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Summary 
 

Cellulose-based materials hold significant promise as substrates for point-of-

care diagnostic devices. Among them, lateral flow assays (LFAs) owe their wide-

spread success to their ease of use, portability, and affordability. However, their 

limited sensitivity and qualitative output still represent important drawbacks 

for broader analytical applications. 

In response to the growing need for rapid and reliable diagnostic and moni-

toring tools, Organic Electrochemical Transistors (OECTs) have gained atten-

tion as powerful devices for biosensing applications because of their high sen-

sitivity, low operating voltage, and compatibility with biological environments.  

PEDOT:PSS is one of the most widely employed organic mixed ionic-elec-

tronic conductors in OECTs. Its broad use originates from its solution processa-

bility, biocompatibility, and high tunability, which make it compatible with a 

wide range of deposition techniques and device architectures. Continuous ad-

vances in additive manufacturing are making the fabrication of high-perfor-

mance organic electronic devices increasingly accessible by reducing pro-

cessing steps, lowering production costs, and enabling deposition on unconven-

tional substrates such as paper, plastics, and flexible supports. These aspects 

are particularly relevant for diagnostic and point-of-care (POC) applications, 

where low fabrication cost must be combined with high sensitivity, reliability, 

and scalable production. 

This thesis investigates how different printing techniques influence the mor-

phology, structural organization, and electrical performance of PEDOT:PSS 

films. In situ Raman spectroscopy was employed to monitor the evolution of PE-

DOT structure during OECT depending on different gating condition. Atomic 

force microscopy was used to compare films deposited by inkjet printing and 

aerosol jet printing, highlighting how differences in roughness, phase segrega-

tion, and nanoscale organization strongly affect the electrochemical perfor-

mance of the devices.  

With the aim of developing a printable, low cost OECT on paper for biochem-

ical sensing, a commercial PCB printer was employed for the non-contact dis-

pense printing of silver tracks and PEDOT:PSS channel, gate, and extended gate 

onto a nitrocellulose strip, a material commonly used in immunochromato-

graphic lateral flow assays. Acting as a self-standing passive microfluidic plat-

form, the cellulose substrate was designed to transport and interact with liquid 

samples while preserving a contamination-free region for the active electronic 

components. Within a dry area defined by a hydrophobic barrier, a solid-state 
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electrolyte (SSE) layer enables ionic communication between channel and gate. 

Outside this region, a PEDOT:PSS extended gate selectively interacts with the 

analyte carried by the liquid sample, preventing direct contamination of the 

channel and improving operational stability. 

With a maximum transconductance of approximately 4 mS, the proposed sys-

tem demonstrates the feasibility of integrating an easily manufacturable tran-

sistor into an affordable biochemical assay, providing quantitative information 

at the point-of-care site to complement and strengthen the conventional color-

imetric response of LFAs. The sensing platform was validated through dopa-

mine detection, achieving a limit of detection of 0.01 mM.  

Overall, the results presented in this thesis highlight the potential of combin-

ing printed PEDOT:PSS electronics, scalable additive manufacturing, and paper-

based microfluidics for the development of next-generation low-cost diagnostic 

technologies. 
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Chapter 1 

 

1 Introduction 

 

1.1 Research framework and objectives 

In our ever more globalized world, mass testing constitutes a key strategy for 

controlling disease spreading. Nonetheless, Covid-19 pandemic has brought out 

how large-scale testing is not always compatible with the capacity of central la-

boratories of analysis. Point-of-care (POC) devices are powerful tools in the de-

centralization of diagnostic procedures, allowing to acquire results directly at 

the site of the sampling. Among them, lateral flow assays (LFAs) are commer-

cially available POC diagnostic platforms based on cellulose, that despite their 

ease of use and low cost, present limitations in terms of sensitivity and signal 

readout. As the need for rapid and reliable diagnostic tools grows, Organic Elec-

trochemical Transistors (OECTs) have emerged as highly sensitive sensors, 

characterized by low power consumption and great compatibility with biologi-

cal environment. At the same time, the continuous progress of additive manu-

facturing techniques offers new opportunities for the fabrication of low-cost 

electronic devices through scalable, maskless, and efficient processes, provid-

ing an alternative to conventional microfabrication methods, which often re-

quire expensive facilities and complex multistep procedures. 

Within this framework, the present thesis pursued two main and complemen-

tary objectives.  

• The first objective was the characterization of printed organic conductive 

films, with particular focus on poly(3,4-ethylenedioxythiophene) polysty-

rene sulfonate (PEDOT:PSS) processed through different deposition tech-

niques, with the aim of understanding how the fabrication method influ-

ences morphology, nanoscale organization, electrical behavior, and elec-

trochemical response, in preparation for the optimization of printed 
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organic devices. The work included structural, spectroscopic, and electri-

cal investigations of printed PEDOT:PSS films, employing atomic force mi-

croscopy and Raman spectroscopy, and including in situ measurements 

under device operation, comparing the effects on channel modulation of 

a bare gold gate and of a PEDOT:PSS-coated gate. 

 

• The second objective was the development of a fully printable organic 

transistor on paper, conceived as a sensing platform that could be directly 

integrated into commercially relevant POC assays. The device was fabri-

cated on a cellulose substrate and designed to exploit the intrinsic capil-

lary transport properties of paper as a passive and self-sustained micro-

fluidic system. In this architecture, liquid samples can flow through the 

porous membrane without external pumps, while a dedicated dry region 

protects the active electronic components from contamination and unde-

sired interactions with the analyte. This separation between wet sensing 

areas and dry operating areas was introduced to preserve device stability 

while ensuring the sensing electrode interaction with the sample. 

Overall, the thesis aims to demonstrate how the combination of printed or-

ganic electronics, paper microfluidics, and scalable manufacturing strategies 

can contribute to the development of affordable, portable, and high-perfor-

mance diagnostic technologies.  

 

 

1.2 Thesis outline 

Part of the work on the OECT design and fabrication and on the gate elec-

trode functionalization was conducted at the Integrated Center for Physics and 

Photonic Materials of the Technischen Universität Dresden (IAPP – TU Dres-

den), during a six-month research period. A nine-month collaboration with the 

company Informatica System s.r.l. led to the development of an integrated sens-

ing platform on paper. 

This work is divided into five main chapters, including this introduction 

(Chapter 1). 

Chapter 2 will be dedicated to the outlining of the research background. The 

concept of Point-of-care device will be introduced, discussing strategies to 

achieve fluid management via microfluidic platforms and capillarity-driven de-

vices. Then, the working principles of OECTs and their application as biosensors 

will be described, introducing organic semiconductors and their mixed ionic-

electronic conduction. An overview of flexible materials employed as OECTs 



14 

 

substrates will be presented, introducing how paper can be a potential candi-

date for biosensors fabrication.  

