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Electromechanical Behavior of Organic Mixed Ionic-Electronic Conductors  

 

ABSTRACT 

Organic mixed ionic-electronic conductors (OMIECs) are a new class of organic materials 

that connect the hard, rigid world of traditional electronics with the soft, ion-conducting nature 

of biological systems. Because they can move both electronic and ionic charges, they are 

especially well suited for interacting with living tissues and have become important to the 

growing field of organic bioelectronics. A key device based on OMIECs is the organic 

electrochemical transistor (OECT), which has become the benchmark for evaluating material 

performance in applications ranging from biosensing to neuromorphic computing. 

While the electrical properties of OMIECs are well known, their mechanical properties — 

and how these change during device operation — are still not fully understood and are essential 

for a stable, long-term integration with biological tissues without damage, such as tissue 

scarring.  The electrochemical redox processes that come with OECT operation involve ion and 

solvent uptake, which can lead to swelling, plasticization, and microstructural changes that 

directly affect the material’s mechanical properties. 

This thesis aims to investigate the fundamental coupling between electrical and mechanical 

properties in OMIECs during electrochemical operation. OECTs are used as a model system to 

study ionic-electronic transport, while in situ techniques such as electrochemical 

nanoindentation (EC-NI) and electrochemical atomic force microscopy (EC-AFM) are applied 

to track changes in mechanical properties, concretely the elastic modulus. The work focuses on 

a thiophene based copolymer p(g3TT-T2) (PTTEG) while also exploring how side chain design 

affects both electrical and mechanical behavior. 

Overall, this work shows that OMIECs can be engineered so their mechanical properties 

are tunable, even stabilized, across redox cycles. By combining device physics, material 

characterization, and fabrication, this thesis offers a way to understand electromechanical 

coupling in OMIECs; insights that are key for designing future bioelectronic devices. 

 

Keywords: organic mixed ionic-electronic conductors, organic electrochemical 

transistors, electrochemical doping, electrical and mechanical properties. 
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NOMENCLATURE 

OMIECs organic mixed ionic-electronic conductors 

OECTs organic electrochemical transistors 

EC-NI electrochemical nanoindentation 

EC-AFM electrochemical atomic force microscopy 

𝐶∗ volumetric capacitance 

µ charge carrier mobility 

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

p(g2T-TT) poly[2-(3,3’-bis(triethylene glycol monomethyl ether)-[2,2’-bithiophen]-
5-yl)thieno[3,2-b]thiophene] 

BBL  poly(benzimidazobenzophenanthroline) 

NDI naphthalenediimide 

PTTEG p(g3TT-T2); poly[2-([2,2’-bithiophen]-5-yl)-3,6-bis(triethylene glycol 
monomethyl ether)thieno[3,2-b]thiophene] 

Vth voltage threshold 

EGOFETs electrolyte-gated organic field-effect transistors 

OFETs organic field-effect transistors 

PDMS polydimethylsiloxane 

PBTTT poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] 

CV cyclic voltammetry 

𝐸"# oxidation potential 

EG ethylene glycol 

EC electrochemical 

WE working electrode 

CE counter electrode 

RE reference electrode 

g3TT 3,6-bis(triethylene glycol monomethyl ether)thieno[3,2-b]thiophene 

𝑔$ transconductance 

𝑔$∗  dimension-normalized transconductance 

𝐼"%/𝐼"&& on/off-current ratio 

𝐼'( drain-source current 
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𝐼)( gate-source current 

𝑉'( drain-source voltage 

𝑉)( gate-source voltage 

w channel width 

𝑑 channel thickness or active layer thickness 

τ response time 

Pa-C parylene-C 

E elastic modulus 

Ag/AgCl silver/silver chloride 

Pt platinum 

EIS electrochemical impedance spectroscopy 

SSA small signal analysis 
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Chapter 1  

Introduction 

1.1 Organic bioelectronics  

Over the past few decades, organic electronic materials have emerged as a transformative 

alternative to traditional inorganic semiconductors. While inorganic electronics, dominated by 

silicon, offer exceptional charge-carrier mobilities (electrons) and thermal stability, they are 

typically rigid, brittle, and planar.1 These limitations have motivated the search for materials 

that can combine electronic functionality with mechanical and chemical compatibility with that 

of biological systems.  

Organic materials offer several unique advantages in this context. Their naturally low 

stiffness makes them flexible and stretchable, allowing devices to conform to curved or moving 

surfaces without compromising performance. They can also be processed from solution, 

enabling scalable and relatively low cost fabrication, and their properties can be tuned via 

chemical synthesis to optimize both electrical and mechanical characteristics for specific 

applications.2 

Many biological processes require the presence and interaction of ions and electrons, e.g., 

enzymes holding ions or electron transport in photosynthesis. Hence, efficient bioelectronic 

devices benefit from recognizing both ionic and electronic charge carriers. Organic mixed 

ionic-electronic conductors (OMIECs) combine electronic conduction, through a π-conjugated 

backbone, with the ability to absorb and transport ions from biological or aqueous environments, 

using polar pendent groups, with plenty opportunity for tunability.3 One popular bioelectronic 

device is the organic electrochemical transistor (OECT), which has been used in applications 

ranging from biosensors to neuromorphic computing and, more importantly in this work, are 

widely employed for the characterization of organic mixed ionic-electronic conductors 

(OMIECs), which constitute the channel material.4, 5 
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These attributes have driven the development of organic bioelectronics, an interdisciplinary 

field that comprises the design and application of devices that record, stimulate, or modulate 

biological activity through the transduction of ionic and electronic signals. For example, neural 

interfaces for recording and stimulation, platforms for monitoring electrophysiological signals, 

implantable stimulators for therapies, e.g., vagus nerve modulation or cardiac pacing, wearable 

health monitors, and biosensors for detecting metabolites such as glucose and lactate. A major 

advantage of OMIECs in an OECT device is their ability to operate at low voltages, which 

lowers the risk of electrochemical damage to delicate tissue while still delivering sensitive and 

stable signals.6-8 

Despite their promise, organic bioelectronic materials face several challenges that continue 

to motivate research in the field. Long term operational stability in aqueous environments 

remains a concern, as does performance reproducibility and the development of scalable, 

industrially relevant fabrication processes.9 

 

1.2 Aim and scope 

This thesis explores the coupling between electrical and mechanical properties in a hole-

transporting OMIEC, with a focus on how these properties evolve during electrochemical 

doping and dedoping. Understanding how mechanical properties change with the 

electrochemical state of the polymer is essential for predicting device behavior.  To address 

this, OMIEC films are characterized in situ, using techniques capable of probing mechanical 

properties during electrical operation, including electrochemical nanoindentation (EC-NI) and 

electrochemical atomic force microscopy (EC-AFM) (Paper Ⅰ). Organic electrochemical 

transistors (OECTs) are employed as a model platform, combining steady-state and transient 

techniques (small signal analysis) allowing to reliably extract key figures of merit like [𝜇𝐶∗] 

