PSS thickness. The analysis 

performed on our devices revealed that relative noise decreases in a non-linear trend as a 

function of channel thickness. This can be combined with the increased signal amplification 

observed in OECTs with thicker channels to provide us with devices that exhibit both maximum 

signal amplification and minimum noise and thus, higher SNR. It should be noted however, that 

the increase observed in relative noise seemed to saturate after a particular polymer thickness. 

Higher PEDOT:PSS thickness also comes with the drawback of a decrease in the cut-off frequency. 

Our findings suggest that a good balance between signal amplification, noise and frequency 

bandwidth can be stricken for OECTs that exhibit a thickness of approximately 300 nm. 

Depending on the needs of the application, adjustments to this rule can be applied, for example, 

a greater thickness can be employed to further improve SNR when recording signals/events that 

spread across a narrower frequency window.   

Having identified some new design rules that allow to engineer low noise OECTs, we 

proceeded with applying them on a flexible device in Chapter 5. The main goal of this study was 

to test the behaviour of OECTs fabricated onto a flexible substrate with the further aim of using 

them in electrophysiology applications.  The dimensions of the gold interconnects were designed 

to match a commercially available ZIF connector while adjustments were made to ensure the 

voltage drop was minimal. By using an in vitro configuration we demonstrate that OECTs are 

adequate of recording low amplitude signals in agreement with our theoretical studies, making 

them an excellent candidate for wearable applications. 
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In Chapter 6 we used the same flexible device, reported in Chapter 5, to record 

electrophysiology signals from the somatosensory cortex of an animal brain. A key figure of this 

experimental set up was the invasiveness of the recording method. Our devices were placed on 

top of the dura to reduce the inflammatory response and collect ECoG signals. We compared our 

technology with PEDOT:PSS electrodes to highlight the advantages and limitations of our ECoG 

device. Our results demonstrate that OECTs recorded LFP signals with greater resolution than 

PEDOT:PSS electrodes and higher SNR. The quality of the signal was high enough to allow minimal 

filtering, when recorded by OECTs, and the derived information was sufficient to be used in BCI 

applications. We envision that this study will pave the way for high quality, less invasive 

applications of OECTs in different electrophysiology environments.  

 

7.2 Future work 

In this thesis multiple directions of further understanding the mechanisms of operation 

of OECTs were pursed with more focus on their applicability in electrophysiology. There are still, 

however, multiple avenues for future research. A topic that can lead to better understanding of 

the noise characteristics of OECTs is the applicability of the charge noise model as the thickness 

of the polymer film increases. As we showed in Chapter 4, both the charge noise model and the 

augmented model that we developed failed to interpret the behaviour of really thick OECTs. 

Despite identifying a good trade-off between noise, signal amplification and frequency response, 

we believe that research in this topic can shed more light and allow for further optimisation in 

the operation of OECTs. Another field that remains to be explored is the applicability of our 

flexible devices in a wearable application set up. In this work we showed that we can fabricate 

low noise OECTs on a flexible substrate and successfully applied that in an epidural recording set 

up, acquiring information of high resolution and SNR. We believe that the same architecture can 

be used in a cutaneous environment and allow the recording of electrophysiology signals such as 

EEG, ECG and EMG. Finally, it would be interesting to record ECoG signals both subdurally and 

epidurally and compare the derived information. Combined together, the results of previous 
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studies6,181,183 and this work can potentially lay the foundations for enhanced recordings in BCI 

applications in a minimally invasive way. 
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