The Chapter 3 will be dedicated to the characterization techniques of 

printed films of the active material poly(3,4-ethylenedioxythiophene) polysty-

rene sulfonate (PEDOT:PSS). Atomic force microscopy (AFM) will be adopted to 

investigate surface morphology depending on the deposition technique, and the 

analysis of in situ, in operando Raman spectra will support the study of the dop-

ing-dedoping mechanism. 

The Chapter 4 will focus on the engineering and fabrication process of a 

printable OECT on paper. The chosen substrate is nitrocellulose, an amine-rich 

paper commonly employed in biochemistry and in commercial rapid tests for 

its ability to immobilize biomolecules. Thanks to its porosity, cellulose can act 

as a microfluidic platform that doesn’t need external pumps. The OECT compo-

nents consist of printed silver electrodes and PEDOT:PSS channel and gate. Un-

derneath an insulating layer that preserves the electrodes and the solid-state 

electrolyte (SSE) from the liquid phase, the porous substrate allows the capil-

larity-driven transportation of the analyte towards the sensing region. An ex-

tended gate constitutes the sensing region located in the hydrophilic area, 

where the liquid sample will be able to soak and interact with the sensing elec-

trode. 

Chapter 5 briefly describes potential future developments of this work, con-

cluding with some final considerations. 
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Chapter 2 

 

2 Research background 

This chapter will be dedicated to the outlining of the scientific and technolog-

ical background underlying the research activity developed in this thesis. It will 

first introduce the concept of point-of-care devices, highlighting their growing 

importance in decentralized healthcare, rapid diagnostics, and on-site analyti-

cal testing.  

Subsequently, the chapter will discuss the main strategies adopted for fluid 

handling in miniaturized analytical platforms. In this context, microfluidic tech-

nologies will be presented as powerful tools for controlling small liquid vol-

umes with high precision, enabling reduced reagent consumption and rapid 

analysis. Alongside conventional microfluidic systems, capillarity-driven plat-

forms will also be examined. 

The working principles of Organic Electrochemical Transistors will then be 

described, with emphasis on their operation mechanism. The role of organic 

semiconductors as active materials will be introduced, focusing on their ability 

to support mixed ionic-electronic conduction, which allows efficient coupling 

between ionic signals in the electrolyte and electronic currents in the device.  

Finally, an overview of different strategies for biosensing using Organic Elec-

trochemical Transistors will be provided, describing functionalization steps 

and techniques for the integration of sensors into microfluidic platforms. 

 

2.1  Point-of-care diagnostic devices 

2.1.1 Overview 

The emergence and evolution of biosensors have played a pivotal role in de-

centralizing healthcare, bringing diagnostic testing closer to the patient. As 

technological advancements continue to enhance analytical performance and 

reliability, many clinical analyses are no longer confined to laboratories but can 

be performed directly at the point of care. 
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In 2003, the World Health Organization (WHO) defined a set of criteria that 

could be applied to perform diagnostic tests at all levels of care, summarized by 

the acronym ASSURED: affordable, sensitive, specific, user-friendly, rapid, 

equipment-free, delivered1. These criteria have since guided the development 

of point-of-care tests, which aim to be widely affordable, accessible, and accu-

rate 2. 

Point-of-care (POC) diagnostic devices are compact, portable platforms 

that enable rapid, on-site detection of biomarkers or contaminants, enabling 

quick decision-making. In healthcare, POC biosensors have been shown to ac-

celerate diagnosis and treatment, reducing hospital stays, and lowering costs3–

5. In agriculture and livestock management, on-farm POC diagnostics help de-

tect pesticides or infectious diseases, minimizing morbidity and economic 

losses while reducing the misuse of antibiotics6–8. Similarly, in food safety, POC 

platforms such as paper-based assays and lab-on-chip systems allow for real-

time screening of contaminants, allergens, and toxins throughout the supply 

chain, enabling the early detection of irregular batches and preventing further 

contamination throughout the production chain9,10. Moreover, these solutions 

are critical in low- and middle-income settings, where access to laboratory in-

frastructure is limited or health services are insufficient.  

Overall, the introduction of POC diagnostics may enable affordable, decen-

tralized, and fast testing that can control disease outbreaks and guide effective 

treatment strategies, making health and food systems equitable and responsive. 

 

2.1.2  Sensors for diagnostic applications 

A chemical sensor can be defined as an analytical device capable of produc-

ing a measurable signal correlated to the concentration of a target chemical spe-

cies. Building upon this concept, a biosensor integrates a biological recognition 

element with a transducer to detect specific analytes, so that the consequent 

biological interaction or catalytic event is converted into a quantifiable electri-

cal, optical, or mechanical signal. These concepts, which emerged during the 

first decades of the 1900s, already reflected an urge for increased autonomy, 

speed, and decentralization of chemical assays and diagnostic tools.  

One of the earliest documented references to the concept of decentralized, 

rapid diagnostic testing appears in a 1945 article by R. M. Tovar, who described 

a bedside agglutination test for the rapid diagnosis of tularemia, an infectious 

bacterial disease, based on mixing a concentrated suspension of antigen with 

whole blood obtained from a finger puncture11. In the years that followed, var-

ious studies have reported the development of bedside diagnostic tests, 

mainly consisting of agglutination assays and body fluids evaluations, highlight-

ing a growing demand for quick testing performed near the patient12–18. In the 
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early 1980s, Dr. Gerald Kost is often credited with coining the term “point-of-

care testing” while performing real-time biosensor measurements of ionized 

calcium in whole blood at the patient’s side in operating rooms, demonstrating 

the benefit of immediate feedback in critical care settings19. Since then, the 

terms “point-of-care” (POC) and “point-of-need” occurrence in the scientific lit-

erature progressively increased, and interest in POC diagnostics has continued 

to expand, driven by the need for faster clinical decision-making and broader 

access to healthcare (Figure 2.1).  

 

 

In recent years, POC testing has been successfully adopted across a broad 

range of settings, also thanks to advances in electrochemical sensing, microflu-

idics, and immunoassays. Currently, POC solutions reduce the burden of re-

peated laboratory visits for chronic patients requiring frequent monitoring, 

such as individuals with diabetes, accelerating diagnostic feedback20,21. They 

are also increasingly employed in industrial settings to support routine safety 

monitoring, thereby reducing waste and costs associated with laboratory anal-

ysis22. In addition, POC devices are valuable tools not only in research and drug-

discovery workflows, where rapid, low-volume analyses are essential, but also 

in many low- and middle-income countries, where limited access to centralized 

laboratories, the high cost or long turnaround time (from sample collection to 

communication of the result) of conventional diagnostics can significantly re-

strict access to healthcare23–25.  