(Paper ⅠⅠ). These measurements are correlated with electrical performance parameters 

extracted from OECT operation to establish direct relationships between ionic-electronic 

transport and mechanical response. The scope of the work further includes all the fundamentals 

about OECTs as well as its fabrication procedure, while also seeking to provide a 

comprehensive understanding of the electromechanical coupling in OMIECs.  
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Chapter 2  

Organic mixed ionic-electronic conductors – electrical properties 

2.1 Organic mixed ionic-electronic conductors 
Some conjugated polymers, small molecules and radical polymers can act as organic mixed 

ionic-electronic conductors (OMIECs).4, 10, 11 OMIECs can conduct both ionic and electronic 

charge carriers, allowing operation in a wide range of devices, including OECTs, biosensors, 

and soft actuators.3 The ionic carriers populating OMIECs can be extrinsic (i.e. sourced from 

an electrolyte in contact with the material) or intrinsic (i.e. from component polyelectrolytes), 

e.g., PEDOT:PSS (a  conjugated polyelectrolyte complex in which the polyanion PSS provides 

fixed anionic sites that facilitate ion exchange and swelling, while PEDOT offers high 

electronic conductivity, which is synthesized in its oxidized state). To become conductive most 

OMIEC films require electrochemical doping – the oxidation or reduction of a semiconductor 

via electron transfer to or from a working electrode – and the charge neutrality is maintained 

by the electrolyte counterions (an opposite polarity ion migrating into the film), allowing the 

formation of polarons, i.e. radical cations or anions on the polymer backbone. 

Unlike traditional organic semiconductors, which rely solely on electronic conduction, 

OMIECs are engineered to also accommodate ion motion within their bulk, enabling volumetric 

doping and dedoping processes – a fundamental process in bioelectronics, wearable electronics, 

energy harvesting and energy storage.3, 9  

OMIECs can be designed from conjugated polymers to have different electronic characters: 

(1) p-type backbones that conduct holes, e.g. PEDOT:PSS, p(g2T-TT) (Figure 1a),12 (2) n-type 

backbones that transport electrons, e.g. BBL and NDI-based polymers,13 (Figure 1b) and (3) 

ambipolar systems which can transport both carrier types, such as DPP-based copolymers.14 In 

p-type OMIECs, hole accumulation on the backbone is compensated by anions from the 

electrolyte migrating into the polymer film while in n-type OMIECs, injected electrons are 

stabilized by cations penetrating the film. Ambipolar OMIECs can support both processes, with 

anions and cations moving selectively depending on whether the material is hole or electron 

doped. This reflects the necessity of ionic exchange to maintain charge neutrality during redox 

cycling (doping and dedoping). 
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Ionic transport happens when mobile ions from an electrolyte penetrate the OMIEC film 

through diffusion (passive) or migration (driven by potential gradients). This transport occurs 

through hydrophilic domains, commonly polar polymer sections or side chains, allowing 

accommodation of ions and their hydration shells. In electronic transport holes and/or electrons 

move through a percolated network of conjugated polymer via delocalized π-orbitals in the 

backbone (intra-chain) or through π-π stacks between chains (inter-chain). Ion-electron/hole 

coupling happens volumetrically, using the entirety of the active materials, with the number of 

couplings between ions and charges resulting in a potential-dependent volumetric capacitance 

(𝐶∗, being the number of charges induced per unit voltage per mass). This coupling governs 

key properties such as conductivity, volumetric capacitance, and electrochemical switching, 

which are important for many device applications.15 OMIEC materials can be homogenous, i.e. 

a single component transporting both ionic and electronic charge, or inherently heterogenous, 

such as block copolymers or blends of distinct ionic and electronic transporting components. 

 

2.1.1 OMIEC design 

The design of OMIECs is based on the need to accommodate and stabilize ionic and 

electronic charges during transport, while making sure that ionic conduction modulates 

electronic charge density within the conjugated backbone. An immediate problem of OMIECs 

is that the aromatic core is hydrophobic. Hence, the addition of side chains with polar parts 

helps with efficient ion uptake and mobility, while the conjugated backbone provides pathways 

for electronic conduction via delocalized π-electrons – backbone planarization is linked to 

better conduction which can be achieved with, e.g., larger aromatic systems but those can lead 

to solubility issues. This is where the strategy of a rigid backbone with flexible and hydrophilic 

side chains emerged. Side chains help with solubility, to process the material, to get certain 

mechanical properties and have a profound impact on how the material organizes.   

Conjugated polyelectrolyte complexes emerged as an early strategy to combine ionic and 

electronic conduction, achieved by incorporating ionic groups onto the polymer backbone; the 

most well-known example is PEDOT:PSS. This design enables intrinsic ionic functionality but 

also comes with limitations: immobile ionic sites can lead to reduced electronic mobility and 

excessive swelling in aqueous environments, sparking efforts to search for alternative strategies 

such as the addition of hydrophilic, but neutral, side chains like ethylene glycol (EG).  
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EG side chains allow dynamic and reversible ion penetration into the polymer and decouple 

the ionic transport functionality from the electronic backbone. A well-known example is p(g2T-

TT).12 EG side chains enhance ion solvation and transport, leading to higher volumetric 

capacitance – promoting electrochemical doping. They also improve compatibility with 

bioelectronic environments and are synthetically tunable upon adjusting chain length, density 

of incorporation, and distribution to optimize swelling and ionic uptake. Despite their strengths, 

EG side chains face some challenges: strong hydrophilicity that leads to excessive amount of 

swelling upon electrolyte uptake leading to changes in microstructure, possible degradation and 

a slower device response. In contrast, alkyl side chains are hydrophobic which can help reduce 

swelling and as a result improve film stability and microstructural order,15 often enhancing 

backbone packing and electronic mobility, e.g. PBTTT. However, they are nonpolar and cannot 

coordinate or solvate ions, which limits ionic conduction and reduces volumetric capacitance.3 

To balance those competing effects, mixed side chains emerged where both glycol and alkyl or 

alkoxy units are incorporated into the same polymer. EG units provide ionic accessibility, while 

alkoxy units suppress over-swelling and preserve the microstructure - leading to improved 

performance in devices such as OECTs. An example the copolymers used in Paper Ⅱ and 16.      

              

Figure 1. Chemical structures of (a) p-type (p(g2T-TT)), (b) n-type (p(gNDI-g2T)). 