For these reasons, early rapid POC devices consisted of cheap, capillarity-

driven dipstick tests allowing equipment-free readouts. Over subsequent 

b) a) 

Figure 2.1 Evolution of point-of-care research and development by number of 

publications (Source: Scopus, September 2025). b) Comparison between different 

diagnostic strategies in terms of analytical sensitivity and diagnostic speed. Re-

printed from [65]. 
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decades, improvements in detection chemistry expanded the range of bi-

omarkers measurable at point-of-care, while enhancing the sensitivity of the 

tests.  

For their recognition element, POC platforms make extensive use of antibod-

ies, whose high affinity and specificity support the capturing of analytes in most 

rapid diagnostic tests. Recent advancements in nucleic acid engineering al-

lowed to introduce DNA probes and aptamers into POC tests, broadening the 

range of detectable biomarkers and enhancing target selectivity26–30. Enzymes 

are particularly employed in electrochemical POC devices, where their catalytic 

activity generates measurable reaction products, as exemplified by glucose ox-

idase-based glucose meters31,32. More recently, synthetic receptors such as mo-

lecularly imprinted polymers (MIPs) and engineered protein scaffolds have 

emerged as potential alternatives to biological components, providing im-

proved stability under harsh environmental conditions33–36.  

The transducer plays a crucial role in the sensitivity of the sensing system. 

Indeed, the transduction element converts the energy of the biorecognition 

events into a qualitative or quantitative output, according to the chosen tech-

nique: 

• electrochemical transduction involves the presence of enzymes able to 

catalyze redox reactions; applying different operational strategies, like 

amperometric, potentiometric, and impedimetric modes, it allows to 

achieve high sensitivity with low power consumption. 

• depending on the device architecture, electrical transduction allows to 

finely detect biological interactions via changes in conductivity or capac-

itance of the electrodes. 

• fluorescence, chemiluminescence, or Raman scattering are optical 

transduction strategies that enable detection with high specificity 

through appropriate optical readers. 

Overall, the choice of the technologies at the base of each POC solution 

must balance miniaturization, cost, ease-of-use, and sensitivity. The on-

going innovations in nanomaterials, printed electronics, and microfluid-

ics have enabled enhanced sensitivity and multiplexing capability, push-

ing POC testing toward more demanding diagnostic applications. 

 

2.1.3  Microfluidic platforms 

A significant challenge in the development of POC diagnostic devices involves 

managing liquid-based samples. Ensuring precise control over fluid dynamics 

is essential for delivering reliable and consistent results and minimizing sample 
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volume. For these reasons, microfluidic platforms have been drawing attention 

in many fields of applications, such as environmental monitoring, health man-

agement, and medical diagnosis28,37–40.  

Microfluidic devices rely on channels with dimensions from tens to hun-

dreds of micrometers, where fluid transport adheres to laminar flow dynamics 

due to the low Reynolds number37,41,42. The suppression of turbulence and the 

use of minimal fluid volumes reduce operational costs compared to standard 

laboratory analysis techniques, while reproducibility and operational speed 

benefit from the precise and systematic control over fluid flow. When microflu-

idic platforms are integrated with analytical devices, they can be identified as 

“lab-on-a-chip” (LoC), supporting high-throughput testing, batch processing, 

and control over the experimental reaction43–45. In view of these advantages, 

microfluidic devices are important enabling technologies for POC applications.  

Polydimethylsiloxane (PDMS) is a well-established material for microflu-

idics fabrication. Consisting of a silicon-based organic elastomer composed of 

repeating Si-O units with methyl side groups, PDMS has been heavily employed 

in biomedical research thanks to its biocompatibility, chemical inertness, gas 

permeability, and optical transparency, which makes it compatible with optical 

detection techniques37. Its elasticity allows for valving and actuation, resulting 

in precise sample delivery and possibility of applying mechanical stimuli 

through liquid flow control46. PDMS mechanical properties also allow for easy 

fabrication procedures, that typically consist of pre-polymer casting onto a 

mold, followed by thermal curing, and peeling off after crosslinking. The molds 

are generally produced through photolithography, and the final microfluidic de-

vice is then obtained through micro-replica molding, by casting PDMS onto the 

master pattern. The cured PDMS structures are bonded to glass substrates or to 

additional PDMS layers patterned with complementary microchannels. More 

recently, alternative fabrication strategies have been explored for the rapid pro-

duction of master molds used in microfluidic device fabrication. Recent ad-

vances in additive manufacturing technologies, such as fused deposition mod-

eling (FDM), stereolithography (SLA), and PolyJet printing, have enabled the 

rapid prototyping of complex three-dimensional structures directly from com-

puter-aided design (CAD) models47,48. These approaches allow the fabrication 

of molds with high design flexibility and significantly reduced process time 

compared to conventional photolithographic methods.  

Despite their optical transparency and biocompatibility, PDMS-based plat-

forms have relatively high cost and limited scalability for large-area production. 

Moreover, PDMS vapor permeability implies risks of early evaporation of the 

sample, due to the small volume handled by each device. In recent years, alter-

native substrates have been explored to overcome these limitations, and 
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thermoplastics such as PMMA and COC have been proposed for their robustness 

and compatibility with injection molding42. 

While thermoplastics offer great advantages in the industrialization scale up, 

efforts have been focusing lately on optimizing microfluidic solutions based on 

cost-sustainable and low-impact materials. Paper and cellulose-based plat-

forms have gained particular attention due to their extremely low cost, capil-

lary-driven fluid transport, and ease of functionalization. Cellulose-based mi-

crofluidics have the potential to eliminate the need for external pumps, reduce 

a) 

b) 

Figure 2.2 a) Fabrication process of PDMS microfluidic devices via soft lithogra-

phy. Reprinted with permission from [264]. b) Types of handheld microfluidic 

centrifuge, useful for preparation of blood samples and separation of its solid 

and liquid components39. Shown in order: handheld microfluidic centrifuge 

made with 3D printing technology; PDMS handheld microfluidic centrifuge; 

plastic handheld microfluidic centrifuge 39,265 
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fabrication complexity, and offer sustainable and disposable sensor for-

mats39,49. 

 

2.1.4 Paper-based devices  

Paper has been employed as a substrate for capillary-driven tests since the 

early development of POC diagnostic tools 15,17,50. Although cellulose became 

the leading material for POC tests in the 1970s thanks to LFAs, its prominence 

was partly overshadowed in the following decades by advances in manufactur-

ing technologies and the emergence of new materials that attracted increasing 

attention for sensing applications. The COVID-19 pandemic renewed interest in 

cellulose-based diagnostics: the need for large-scale, rapid testing to reduce 

hospital burden and monitor viral transmission highlighted the value of LFAs 

as accessible tools for decentralized diagnosis. In this context, cellulose has 

been reappraised as a promising material for lightweight, sustainable, and cost-

effective diagnostic devices.  

Cellulose is the most abundant biopolymer on earth51. It is a water-insoluble 

polysaccharide (Figure 2.3) found in plants cell walls and in other organisms, 

such as fungi, bacteria, and some marine invertebrates, forming microfibrils 

with great mechanical properties and chemical stability52. Cellulose is charac-

terized by a microporous architecture and exceptional hydrophilicity that ena-

ble autonomous fluid transport. Non-toxic, biocompatible, renewable, and low-

cost, cellulose constitutes a valid alternative to polymers based on fossil fuels52.  

 

 

 

Nitrocellulose, or cellulose nitrate, is the term that identifies the group of 

nitric esters of cellulose. It consists in a chemically modified form of cellulose, 

where nitro groups replace hydroxyl groups after direct reaction of cellulose 

with HNO3, resulting in various degrees of substitution, expressed as degree of 

nitration (DoN) (Figure 2.3) 53. The synthesis parameters, like temperature, 

Figure 2.3 Schematic representation of the structure of (a) cellulose and (b) ni-

trocellulose. 

a) b) 
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humidity and evaporation speed, influence porosity and pore size, which are 

tunable according to the application. Nitrocellulose is a well-established mate-

rial in biochemistry and has been used as a blotting membrane for the immobi-

lization and transfer of biomolecules since the 1960s, owing to its three-dimen-

sional, wettable microporous structure54. Its application in Southern, Northern, 

and Western blotting laid the foundation for its adoption in flow-based assays, 

as the membrane’s ability to immobilize target-specific antibodies while sup-

porting capillary-driven sample transport made it an ideal substrate for the 

widespread diffusion of LFAs55. 

 

2.1.4.1 Lateral Flow Assays (LFAs) 

The first major commercial application of LFAs, or lateral flow tests (LFTs) 

was the urine-based pregnancy test, which became widely available around 

1984 56. Over subsequent decades, LFAs have matured into a central diagnostic 

tool, gaining widespread use in clinical, veterinary, environmental and food 

safety settings, also thanks to its simple use and fast colorimetric readout.  

Characterized by high shelf stability, commercial LFAs are constituted by 

four overlapping pads of cellulose of various grades of porosity: a sample pad, 

a conjugate pad, a nitrocellulose strip, and an absorbent pad, all placed on a 

plastic backing card57. Pad materials, reaction buffers, overlap between the 

pads, and travel distances are optimized to ensure that the flow travels across 

the whole strip at the proper rate, allowing the sample to interact properly with 

each component of the assay.  
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The sample pad acts as the entry point and must rapidly accept and distrib-

ute the sample fluid, which so begins its path across the assay strip. The role of 

the conjugate pad is to retain dried gold nanoparticles (NPs) conjugated with a 

biorecognition element, usually antibodies, specific to the target analyte re-

searched in the sample. Once the sample drop reaches and soaks the conjugate 

pad, the NPs are released in the liquid flow. If present, the analytes in the sample 

interact and bind to the antibodies on the NPs. At this point, the liquid travels 

across the nitrocellulose strip, the core of the assay, dragged by capillarity. The 

nitrocellulose strip hosts the test and control lines, constituted by two different 

types of antibodies; while the test line provides the diagnostic output, the con-

trol line serves as a checkbox for the correct execution of the assay. Lastly, the 

sample reaches the absorbent pad, which functions as a sponge and drives fluid 

through the end of the strip. By maintaining continuous wicking, the absorbent 

pad ensures complete sample migration and proper termination of the assay58.  

The colorimetric signal produced in 5-15 minutes from the sample drop-

ping in correspondence of the two lines is based on the localized surface plas-

mon resonance (LSPR) phenomenon, which is the collective oscillation of the 

conductive electrons of the gold atoms triggered by incident electromagnetic 

waves, i.e., light5,59. When binding events happen at the test and control lines 

Figure 2.4 Schematic representation of the (a) structure and (b) running pro-

cess of LFAs. Reprinted with permission from [266]. c) Schematic representation 

of clinical user journeys following a lateral flow test in a variety of settings. Re-

printed with permission from [58]. 

a) 

b) 

c) 
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between the conjugates on the gold NP and the antibodies on the nitrocellulose 

strip, NPs aggregate on the lines: the intensity of the color generated by LSPR is 

proportional to the number of NPs stuck on the line, that is correlated to the 

number of binding events and the amount of target molecules present in the 

sample.  

The interpretation of the colorimetric output in LFAs is not always univocal, 

as test lines may appear faint or nearly invisible at low concentrations, espe-

cially for low-abundance biomarkers. Limited sensitivity, subjective visual as-

sessment, and uncertainty in borderline results represent major weaknesses of 

conventional LFAs.  

To address these limitations and enhance sensitivity, recent works have lev-

eraged nanomaterials, optical labels, and alternative readout approaches 60–65. 

Magnetic nanoparticles (MNPs) have been employed to preconcentrate ana-

lytes (Figure 2.5) and enhance signal intensity. By applying an external mag-

netic field, MNP-labeled targets can be accumulated at the test line, increasing 

local analyte density. In addition, magnetic detection offers low background 

noise, enabling high-contrast outputs. SERS (Surface Enhanced Raman Spec-

troscopy) tags, fluorescence labels and fluorescent nanoparticles (quantum 

dots, dye-doped silica nanoparticles) provide stronger, more stable signal com-

pared to traditional gold NP, and allow quantitative reading when coupled with 

specific readers (Figure 2.5).  

Nevertheless, each enhancement strategy carries drawbacks. Introduction of 

pre-concentration steps and use of specific nanomaterials increase assay com-

plexity and cost. At the same time, highly sensitive detection methods often de-

pend on bulky or costly equipment, which weakens the accessibility and sim-

plicity that make LFAs attractive. Using smartphone cameras as detectors al-

lows LFAs to become semi-quantitative and more accessible, reducing reliance 

on expensive readers, although inconsistency and unreliability may be intro-

duced by variations in light conditions and camera performance66,67. 
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Recently, research has been focusing on integrating analytical devices into 

LFAs, answering the need for high sensitivity without increasing the costs and 

complexity of the assay, which are often associated with the use of specific na-

nomaterials. Electrochemical LFAs (eLFAs) emerged as a practical solution to 

obtain sensitive and quantifiable results31,32,68–70. Electrochemical LFAs usually 

involve the integration of three electrodes on the assay strip, serving as work-

ing, reference, and counter electrode, printed or deposited along the strip. The 

II 

 III 

IV 

 I 

Figure 2.5 Summary of strategies to enhance sensitivity in LFAs. I) Structure 

and components of a LFA strip. II) The analyte can be pre-concentrated using 

magnetic NPs, for example, or pre-amplified via sample enrichment techniques. 