Highlighted in green: side chains  responsible for ion transport. Highlighted in purple: π-

conjugated backbone, responsible for charge transport (electrons/holes). 
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2.1.2 Device applications 

OMIECs have emerged as versatile materials for a broad range of technologies where the 

coupling of ionic and electronic transport is central to device function. OECTs have received 

significant attention to benchmark OMIECs properties, measuring some basic properties such 

as 𝜇and 𝐶∗(electronic carrier mobility and volumetric capacitance, respectively). Their product 

is a figure of merit in OECTs and it is correlated to the transconductance, 𝑔$, a measure of 

amplification. Other applications range from battery electrodes to electrochromic windows and 

sensors,4, 6, 17-21 where their application-properties relations can be found below: 

 

Device Figure(s) of merit OMEIC property 

 

OECT 

Transconductance 

Switching speed 

Operating window 

𝜇, 𝐶∗ 
transit time, 𝜎*"%/,-,./0"% 

𝑉/1 , 𝐸0,2"#  

 

Batteries 

 

Specific capacity 

Energy density 

Switching speed 

Operating window 

 

𝐶3 

𝐸0,2"#Transit time, 𝜎*"%  

𝐸0,2"# 

 

Electrochromic 

 

Coloration efficiency 

Switching speed 

Operating window 

 

Band gap, 𝜎*"%/,-,./0"% 

Transit time, 𝜎*"%/,-,./0"% 

Vth , 𝐸0,2"# 
 

Actuators and artificial 

muscles 

 

Strain/stress output  

Response time  

Cycle stability 

 

Ion uptake and swelling capacity 

Ionic mobility and diffusion 

Mechanical modulus and redox 
reversibility 

 

Neuromorphic devices 

Synaptic weight 
modulation/retention time 

 Plasticity (STP/LTP)  

Energy per spike 

Ion diffusion and redox kinetics  

Dynamic ion-electron coupling and 
device hysteresis  

𝐶∗, 𝜎*"% and charge injection 
efficiency 

 

Table 1. OMIECs application-properties relations. 
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2.2 OECTs 

Transistors are fundamental building blocks of modern electronics, serving as switchers 

and amplifiers; switching current flow on or off (enabling digital logic) and as amplifiers, they 

translate small input signals to larger outputs. These two functionalities lead to applications in 

a wide range of electronic systems, from microprocessors to biological signal amplifiers.5 

Conventional transistors are fabricated from inorganic semiconductors – silicon being the most 

well-known material; they dominate the digital electronics industry thanks to their speed, 

stability, and scalability.22 However, their rigid nature limits their integration with soft, flexible, 

and biological systems. Organic transistors offer the possibility to extend transistors into new 

fields where high performance is not the main goal but rather biocompatibility and ion to 

electron transduction. Since they are built from π-conjugated polymers or small molecules, they 

can be processed from solution, printed, or deposited on flexible substrates23 and can also be 

chemically engineered to introduce functionalities that are not possible in silicon, such as ion 

permeability, biocompatibility and mechanical softness.9  

The common organic transistors are: OFETs (organic field-effect transistors), EGOFETs 

(electrolyte-gated organic field-effect transistors) and OECTs (organic electrochemical 

transistors) (Figure 2). OFETs have a current modulation at the interface between the 

semiconductor and the dielectric, without ion penetration into the bulk. Contrary, in EGOFETs, 

an electrolyte replaces the dielectric so that ions can accumulate at the interface between the 

electrolyte and the semiconductor (becoming an interfacial double layer). In OECTs this is 

taken one step further: those ions penetrate into the semiconductor, taking place in the bulk of 

the material and not just at the interface (volumetric doping); the entire volume of the 

semiconductor changes its conductivity.5 This property does not only make OECTs attractive 

for applications in bioelectronics and soft systems but also ideal model devices for probing and 

quantifying OMIEC performance. 
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Figure 2. Type of Organic Transistors: (a) Field-effect transistor (FET) with accumulation of 

mobile electronic charges near the channel-dielectric, (b) electrolyte-gated field-effect 

transistor (EGOFET) where a double layer capacitor is formed at the channel-electrolyte 

interface, (c) organic electrochemical transistor (OECT) where ions penetrate the 

semiconductor, leading to changes through the whole volume of the film (volumetric 

capacitance), where the same voltage induces more electronic charge in the channel.5 

 

2.2.1 Working principle 

An OECT is a three-terminal device: the source, the drain, and the gate electrodes. It uses 

an OMIEC as the active channel material which connects the source and the drain. The OMIEC 

is surrounded by the electrolyte – either in a liquid form or solid-state ionic conductor –typically 

held in place by a polydimethylsiloxane (PDMS) or glass reservoir (Figure 3a). The gate 

electrode can be placed in different ways, the most common being suspended into the solution 

(out-of-plane, configuration suitable for benchtop experiments) and acts as the medium, 

transmitting ionic signals from the gate to the channel. By doing so, it enables electrochemical 

doping (introduction of charge carriers, accumulation-mode OECT) or dedoping (removal of 

charge carriers, depletion-mode OECT) of the OMIEC (Figure 3b), drastically changing its 

electronic conductivity.  
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Figure 3. (a) Typical structure of an organic electrochemical transistor (OECT), showing the 

source (S), drain (D), insulator, OMIEC, electrolyte and gate (G), (b) transfer curves of 

depletion (green) and accumulation (purple) mode OECTs. Upon application of a gate voltage 

in depletion mode, the holes are replaced by cations and the transistor turns OFF while in the 

accumulation-mode holes accumulate and compensate anions, turning the transistor ON. 

Figures adapted from 5. 
 

The gate voltage (𝑉)) modulates the injection of ions into the channel (redox state or 

doping level) while the drain current (𝐼') induces a current proportional to the amount of holes 

or electrons in the channel (probing the doping level). The input (𝑉)) controls the output (𝐼') 

and large modulation in the drain current can be achieved for low gate voltages (described by 

transfer curves; Figure 4a) owing to the volumetric doping, making OECTs efficient switches 

and powerful amplifiers.24, 25 The steeper the transfer curves, the larger the amplification, also 

known as transconductance (𝑔$), which is the first derivative of the transfer curve: 𝑔$ = 45!
46"

  

a figure of merit of OECTs (Figure 4a). Since volumetric doping occurs, the thickness is directly 

proportional to the transconductance (𝑔$) but inversely proportional to the response time (τ) 

(Figure 4b). This is because the volume becomes larger and as a result it takes longer to charge 

(reach steady state). Below the kHz range, the transconductance of OECTs is much larger than 

field effect transistors of the same dimensions, which is the speed where most biological events 

take place. However, at higher frequencies the OECT will not be able to respond since its 

amplification will drop out rapidly (Figure 4c). 
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Figure 4. (a) Transconductance and response time depending on the OECT channel dimensions 

which are directly proportional to 𝑔$ but inversely proportional to τ, (b) transfer curve of an 

OECT working in accumulation mode (black) and how to obtain the 𝑔$. 𝑔$,$8# (green dot) is 

reported as one of the steady-state figures of merit of an OECT, (c) transconductance 

comparison between electrochemical and organic field effect transistors depending on the 

frequency. (c) obtained from 5. 

 

2.2.2 Bernards-Malliaras model  

The first analytical model of OECT operation was introduced by Bernards and Malliaras in 

2007 and assumes that ions from the electrolyte enter the channel and change the electronic 

conductivity through its volume, capturing steady-state conditions. According to this model, 

OECTs are not treated as a single electronic transistor but as the combination of two coupled 

circuits: an ionic circuit and the electronic circuit (Figure 5).27 

        

Figure 5. Bernards-Malliaras model which separates the OECT into two circuits: the ionic and 

the electronic. Figure adapted from 27 
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The ionic circuit describes the flow of ions in the gate-electrolyte-channel structure, and it 

can be understood as an electrochemical capacitor. When a 𝑉)  is applied, ions from the 

electrolyte migrate into or out of the OMIEC channel, depending on the polarity of the bias. 