III) Optimization of assay kinetics is crucial in defining the test sensitivity since 

the interaction dynamics between the reagents and the strip influences the 

binding events at the test and control lines. IV) Label design, enhancing reagents 

and the use of specific readers for non-colorimetric detection mechanisms can 

contribute to the amplification of output signals. MNP: magnetic nanoparticle; 

GNP: gold nanoparticle; CNT: carbon nanotube. Reprint from [65]. 
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sensing mechanism relies on redox reactions occurring as the sample flows 

through the nitrocellulose pad, enabling electron transfer between the reaction 

products and the electrode surfaces: this transduced electrical signal is then 

measured to quantify target concentration. Despite its advantages in terms of 

sensitivity and quantification capabilities, electrochemical detection often re-

quires supplemental reagents such as redox mediators and conductive tracks 

made of materials like gold, carbon, or platinum, which can increase fabrication 

cost and assay complexity. 

2.1.4.2 Paperfluidics and papertronics 

Because capillary flow is a passive phenomenon dependent on porous me-

dium properties, like pore size distribution, tortuosity, and wettability, fluid 

transport can be inherently variable and difficult to control precisely. However, 

once paper substrates began to be successfully patterned to direct, confine, or 

separate fluid flow, they emerged as practical and robust alternatives to con-

ventional PDMS-based microfluidic systems.  

By adopting specific surface treatments, flow channels can be defined 

through hydrophobic barriers, allowing precise control of capillary-driven 

transport. Since the pioneering introduction of microfluidic paper-based ana-

lytical devices (µPADs) by Martinez et al. in 2007, wax printing became one of 

the most widely adopted methods for rapidly producing hydrophobic bounda-

ries by depositing wax on paper71. However, the discontinuation of solid-ink 

printers induced researchers to explore alternative strategies to replicate or 

improve the barrier quality offered by wax-printed channels72,73. Koivunen et 

al. demonstrated the use of inkjet printing to obtain precise and digitally de-

fined features with hydrophobic polymers74. Screen-printing of hydrophobic 

inks has been used to achieve thicker, more chemically robust barriers suitable 

for assays involving surfactants or organic solvents75,76. Other approaches such 

as laser ablation⁴, parylene deposition⁶, and silane-based surface modification⁷ 

offer different advantages depending on the application, desired throughput, 

and required chemical stability. 

Exploiting these fabrication strategies, paper-based microfluidic devices are 

especially attractive because they are low-cost, lightweight, disposable, and 

compatible with mass manufacture77. Considering these advantages, µPADs 

have been increasingly integrating not only fluid handling, but also electronic 

components, seeking to develop quantitative and objective POC platforms ad-

herent to the ASSURE criteria. Early works coupled paper microfluidics with 

electrochemical detection via printed or laminated electrodes on paper78–80. 

Origami-style paper devices extended this idea by folding a single patterned 

sheet to implement multistep electrochemical detection81–83. Lately referred to 

as “papertronics”, these architectures combine printed conductors, electrodes, 
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or transistors with paperfluidics, constituting high-performance sensing plat-

forms that remain competitive in POC applications84. 

 

 

 

2.2 Organic Transistors 

Until the late 1970s, polymers were widely assumed to be electrical insula-

tors. Marking a pivotal shift in the understanding of organic materials, the work 

of Shirakawa, Heeger, and MacDiarmid demonstrated that certain conjugated 

polymers could exhibit metallic-level conductivity when appropriately doped85. 

The discovery of conducting polymers enabled the emergence of versatile, 

low-power, and highly sensitive alternatives to conventional inorganic semi-

conductor devices. Thanks to the versatility and chemical tunability of organic 

conductors, organic transistors can exhibit mechanical flexibility, good compat-

ibility with soft and liquid environments, and potential for cost-effective and 

lightweight electronics, making them attractive components for chemical sens-

ing, point-of-care diagnostics, electrochromic applications, neuromorphic de-

vices, and logic circuits. 

 

2.2.1 Organic conductors  

After discovering that polyacetylene was able to conduct electricity when 

doped with halogens such as iodine, the collaborative work among Shirakawa, 

a) b) 

Figure 2.6 a) A paper-based electrochemical sensor for the detection of adeno-

sine via immobilization of an enzyme on the fluidic channel, displaying an ori-

gami-like architecture. b) The device is printed on a piece of paper, which con-

stitutes a self- standing microfluidic device thanks to the applied folds. Re-

printed with permission from [82]. 
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MacDiarmid, and Heeger soon confirmed that the conductivity arose from the 

conjugated π-electron backbone of the polymer.  

The term conjugated polymers refers to polymers characterized by a back-

bone with alternating single and double covalent bonds.  

When carbon bonds with neighboring atoms, the atomic orbitals can com-

bine to form new hybrid orbitals. Hybridization can involve different combina-

tions of the one 2s and three 2p orbitals. When all four orbitals participate, four 

equivalent sp3 hybrid orbitals are produced, which are oriented toward the 

vertices of a tetrahedral geometry, with mutual angles of approximately 109.5°, 

assuming a configuration characteristic of saturated carbon systems such as 

ethane. If the 2s orbital combines with only two of the 2p orbitals, typically 2px 

and 2py, three equivalent sp2 hybrid orbitals are generated. These orbitals lie 

in a single plane and are separated by angles of 120°, while the remaining un-

hybridized 2pz orbital remains perpendicular to this plane, as found in unsatu-

rated molecules such as ethene. Finally, hybridization between the 2s orbital 

and a single 2p orbital produces two sp hybrid orbitals aligned linearly at 180° 

with respect to each other. The two remaining p orbitals remain unhybridized 

and are available for π bonding, as observed in linear carbon systems and mol-

ecules containing triple bonds86.  

While the sp or sp² orbitals form σ bonds along the polymer backbone, the 

remaining non-hybridized 2p orbitals overlap to generate π and π* bonding and 

antibonding molecular orbitals, as approximated by the linear combination of 

atomic orbitals (LCAO) method. 
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Electrons occupy the available molecular orbitals starting from the lowest 

energy levels, such that the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) are constituted by the π and π* 

orbitals, respectively. The energy separation between bonding and antibonding 

molecular orbitals is primarily governed by the interaction between the nuclei 

and the overlap of the participating atomic orbitals86. Since the overlap of the 

2p unhybridized orbitals occurs farther from the nuclei, the resulting energy 

splitting between the π and π* orbitals is smaller than that between σ and σ* 

orbitals, making conjugated polymers eligible for electron conduction. 