This ion conduction leads to electrochemical doping or dedoping of the material. As a result, 

this circuit can be represented as a resistor (describing the flow of ions in the electrolyte) in 

series with a capacitor (describing the storage of ions on the channel) which can be referred to 

as an RC circuit (Figure 5). This model implies a purely capacitive process; ions injected in the 

channel do not exchange charge with the organic film but rather electrostatically compensate 

the presence of opposite charges.28   

The electronic circuit describes the flow of electronic charge in the source-channel-drain 

structure according to Ohm’s law where injected ions replace electronic carriers. It is treated as 

a variable resistor, in which the electronic charge drifts under the influence of the local 

potential. In the presence of ions from the electrolyte, the channel undergoes redox reactions, 

resulting in changes in its conductivity. The electronic circuit utilizes these conductivity 

changes to modulate the flow of electrons and when a voltage is applied between the source 

and drain electrodes (𝑉'), electronic current flows through the channel. The modulation of the 

OMIEC conductivity, induced by the ions in the ionic circuit, affects the magnitude of the 

electronic current. This modulation can be controlled by the 𝑉) 	applied to the OECT, which 

further influences the electronic circuit’s behavior.27 

 

2.2.3 OECT characterization techniques 

A widely used method for the determination of the electronic carrier mobility (the velocity 

of charged carriers upon electric field), 𝜇, and the volumetric capacitance (capacitance of the 

channel per unit volume), 𝐶∗ , involves two methods: (1) OECT characterization (transfer 

curves) and (2) electrochemical impedance spectroscopy (EIS). From (1) we can extract 𝑔$ 

and then 𝜇𝐶∗ from Equation 1 or 2 while for (2) 𝐶∗ can be obtained from EIS and as a result, 𝜇 

is obtained by dividing  9:
∗

:∗
	.  

The product 𝜇𝐶∗ describes the mixed ionic-electronic transport properties by telling of the 

efficiency of electronic transport and ionic charge storage.4 Both metrics are related by Equation 

1 for p-type OECTs, and Equation 2 for n-type OECTs, both operated at saturation:27  
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𝑔$ = ;2
<
𝜇𝐶∗(𝑉/1 − 𝑉)) = 45!

46"
	                     (1) 

𝑔$ = ;2
<
𝜇𝐶∗(𝑉) − 𝑉/1) = 45!

46"
	                     (2) 

	where, W, d, and L are the width, thickness and length of the OECT channel, respectively. 

𝑉/1	 is the threshold voltage and 𝑉)  the gate voltage. This equation is derived from the 

transconductance of FETs, with the main difference being the terms that are governed by the 

volume of the active layer (d and 𝐶∗).4 According to this equation, 𝑔$  is device geometry 

dependent, thus, it is best normalized against these when comparing the steady-state 

performance of different devices (𝑔$∗ ). The 𝑉/1	can be determined by plotting the square root 

of the 𝐼' as a function of 𝑉) . The linear portion of the slope with the maximum magnitude is 

extrapolated, and the intersection with the x-axis gives the 𝑉/1.29 

To apply the previous equations, it is required to be in the saturation regime. Hence, 

performing an output curve (𝐼' versus 𝑉'	across a range of  𝑉)) is needed to determine which 

𝑉' needed to reach saturation depending on the 𝑉)  applied (Figure 6). 

 

 

Figure 6. Output curves. 𝐼' versus 𝑉'	across a range of  𝑉) , to determine which 𝑉' needs to be 

applied to be in the desired region: the linear region (grey) and the saturation region (beige) 

separated by a dotted green line.  
 

In these measurements, the mobility is dependent on the voltage, as well as parasitic 

resistances included in the response and limited charge transport at low doping levels.30, 31 The 

use of two different characterization methods for the determination of 𝜇𝐶∗ and 𝐶∗ introduces 

uncertainty in the calculated mobility due to the propagation of errors. In addition, the OECT 

active layer typically swells during operation due to the uptake of hydrated ions, and as a result 

the in operando thickness varies from measured during a separate experiment, causing more 

inaccuracies. 
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2.2.3.1 Small signal analysis  
 

The product 𝜇𝐶∗ is often used to benchmark OMIECs, but techniques to determine the two 

parameters independently are lacking which leads  to ambiguities when comparing materials.32 

In this method, a small alternating current signal (of typically 10 Hz) is imposed on the voltage 

sweep, and the steady-state and transient response are acquired simultaneously. A constant 𝑉' 

is applied, a voltage sweep 𝑉),':  (slow triangular DC) is the steady-state response and the small 

signal 𝑉),=:  is the transient response (Figure 7).  
 

 

Figure 7. Device and measurement scheme for small signal analysis. A gate potential 𝑉)  

consisting of a triangular potential 𝑉),':  and a small-amplitude sinusoidal potential 𝑉),=:  is 

applied to the 100 mM NaCl aqueous electrolyte via a three-electrode configuration with a 

counter (CE) and a reference electrodes (RE), with a constant 𝑉'. The lower inset depicts an 

optical microscopy image of the channel region of an OECT device. Figure extracted from 33. 
 

By performing a Fourier transform analysis of these signals, the AC components of the gate 

and drain currents are separated into their real and imaginary parts. The imaginary (out-of-

phase) component of the gate current corresponds to capacitive, non-Faradaic charging of the 

polymer, from which the volumetric capacitance 𝐶∗ is obtained (Equation 3). The 𝐼',=:  reflects 

how this ionic charging modulates the electronic channel, and comparing the amplitudes and 

phases of the gate and drain responses yields the electronic transit time τe. From τe, µ is 

determined independently of the film thickness (Equation 4). Besides 𝜇 and 𝐶∗, small signal 

analysis of OECTs also provides information about a wide range of other parameters including 
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the transconductance, conductance 𝐺 = 	 5!,!%
6!,!%

 and conductivity, σ, by normalizing G by ;2
<

 

through a single measurement.33 

𝐶∗ = ∆5",&%
''

?@	&&%∆6",&%	∙	C"-
                     (3) 

𝜇 =
<()*
DE	6!

                      (4) 

where, 	ΔI′′),=:  is the amplitude of the imaginary part of the AC gate current, 	ΔV),=:  is the 

amplitude of the AC gate voltage, f is the frequency, vol = wd · (𝐿.1 + 𝐿."%/8./) is the volume 

of the active layer, 𝐿.1 is the length of the channel, τe is the electronic transit and 𝑉' the drain 

voltage. 

Unlike the EIS, small signal analysis is conducted with one frequency value, so that the 

parasitic response is superimposed onto the current value. While 𝜇 is barely affected by it, 𝐶∗ 

decreases with increasing frequency and is typically underestimated for the typically used 10Hz 

AC frequency.33 The accuracy of the method has been studied for 40 devices and different type 

of OMIECs (p-type, n-type and ambipolar) and shows that 𝜇 values have a lower SD = 4% than 

values from conventional methods SD ≈ 9%.33 

Some of the main advantages compared to the conventional transfer curve and EIS for 

parameters extraction are the just mentioned lower SD for 𝜇 values, the independency of this 

one from the thickness, obtaining all parameters from a single measurement and  the vector 

analysis (fourier) reduces the bias from parasitic effects that can inflate 𝐶∗ or distort the 𝑔$. 
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2.2.4 OECTs fabrication 

 

Figure 8. OECTs steps by step fabrication protocol  

Steo-by-step guide for fabrication of OECTs after designing fabrication mask: 

0. Glass slide cleaning process:  

a) Sonicate the glass slides in soap solution with DI water for 15 min 
b) Sonicate the glass slides in acetone/isopropanol (1:1) for 15 min and rinse with 

isopropanol and dry the glass slides with a nitrogen gun. 

1. First photoresist deposition by spin coating and baking step: 

a) Place the glass slide on a spin-coater. 
b) Deposit a small amount of the photoresist (AZ1512) (sufficient to cover about ¾ of 

the glass slide) on the glass slide with a pipette. 
c) Spin the sample at 3000 rpm for 30 s. 
d) Put the glass slide on a hot plate at 110 °C for 2 min. 

2. First UV Photolithography step (Karl Suss MA6 contact aligner): 

a) Set exposure time to 8.5 s, alignment gap to 20 µm and exposure type to hard and 
expose the glass slide. 

3. Development in AZ351 developer: 

a) Prepare the developer bath 3:1 DI water:developer. 
b) Immerse the coated glass slides in the bath for 70 s.  
c) Rinse glass slides with DI water and dry with a nitrogen gun. 

 

4. Metal evaporation step (Kurt J Lesker PVD e-beam evaporator): 
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a) Deposit a chromium film (50 Å Cr) on the glass slides to promote gold adhesion to the 
substrate. 

b) Deposit gold on top (450 Å Au). 
c) Leave immersed in acetone at least 4 hours (ideally overnight). 

5. Lift off: 

a) Change the solution to acetone/isopropanol (1:1)and sonicate for 15 min. 
b) If required, use a Q-tip or a small brush soaked in acetone to remove the remaining 

undesired gold 
c) Rinse with acetone and dry with nitrogen gun. 

6. 7. 8. Parylene - C deposition step (CVD – Parylene coater):  

a) For the first layer 0.5 g of Pa-C is coated in the substrate. 
b) Bake the substrate at 150 °C for 10 min. 
c) Place the glass slide on a spin-coater. 
d) Deposit soap (1-2%, anti-adhesive promoter) on the glass slide using a pipette. 
e) Spin the sample at 1000 rpm for 30 s. 
f) 1.5 g are used for the second layer (1µm thick). 

9. Second photoresist deposition by spin coating and baking step: 

a) Place the sample on a spin-coater. 
b) Deposit a small amount of the photoresist (AZ6562) (sufficient to cover about ¾ of 

the glass slide) on the glass slide with a pipette. 
c) Spin the sample at 3000 rpm for 30 s and place it on a hot plate at 110°C for 4 min. 

10. Second UV Photolithography step (Karl Suss MA6 contact aligner): 

a) Set exposure time to 22 s, keep alignment gap to   and exposure type to hard and 
expose. 

11. Development in AZ351 developer: 

a) Prepare the developer bath 3:1 DI water:developer. 
b) Immerse the coated glass slides in the bath for 4 min.  
c) Immerse the glass slides in DI water for 30 sand dry with a nitrogen gun. 

12. Plasma etching step (Dry etch RIE - Plasma-Therm) 

a) Apply O2 plasma, power 250 W for 6 to 10 min until device channels are etched 
perfectly (check with microscope). 

13. OMIEC spin-coating 

a) Sample dependent. For 7-8 mg/mL PTTEG solution in chloroform, 50µL, 1500rpm and 
1min are used as spin-coating parameters. 

14. Peel off Pa-C 

      a) Peel off the Pa-C layer with the help of Sellotape tape, without touching the channels. 

15. Device inspection with the microscope and ready to be measured. 
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2.2.5 OECT applications 

Organic electrochemical transistors (OECTs) have gained attention in the field of 

bioelectronics for volumetric doping and high transconductance at low voltages (V < 1 V). In 

bioelectronics, OECTs enable high signal-to-noise electrophysiological recordings from tissues 

such as brain, as well as cutaneous measurements like electrocardiograms, owing to their local 

amplification and direct ionic/electronic coupling with biological fluids.26, 34-37 Beyond 

recording, they can stimulate neurons, monitor cell cultures, and assess barrier formation or 

cellular health.19, 38-42 As transducers in biosensors, OECTs detect electrolytes and metabolites 

such as glucose, lactate, and dopamine with high sensitivity and selectivity, and their integration 

with textiles and microfluidics has opened opportunities for wearable and multi analyte 

platforms.43-47 Their high transconductance and low voltage operation also make them suitable 

for analog and logic circuits, where they have been employed in displays, logic gates, 

amplifiers, and flexible circuit architectures.48-51 Finally, OECTs are promising building blocks 

for memory and neuromorphic devices, where ionic modulation of the channel enables short 

and long term plasticity, low power synaptic operation, and advanced architectures mimicking 

brain like computation.6, 52-54 Collectively, these applications point out the application of 

OECTs and their potential as a bridge between electronics and biology.   
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2.3 PTTEG and copolymers 

Here we studied the electrical properties of a thiophene based copolymer p(g3TT-T2) 

(PTTEG) (Figure 9a) upon electrochemical doping. Firstly, we characterized p(g3TT-T2) films 

with cyclic voltammetry and its stability upon 75 cycles which were recorded during repeated 

cycling between –0.4 V and +0.6 V vs. Ag/AgCl where the polymer is completely reduced and 

highly oxidized, resulting in voltammograms with the same shape indicating that the polymer 

can be reversibly reduced/oxidized (Figure 9b) and revealing an oxidation onset potential 

𝐸"# = +0.05V vs. Ag/AgCl. Secondly, SSA was performed on PTTEG to obtain different 

parameters, the 𝜇𝐶∗ figure of merit included (Figure 9c) with a 𝐶∗ ≈ 180 F cm-3, 𝜇 ≈ 2 cm2 V-1 

s-1. 
 

 
 

Figure 9. (a) Chemical structure of p(g3TT-T2), (b) voltammograms recorded during repeated 

cycling up to 75 times at a scan rate of 10 mV s-1 using 0.1 M NaCl aqueous electrolyte, an 

Ag/AgCl RE and a Pt CE. (c) 𝜇, 𝐶∗ and 𝜇𝐶∗ values extracted using small signal analysis.  