This energy difference, known as the HOMO-LUMO gap, is analogous to the 

band gap in inorganic semiconductors.  

The formed delocalized π-electron system extends perpendicular to the mo-

lecular plane across many repeating units, allowing intramolecular charge 

transport according to the entity of the band gap. Typical conjugated polymers 

exhibit band gaps between 1.5 and 3 eV, placing them in the semiconducting 

range 87. 

In inorganic semiconductors and in highly ordered molecular crystals at suf-

ficiently low temperatures, charge transport is dominated by band-like motion 

of charge carriers. In molecular crystals at temperatures above 0 K, however, 

a) 

b) 

c) 

Figure 2.7 Schematic representation of molecular structures formed by carbon 

atoms with different hybridization states: (a) ethane, consisting of two sp3-hy-

bridized carbon atoms bonded to six hydrogen atoms; (b) ethene (ethylene), 

composed of two sp2-hybridized carbon atoms bonded to four hydrogen atoms; 

and (c) ethyne (acetylene), formed by two sp-hybridized carbon atoms bonded 

to two hydrogen atoms. Reprinted with permission from [86]. 
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when intramolecular vibrations become comparable in magnitude to intermo-

lecular motions, charge carriers are scattered at each site88,89. Under these con-

ditions, lattice disorder and thermal vibrations perturb carrier motion, and 

transport can no longer be described by coherent band-like motion. Instead, 

charge carriers undergo incoherent, thermally assisted transitions between lo-

calized states. This process, also influenced by local electron-phonon interac-

tions (vibronic coupling), is known as hopping transport. When coupling be-

tween electronic excitations and molecular vibrations become dominant, lead-

ing to polaronic effects associated with dynamic diagonal and off-diagonal dis-

order, charge transport occurs via a polaron-mediated mechanism. Instead, 

when static energetic disorder prevails, transport is primarily governed by dis-

order-controlled processes. In both cases, charge motion proceeds through 

thermally activated hopping between localized states rather than through co-

herent band-like transport86. 

 

2.2.1.1 Polaronic transport 

In their pristine state, most conjugated polymers are only weakly conductive, 

as there are very few intrinsic charge carriers. Doping, which in conducting pol-

ymers can be referred to as electrochemical doping, implying oxidation or re-

duction and corresponding incorporation of counter ions to maintain charge 

neutrality89, introduces mobile charge carriers and new energy states in the 

band gap. Acceptor doping (p-doping) removes electrons (oxidation), creating 

holes, while n-doping adds electrons (reduction), creating negative carriers. At 

the same time, ions from the dopant species enter the polymer matrix (e.g., 

ClO₄⁻, PF₆⁻, Na⁺), stabilizing the newly formed charge carriers 89.  

Figure 2.8 Schematic of typical energetic positions of the frontiers orbitals 

(HOMO and LUMO) in organic molecules relative to metal work functions. Re-

printed with permission from [86]. 
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In contrast to inorganic materials, whose atoms are arranged in rigid, peri-

odic lattices, polymers consist of flexible macromolecular chains held to-

gether by weak van der Waals interactions and electrostatic forces. As a result, 

the coupling of a charged molecule to the surrounding molecules alters the van 

der Waals interactions: doping induces localized distortions of the polymer 

backbone and electronic polarization, leading to the formation of polarons.  

Polarons are hopping quasi-particles coupled with local lattice deformation, 

having charge e and spin ½.89 Transport via inter-site polaron hopping is there-

fore associated with molecules distortion and environment reorganization, re-

quiring a reorganization energy 𝜆: 

 

𝜆 = 𝜆𝑖𝑛𝑛𝑛𝑒𝑟 + 𝜆𝑜𝑢𝑡𝑒𝑟                                               (2.1)         

where 𝜆𝑖𝑛𝑛𝑒𝑟 = 𝜆𝐴 + 𝜆𝐵 accounts for the intramolecular distortion of molecule A 

and B during the charge transfer process from A to B. In contrast, the outer re-

organization energy 𝜆𝑜𝑢𝑡𝑒𝑟 arises from intermolecular rearrangements and po-

larization effects. In rigid organic solids, charge transfer is primarily governed 

by intramolecular contributions, making 𝜆𝑖𝑛𝑛𝑒𝑟 the dominant term, while in 

aqueous or highly polar media strong solvation leads to a larger environmental 

response, causing 𝜆𝑜𝑢𝑡𝑒𝑟 to play a more significant role. The reorganization en-

ergy 𝜆 represents the change in potential energy associated with structural and 

environmental rearrangements when the system reaches its final configuration 

following charge transfer from molecule A to molecule B. The energy difference 

between the non-distorted molecule and the molecule distorted upon addition 

of a charge (𝜆𝐴,𝐵) constitutes the polaron binding energy 𝐸𝑝𝑜𝑙 = 𝜆/2 86. 

Charge transfer occurs through a thermally activated process, requiring 

the system to overcome an energy barrier of λ/4, at which the potential energy 

curves of the initial and final states intersect86. Under conditions of weak elec-

tronic coupling and when the characteristic phonon energies are small com-

pared to the thermal energy, charge transport mediated by polarons can be de-

scribed within a thermally activated hopping regime. In this limit, the polaron 

hopping rate is given by 90: 

 

𝑘𝐸𝑇 =
𝐽2

ℏ √
𝜋

2𝐸𝑝𝑜𝑙𝑘𝑇
𝑒𝑥𝑝 (−

𝐸𝑝𝑜𝑙

2𝑘𝑇
)                                      (2.2) 

where J is the electronic transfer integral between neighboring sites, incorpo-

rating both the attempt frequency and the probability of successful charge 

transfer. From this hopping rate, the charge carrier mobility associated with po-

laronic transport can be derived as:  
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𝜇𝑝𝑜𝑙 =
𝑒𝑎2𝐽2

6ℏ(𝑘𝑇)3/2 √
𝜋

2𝐸𝑝𝑜𝑙
𝑒𝑥𝑝 (−

𝐸𝑝𝑜𝑙

2𝑘𝑇
)                                 (2.3) 

where a represents the distance between adjacent lattice sites. Expression 2.3 

highlights the strong dependence on temperature and electron-phonon cou-

pling strength of polaron transport. In highly ordered molecular crystals char-

acterized by strong electron-phonon interactions, mobility dependance on tem-

perature typically exhibits three different regimes. At low temperatures (below 

300 K), charge carriers remain delocalized, and transport is dominated by 

band-like motion. In this regime, mobility decreases with increasing tempera-

ture as 𝜇 ∝ T-n due to enhanced phonon scattering. As the temperature in-

creases, band transport progressively weakens while thermally activated hop-

ping becomes relevant. This coexistence of transport mechanisms results in a 

minimum in the mobility curve, marking the crossover between band-like and 

hopping-dominated regimes. At higher temperatures, hopping transport domi-

nates, and the mobility follows a characteristic temperature dependence ap-

proaching 𝜇 ∝ T-3/2. In this high-temperature regime, thermal energy becomes 

sufficient to disrupt coherent polaron motion, and charge carriers experience 

frequent scattering by phonons, with consequent mobility decrease as lattice 

vibrations intensify. 