 

 



 
19 

 

       The same experiments were performed for the copolymers consisting of the same repeat 

unit with differing alkoxy and glycol side chains from Paper ⅠⅠ (Figure 10 and Table 3): P12, 

P35, P59, P79 and P97, where the number represents the percentage of alkoxy side chains, e.g., 

P12 means 12 % alkoxy side chains and 88 % glycol side chains). However, for P79 and P97 

small signal analysis was not successful since P97 was not conductive during CV measurements 

(Figure 10) and for P79 the OECT remained in the OFF state. This is tentatively attributed to 

their high apolar alkoxy side chain content, which limits ionic conduction, and hence withholds 

easy oxidation of the film contrary to the polymers with more glycol content. 

 

Polymer 
𝑬𝒐𝒙,𝒐𝒏𝒔𝒆𝒕𝑪𝑽  

 
  (V vs Ag/AgCl) 

𝝁𝒎𝒂𝒙 

(𝒄𝒎𝟐	𝑽J𝟏	𝒔J𝟏) 

𝑪∗𝒎𝒂𝒙 

(𝑭	𝒄𝒎𝟐	𝑽J𝟏	𝒔J𝟏) 

[𝝁𝑪∗]𝒎𝒂𝒙 

(𝑭	𝒄𝒎𝟐	𝑽J𝟏	𝒔J𝟏) 

P12 0.22 2.9 ± 0.5 414 ± 12 1195  ± 184 

P35 0.32 2.9 ± 0.3 357 ± 33 1031 ± 148 

P59 0.42 2.2 ± 0.4 33 ± 4 72  ± 19 
 

Table 3. Parameters extracted from cyclic voltammetry and small signal analysis. 

 

The oxidation onset potential increases with increasing alkoxy side chain content (Figure 

10 and Table 3). This can be attributed to the increased amount of hydrophobic side chain 

content in the polymer, hindering ion mobility and hence limiting the charge compensation 

from the ions in the electrolyte to stabilize the hole formation. Despite the increase in oxidation 

onset potential from P12 to P35 from 0.22 V to 0.32 V, the values for 𝜇$8#and 𝐶∗$8#  are 

comparable, leading to state-of-the-art [𝜇𝐶∗]$8#  values over 1000 F cm2 V-1 s-1 for both 

polymers. This is significantly higher than the values for PTTEG (P0) and P59, which are 360 

and 72 F cm2 V-1 s-1, respectively. The lower figure-of-merit for PTTEG is tentatively assigned 

to its lower molecular weight than that of the polymers in the PX series, which all have a 

comparable molecular weight. It should be noted that [𝜇𝐶∗]$8# of P12 and P35 are reached at 

the highest potential of –0.6 V. This can be explained by the proportionality of 𝜇 , but, 

interestingly, the maximum  𝐶∗ for both is reached after ca. 0.15 V after onset of capacitive 
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behavior. For P59, which is already expected to have poorer capacitive behavior due to high 

alkoxy side chain content, this is close to the end of the voltage sweep. Interestingly, the 

mobility of P59 reaches comparable values to P12 and P35, indicating the poor capacitance is 

detrimental to its figure-of-merit. Still, more research is required to understand the 

unexpectedly high 𝐶∗ of P12 and P35. 

 
 

Figure 10. (a) cyclic voltammetry of the alkoxy-glycol copolymer series (b) and one forward 

and backwards scan as an example of the 𝜇 and 𝐶∗ channel values extracted from small signal 

analysis.  

 

  



 
21 

 

Chapter 3  

Organic mixed ionic-electronic conductors – mechanical properties 

OMIECs are active materials and their electrical and mechanical properties evolve 

during operation. Even though the changes in electrical properties are well understood, much 

less is known about their mechanical response during electrochemical doping. In this context, 

the elastic modulus – a measure of how stiff a material is – is a key parameter. The changes in 

stiffness that occur upon doping and dedoping (oxidation and reduction for p-type materials, 

respectively) are likely to enable various applications. Some might be ideal for the design of 

electrochemical cells that maintain the same mechanical compliance during operation. An 

example is an OMIEC whose elastic modulus matches that of a specific type of cell culture or 

biological tissue throughout a complete oxidation/reduction cycle. This is because many cell 

cultures and tissues show a preference for substrates with lower elastic modulus,55, 56 In contrast, 

some applications may require the opposite effect, a significant increase or decrease of the 

elastic modulus occurs during redox cycling. Despite its importance, the evolution of elastic 

modulus during redox cycling remains largely unexplored, highlighting the need for new device 

platforms to quantify these changes.16 

 Electrochemical doping of conjugated polymers, as briefly mentioned before, refers to 

the oxidation via electron transfer to or from a working electrode (WE). The resulting charges 

on the polymer backbone are compensated by the uptake of ions and solvent molecules from 

an electrolyte that is in contact with a reference electrode (RE) and/or counter electrode (CE) 

depending if it is a two or three electrode setup and dedoping is the opposite process, where the 

polymer goes back to the initial state. A three-electrode setup includes a WE, a CE and a RE 

The RE provides stable potential for accurate control of the WE, while the CE closes the circuit. 

(Figure 12c). The degree of electrochemical doping can be altered, or even reversed, by 

changing the potential that is applied at the WE, affecting the number of electrons transferred 

(mechanical properties depend not only on microstructural changes and counterions 

interactions but also on solvent interactions), in a two-electrode setup the CE is simultaneously 

serving as both reference and counter. The speed of electrochemical doping is governed by the 

drift of ions into the swollen polymer. The accompanied uptake/expulsion of ions and solvent 
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molecules leads to changes in the volume of the polymer, which is required for some 

applications like actuators and artificial muscles.57 

 

3.1 How do electrochemical redox processes affect stiffness? 

The ingression of solvated ions expands the polymer while the oxidation/reduction of 

the polymer backbone typically alters the nanostructure. More hydrophilic materials such as 

polythiophenes with oligoether side chains can take up not only ions but also solvent molecules. 

The amount of solvent that is taken up depends mainly on the anion size, electrolyte type, 

molarity and ionic strength.16 This happens even in the absence of an applied electric field, 

which is known as passive swelling. As a result of the increase in volume, ion conduction 

pathways are created, i.e. the electrolyte is in contact with the conjugated polymer throughout 

its entire volume. This facilitates the ingression of ions and hence oxidation/reduction of the 

whole film once an electrochemical potential is applied. This is referred to as active swelling. 

In the case of an initially neutral polymer, charges are introduced to the polymer backbone, 

compensated by counterions that ingress from the electrolyte to balance the generated charges.  

Electrochemical doping changes the nanostructure of conjugated polymers. Swelling of 

the polymer and oxidation/reduction of the backbone can lead to enhanced (or reduced) π-

stacking and expansion of the lamellar stacking. This can shift the overall order of the 

conjugated polymers. These structural changes directly affect the polymer’s elastic modulus 

(Figure 11), including (1) Plasticization, where counterions and especially solvent molecules 

soften the material. (2) Chain stiffening, where oxidation can make the polymer backbone more 

rigid and possibly accompanied by a change in ordering. (3) Ionic crosslinking, between 

counterions and oxidized polymer chains, which leads to an increase of stiffness. (4) Swelling, 

caused by the uptake of counterions and solvent molecules.58  

These effects often have opposed effects and the balance between these determines the 

modulus during electrochemical doping and dedoping. For example, a polymer that takes up 

counterions but repels solvent molecules may show an invariant or even an increase in elastic 

modulus (ionic crosslinking outweighs plasticization). Conversely, if the solvent uptake is high 

there is an increased swelling and as a result a decrease in stiffness is likely expected.59, 60 
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Figure 11. Dynamic mechanical analysis graph where the elastic modulus of a conjugated 

polymer can change upon doping due to the stiffening of the backbone, enhanced π-stacking, 

the formation of ionic crosslinks through polaron-counterions interactions and swelling because 

of the uptake of counterions and/or solvent molecules. Figure taken from 61. 

 

3.2 Mechanical characterization techniques 

Conjugated polymers are used for a wide range of applications, from thin film to bulk 

devices, each of which has its own requirements with respect to the mechanical properties of 

the polymers. The elastic modulus of conjugated polymer films under electrochemical doping 

and dedoping can be quantified with two complementary techniques: EC-AFM and EC-

nanoindentation. Both are force microscopy techniques that facilitate the evaluation of the local 

mechanical properties of a sample. This is achieved by probing the elastic modulus of films 

immersed in an electrolyte during electrochemical doping and dedoping. This is achieved by 

recording force-displacement curves as a function of position. In AFM measured the repulsive 

force between the film surface and the cantilever tip, is determined by fitting the force curves, 

whereas nanoindentation measures the response of a polymer film to indentation by an indenter 

tip.62 With nanoindentation creep analysis was used to obtain the elastic modulus. This consists 

of a three-segment protocol consisting of (1) a loading phase during which the applied load was 

gradually increased, (2) a hold phase where a constant load was maintained and (3) an unloading 

phase during which the tip was retracted (Figure 12a). Creep analysis analyzes gradual 

deformation of the film during the hold segment, since the deformation is time dependent. 

AFM, unlike nanoindentation, only accesses the linear (elastic) deformation regime since the 

interaction between the AFM tip and sample surface occurs through adhesive/repulsive forces 
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rather than prolonged contact (Figure 12b). Another difference between both techniques, which 

are limited by the setups, is that EC-nanoindentation works well in the micrometer thick film 

range while EC-AFM is used for nanometer thick films allowing to study the differences 

between the nanometer and micrometer thicknesses. 
 

 

Figure 12. Force microscopy techniques. (a) Nanoindentation involves indentation of a 

polymer film with an indenter tip, followed by recording the unloading force curve from which 

the stiffness S can be determined; and (b) atomic force microscopy (AFM) can be used to 

measure the repulsive force between the cantilever tip and film surface, which can be fitted with 

the Derjaguin-Muller-Toporov (DMT) model. (c) 3 Electrode setup used to oxidize (dope) and 

reduce (dedope) the (WE is our polymer, RE is a silver/silver chloride (Ag/AgCl) electrode and 

CE is a platinum (Pt) wire). Figure a and b taken from paper 61. 

 

3.2.1 Electrochemical nanoindentation  

Measurements were performed at room temperature with a Hysitron TI Premier instrument 

from Bruker equipped with a Berkovich tip made of diamond with a half angle of 𝛼 = 65.27° 

and a tip radius of 100 nm attached to a liquid compatible stylus, calibrated with a reference 

quartz substrate. Prior to each measurement, the nanoindenter was left in idle condition for half 

an hour to reach thermal equilibrium. The creep compliance was determined by recording the 

change in indentation depth ℎ(𝑡) during the hold phase at a constant load of 𝑃1"-2 according 

to:63 

𝐽(𝑡) =
4ℎ!(𝑡)

𝜋(1 − 𝜐) ∙ 𝑃"#$% ∙ tan 𝛼
 

(1) 

where 𝜐 = 0.35 is the Poisson ratio. The shear and tensile relaxation modulus, 𝐺 and 𝐸, 

were calculated according to:  
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𝐺 =
1
𝐽(𝑡)

3
&≫(

                                                             (2) 

and 

𝐸 = 3𝐺 ∙ (1 + 𝜐)                                                             (3) 

Reported values for 𝐸  are the mean and standard deviation based on 9 to 12 creep 

measurements carried out using a loading rate of 20 µN s-1, a maximum load varying from 𝑃1"-2 

= 80 to 1000 µN and a hold time of 600 s.  

Measurements of dry films without any electrolyte were carried out at 20% relative 

humidity. EC-NI was done by covering films with 0.1 M NaCl aqueous electrolyte contained 

in a reservoir defined by a 5 mm high polydimethylsiloxane (PDMS) well to which a 15 mL 

electrochemical cell was attached for oxidation or reduction at +0.6 V and -0.4 V vs. Ag/AgCl, 

respectively, in three-electrode configuration (Ag/AgCl reference electrode with 3 M KCl, Pt 

wire counter electrode and ITO or Au working electrode below the polymer film) using a SP-

300 electrochemical workstation from BioLogic. Then, the sample and electrolyte reservoir 

(without the electrochemical cell) were transferred to the nanoindenter for EC-nanoindentation 

measurements. To maintain the same potential throughout the measurements an open circuit 

voltage 𝑉".  was applied via a pseudo-reference Ag wire electrode embedded in the PDMS 

spacer with 𝑉". = 𝐸=L	M*0, − 𝐸=L/=L:- = 0.6 V – 0.52 V = 0.08 V (Figure 13). 

 

Figure 13. EC-nanoindentation three-electrode setup. Ag/AgCl reference electrode and Ag 

wire as the pseudo-reference electrode. Indium tin oxide (ITO) with the polymer film on top as 

the working electrode and Pt wire as the counter electrode.  
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Different materials were measured with nanoindentation under neat (dry) conditions, a 

good example is the copolymers mentioned in Paper ⅠⅠ: P0, P12, P35 and P59. Where P0 is 

PTTEG (Figure 14b) and P12, P35, P59 are the side chains with different percentages (Figure 

14c)). The reference polymer (P0) featured a modulus of 220 ± 13 MPa, the elastic modulus of 

P12 was 170 ± 32 MPa, the highest modulus was featured by P35 with a value of 236 ± 44 MPa 

and P59 was 170 ± 18 MPa (Figure 14a). It was shown by Moro et al. that glycol side chains 

do not interdigitate as well as alkoxy chains, leading to a decreased tendency to form ordered 

assemblies, influencing the microstructure of these semiconducting polymers potentially 

decreasing their elastic modulus.64 However, the modulus changes of the polymer depending 

on the side chains content are all quite similar leading to the claim that the side chain chemistry 

can be altered without affecting the mechanical properties. 