 

Benzoid and quinoid configurations 

The electronic structure of the backbone of aromatic conjugated polymers 

like polythiophenes and polyaniline can be found in two resonance forms: the 

benzoid (aromatic), which assumes a coil conformation and exhibits low con-

ductivity, and the quinoid, which exhibits a linear structure with high conduc-

tivity91. In the neutral state, the benzoid form is energetically favored and the 

backbone shows bond-length alternation, with longer single bonds and shorter 

double bonds. Upon oxidation, the removal of an electron from the π-conju-

gated system destabilizes the aromatic structure locally. To accommodate the 

injected positive charge, the polymer backbone undergoes a local geometric re-

laxation, transitioning toward a quinoid-like structure and giving rise to a po-

laron. In this quinoid configuration, bond-length alternation is less pronounced, 

and the π-electron density becomes more delocalized along the chain. At higher 

doping levels, when two polarons are formed in proximity along the polymer 

chain, they can merge into a bipolaron, whose formation is associated with fur-

ther reduction of bond-length alternation and leads to deeper electronic states 

within the band gap. 
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2.2.1.2 Disorder-based transport 

Most organic semiconductors relevant to the applications treated in this dis-

sertation are noncrystalline, implying that the hopping transport happens be-

tween neighboring states that are spatially and energetically irregularly distrib-

uted, requiring different activation energies Ea, which reflect the energetic cost 

associated with molecular reorganization during charge transfer, for forward 

and backward hopping. The occupation probability of a site by a charge carrier 

in a disordered material can be described by a general master equation for hop-

ping transport 92: 

d𝑝𝑖(𝑡)

d𝑡
= ∑ [−𝑤𝑖𝑗𝑝𝑖(𝑡) (1 − 𝑝𝑗(𝑡)) + 𝑤𝑗𝑖𝑝𝑗(𝑡)(1 − 𝑝𝑖(𝑡))]𝑗≠𝑖          (2.4) 

where 𝑤𝑖𝑗,ji are the hopping rate between different sites. The first term accounts 

for charge carriers leaving site 𝑖, while the second term describes incoming hops 

from neighboring sites. In the Miller-Abrahams model93, the hopping rate in-

cludes an exponential decay with distance and an energetic selection rule: while 

hops toward energetically higher empty sites require thermal activation, hops 

toward lower-energy sites are always energetically allowed.  

Charge transport occurs within a distribution of localized states whose ener-

getic disorder is commonly described by a Gaussian density of states (DOS): 

 

𝑔(𝜖) =
1

√2𝜋𝜎
𝑒𝑥𝑝 (−

(𝜖−𝜖0)2

2𝜎2 )                                      (2.5) 

Figure 2.9 PEDOT:PSS benzoid and quinoid configurations. Reprint from [224]. 
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where the standard deviation 𝜎 is the width of the distribution and represents 

the disorder parameter86. At low carrier concentrations, a charge injected into 

the system at an arbitrary energy within the Gaussian DOS will preferentially 

hop toward sites of lower energy following Miller-Abrahams rates86. This pro-

cess results in an energetic relaxation of the charge carrier toward the tail of the 

DOS. Over sufficiently long times, a quasi-equilibrium with mean energy 𝜖∞ =

−
𝜎2

𝑘𝑇
  is established86, characterized by a balance between downhill hops and 

thermally activated uphill hops. This relaxation leads to the formation of a 

Gaussian occupational density of states (ODOS) centered at 𝜖∞. Only a subset of 

states effectively contributes to conduction. Macroscopic charge transport hap-

pens when carriers are thermally promoted from deep occupied tail states to 

an energy region from which a network of energetically and spatially favorable 

hops becomes available, at the so-called transport energy, from which long-

range hopping becomes more probable. In this regime, occupation probabilities 

are small, and Boltzmann statistics provide a good approximation. In the ab-

sence of an applied electric field, within the Gaussian disorder model, mobility 

depends on temperature as90: 

𝜇(𝑇) = 𝜇0𝑒𝑥𝑝 [− (
2𝜎

3𝑘𝑇
)

2

] = 𝜇0𝑒𝑥𝑝 [− (
𝑇0

𝑇
)

2

]                       (2.6) 

In realistic organic semiconductors, charge transport is often influenced by 

both static energetic disorder and polaronic effects arising from electron-pho-

non coupling. These two mechanisms can be considered simultaneously by in-

troducing static disorder into a polaron-based hopping framework. In such 

models, the ratio between the disorder parameter σ and the polaron activation 

energy Ea reflects the contribution of disorder-dominated and polaron-domi-

nated transport in the material, and mobility dependance on temperature, in 

the absence of an applied electric field, can be expressed as: 

𝜇 ∝ 𝑒𝑥𝑝 [−
𝐸𝑎

𝑘𝑇
] − 𝐶 (

𝜎

𝑘𝑇
)

2

                                        (2.7) 

with 𝐶 being a scaling parameter that increases with the ratio 𝜎/𝐸𝑎. Defining a 

critical temperature 𝑇𝑐 by equating the energetic contributions of disorder and 

polaronic reorganization as:  

𝑘𝑇𝑐 = 𝐶
𝜎2

𝐸𝑎
                                                     (2.8) 

it can be observed that above 𝑇𝑐 transport is governed by polaron dynamics and 

lattice reorganization effects, while below 𝑇𝑐 static disorder dominates, and car-

rier motion is controlled by hopping through the disordered DOS. 
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In case of high carrier density, a significant fraction of available localized 

states becomes occupied, and the Pauli exclusion principle must be taken into 

account. Therefore, the occupation of electronic states follows a Fermi-Dirac 

distribution rather than a Boltzmann distribution, and a quasi-Fermi level is es-

tablished at energy higher than 𝜖∞, filling progressively higher-energy states in 

the DOS. As a result, the average energy of occupied states increases, meaning 

that charge carriers reside closer to the transport energy, and the activation en-

ergy required for thermally assisted hopping is reduced, because carriers no 

longer need to be excited from deep tail states but instead hop from higher-en-

ergy states. As the activation barrier for hopping decreases, the hopping rate 

increases, leading to an enhancement of charge carrier mobility, as observed in 

the organic semiconductor channel in Field Effect Transistors (FETs) and Or-

ganic Electrochemical Transistors (OECTs).  