 

 
 

Figure 14. (a) Elastic modulus 𝐸 obtained from nanoindentations from neat films. The overall 

mean is shown as a square and the standard deviation as error bars. (b) PTTEG (P0) and (c) 

general structure of PX, e.g., a = 0.12 for P12. 
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3.2.2 EC-AFM 

EC-AFM was performed with a Dimension Icon XR from Bruker. The samples were 

mounted in an electrochemical cell filled with 0.1 M NaCl aqueous electrolyte, followed by 

sequential oxidation and reduction at +0.6 and -0.4 V vs. Ag/AgCl using a bipotentiostat and a 

three-electrode configuration (Pt wire counter electrode, Ag/AgCl pellet reference electrode 

and Au- working electrode below the polymer film). Measurements were performed by 

bringing the AFM probe in contact with the sample surface at a controlled load force of 5 nN 

and 100 force curves were recorded per sample/condition. Cycling reversibility was done the 

same way across seven redox cycles to confirm that the observed change in elastic modulus is 

reversible (Figure 15). The elastic modulus 𝐸 was obtained by fitting force-distance curves 

𝐹(𝑑) with a linearized model using the Nanoscope Analysis 2.0 software, assuming a Poisson’s 

ratio 𝜐 = 0.35: (Paper Ⅰ) 

𝐹 =
4
3

𝐸
(1 − 𝑣?)√𝑅	𝑑

N/?                                                             (4) 

 

Figure 15. Changes in elastic modulus 𝐸	for the same polymer covered by 0.1 M NaCl aqueous 

electrolyte upon repeated oxidation at +0.6 V (green) and reduction at -0.4 V vs. Ag/AgCl 

(purple) for 7 cycles, dashed lines represent the mean value of the last 5 cycles for the oxidized 

and reduced film, respectively. 
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3.2 Mechanical changes of PTTEG during electrochemical redox 

As discussed previously, the mechanical response of conjugated polymers during redox 

cycling is still not well understood. Hence, it is important to determine how their stiffness 

evolves under different conditions. To establish a baseline, the reference material PTTEG (P0) 

was examined under four different conditions: (1) dry (neat) films, (2) passively swollen films 

submerged in 0.1 M NaCl (no bias), (3) films oxidized at +0.6 V vs. Ag/AgCl, and (4) films 

reduced at -0.4 V vs. Ag/AgCl (Figure 16a), along with the copolymers with different 

percentages of alkoxy/glycol side chains (Figure 16b). 

 

Figure 16. Elastic modulus 𝐸 obtained from neat film measured without electrolyte (neat) and 

when covered by 0.1 M NaCl aqueous electrolyte, passive swelling (no bias), oxidized at +0.6 

V or reduced at -0.4 V vs. Ag/AgCl for (a) PTTEG where each datapoint corresponds to the 

mean of values obtained from 9-12 creep measurements. The horizontal line inside each box 

indicates the median while the overall mean is shown as a square and the standard deviation as 

error bars and (b) the copolymers P12,35,58,79 where the square represents the mean with the 

corresponding standard deviation shown as error bars. 
 

For PTTEG, the elastic modulus decreased with passive swelling (plasticization) and 

increased when oxidized – the swelling by the aqueous electrolyte is counteracted by a 

reversible improvement in p-stacking upon oxidation (Paper ⅠⅠ). Upon reduction the elastic 

modulus decreases going back to similar values as in the no bias (passive swelling). Here we 

used a diazirine PA (more information in Paper Ⅰ) to avoid delamination during redox cycling. 

However, when we studied P12 to P79 we did not have the diazirine PA and as a result the 

delamination might have played an important role in the reading of the elastic modulus. 
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The findings in PTTEG demonstrate that it is feasible to design OMIEC materials with 

stable mechanical properties across redox states, opening new possibilities for compliant and 

tissue-matched bioelectronic interfaces that remain mechanically invariant during operation.  
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Chapter 4  

Conclusions and outlook 

This thesis has helped in a better understanding of OMIECs by studying a previously 

underexplored topics; the stability of materials in electrochemical devices as well as change of 

mechanical properties in operando. Using a thiophene-based copolymer system with different 

ratios of glycol and alkoxy side chains, the mechanical and electrical properties were studied 

upon redox cycling. 
  

4.1 Conclusions 

In this work, a reproducible step-by-step guide on how to fabricate OECTs has been 

explained, which will provide an improved learning platform as opposed to literature 

procedures which often lack extensive detail. This can be used as an SOP for students that want 

to start with OECT fabrication. 

For the copolymer with variable side chains, an increase in oxidation onset potential was 

observed with the increase in alkoxy content, likely by hindering ion mobility and limiting 

charge compensation. Despite this, P12 and P35 achieve state-of-the-art maximum [𝜇𝐶∗]$8# 

values exceeding 1000 F cm2 V-1 s-1 

This high performance is attributed to their combination of high mobility (μ) and high 

capacitance (C*). However, the reason for poor capacitive behavior for P59 (alkoxy 

percentagee> 50%) requires further investigation. 

Evaluation of material properties of PTTEG in operando reveals competition in structural 

changes during oxidation; swelling from uptake of hydrated ions and improved p-stacking in 

the polymer microstructure. This results in a small, reversible increase in elastic modulus upon 

electrochemical oxidation which differs from the assumption that ion and solvent uptake during 

swelling inherently results in material softening. Here, the microstructural changes outweigh 

the softening effects of solvent uptake. It is also shown that these changes are reversible and 

stable over many cycles which is essential for long term device reliability. Hence, probing that 

it is feasible to design OMIECs that maintain remarkably stable elastic moduli across redox 

states, opening new possibilities for compliant and tissue-matched bioelectronic interfaces that 

remain mechanically invariant during operation. Notwithstanding these results, in operando 
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techniques of mechanical property evaluation in electrochemical devices are now accessible, 

opening the way for deeper understanding of devices in operation essential for implementation 

in, e.g., living organisms. 

OECT performance of these materials was characterized, and key figures of merit (µ, C*) 

were extracted using small signal analysis (SSA). Providing a way to compare electrical and 

mechanical properties.  

 

4.2 Outlook 

This work opens several directions for further research. Firstly, studying the mechanical 

properties of different copolymers without delamination (using diazirine PA) and extending 

that study to n-type and ambipolar OMIECs with different backbones and side chains, to build 

a comprehensive map of OMIECs (Ashby plot E vs 𝜇𝐶∗). Secondly, how different electrolytes 

(ion size, polarity, concentration) impact the elastic modulus and its impact on swelling and 

microstructural ordering. This is ideally complemented with computational modelling which 

would predict electrochemical coupling based on chemicals structure, ionic mobility and 

solvent uptake. Moreover, it is clear from this work that the alteration between alkoxy and 

glycol side chains has little effect on the mechanical properties, meaning that these can be 

further implemented to achieve the best electrochemical performance and to control the 

tradeoffs between swelling and microstructural changes. Ultimately, this work will be an 

essential stepping stone for creating different devices with varying mechnical compliance; 

decoupling the electrical and mechanical changes during device operation. 
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