 

Thanks to its flexibility, the polymer backbone can adopt various confor-

mations and pack in semi-crystalline or amorphous domains. On a microscopic 

level, the π-π stacking between adjacent chains, mediated by overlapping p-or-

bitals and chain planarity, can facilitate interchain charge hopping (Figure 2.10 

d) while crystallinity enhances intrachain hopping 94. On the other hand, the 

grain boundaries of the different domains or crystallites act as defects and can 

trap charge carriers, reducing their mobility. By increasing the degree of crys-

tallinity and the crystallites size and orientation, secondary dopants, also 

a) b) c) d) 

Figure 2.10 a) A Gaussian distribution with standard deviation 𝜎 describes the 

density of states of disordered semiconductors. b) Low carrier density regime, 

in which the activation energy necessary for charge transport depends on ϵ∞. c) 

High carrier density regime, where the activation energy is reduced due to the 

arising of a quasi-Fermi level at 𝐸 > 𝜖∞. (a), (b), and (c) were reprinted with 

permission from [86]. d) In polythiophenes crystallites, the conjugation direc-

tion (along the polymer backbone) and the π-π stacking direction support fast 

charge transport, while charge transport in the insulating alkyl stacking direc-

tion is slower. Reprinted with permission from [94]. 



36 

 

referred to as conductivity enhancing agents (CEAs), can improve carriers 

mobility and reduce the slowing effect of crystallite hopping on transport95. 

CEAs are typically introduced as additives into the organic conductor disper-

sion prior to film deposition or used in post-deposition treatments. Commonly 

used CEAs include high-boiling-point polar solvents such as dimethyl sulfoxide 

(DMSO) and ethylene glycol (EG), as well as inorganic salts like copper(II) chlo-

ride. Small percentages of CEAs are usually sufficient to induce large conductiv-

ity enhancements, while further increases in additive concentration can lead to 

excessive phase separation that isolates the single crystalline domains, reduc-

ing conductivity96,97. 

As previously mentioned, the van der Waals interactions holding molecules 

together in organic conductors allow polymer chains to reorganize in response 

to mild heat or solvent exposure, making them easy to process and allowing for 

a wide range of solution processing strategies, as opposed to the high-tem-

perature and vacuum-based processes required for traditional inorganic semi-

conductors. Moreover, additives can contribute to improve film processability 

and stability. Molecular surfactants such as 4-dodecylbenzenesulfonic acid 

(DBSA) are commonly added in small amounts to improve wetting, adhesion, 

and film uniformity, while cross-linking agents such as 3-glycidoxypropyltri-

methoxysilane (GOPS) are used to promote the formation of covalent bonds 

within the polymer network and to mitigate delamination in aqueous environ-

ments. 

Modern molecular design and chemical engineering provide powerful tools 

to tune a wide range of material properties other than electronic behavior, 

including optical characteristics, mechanical compliance, surface chemistry, 

and the incorporation of biologically relevant functionalities.  

This versatility is particularly appealing for applications at the biological 

interface, also considering that organic conductors, in contrast to their inor-

ganic counterparts, typically do not form native oxide layers at their surfaces. 

This enables more direct and efficient interaction with biological fluids and to 

establish intimate ionic and electronic coupling with electrolytes, cells, and tis-

sues, facilitating efficient signal transduction, like in organic mixed ionic-elec-

tronic conductors (OMIECs). Moreover, their softness and compatibility with 

aqueous environments reduce mechanical mismatch with biological systems, 

making organic conductors especially well-suited for bioelectronics, biosens-

ing, and implantable or wearable devices. In these systems, the tunability of the 

hydrophilic or amphiphilic character of the polymers influences the swelling in 

aqueous environments, that enhances ions transport in the bulk of the material 

(Figure 2.11). This property is particularly significant for applications in OECTs, 

where efficient bulk ion transport is essential for high performance device op-

eration.  
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2.2.1.3 Organic mixed ionic-electronic conductors 

The concept of organic mixed ionic-electronic conductors (OMIECs) emerged 

during the 1980s to describe materials that combine features of conjugated pol-

ymers, polymer electrolytes, and polyelectrolytes, able to simultaneously sup-

port the transport of both electronic and ionic charge carriers and therefore of 

interest in electrochemical applications. In these systems, mixed ionic-elec-

tronic conduction arises from the presence of ion-permeable regions, often en-

abled by hydration, polymer swelling, or the presence of charged functional 

groups, which allow ionic motion to be coupled with electronic transport. 

Thanks to their ability to transduce ionic inputs into electronic output, and vice 

versa, OMIECs are particularly attractive for applications in ion pumps98, or-

ganic transistors-based biosensors and neuromorphic devices99–101, and as bat-

tery electrodes102–104. 

I. Polymer electrolytes 

Figure 2.11 Schematics representations of silicon and PEDOT:PSS at the inter-

face with an electrolyte, showing a typical interaction of p-doped inorganic and 

organic semiconductors, respectively, with the liquid environment. Reprinted 

with permission from [267]. 
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Polymer electrolytes are polymeric materials that dissolve and transport ions 

originating from an added salt. In these systems, the polymer backbone is elec-

trically neutral, and ionic conductivity arises from the coordination of ions to 

polar functional groups along the polymer chain, like in poly(ethylene oxide) 

(PEO) and related polyethers. 

II. Polyelectrolytes 

Polyelectrolytes are polymers in which ionic charges are covalently bound to 

the polymer backbone, making the polymer itself a component of the salt. Op-

positely charged mobile counterions provide ionic conductivity and balance the 

charges fixed to the backbone. For example, PSS presents negatively charged 

sulfonate groups attached to the polymer backbone and paired with cations 

such as Na⁺ or H+. 

III. Classes of OMIECs 

In OMIECs, while conjugated polymers provide electronic conduction, poly-

mer electrolytes offer solvating environments for mobile ions, and polyelectro-

lytes supply fixed charges and counterions that facilitate volumetric electro-

chemical doping. The integration of these functionalities, either through blend-

ing, copolymerization, or side-chain engineering, allows OMIECs to support re-

versible, bulk ionic-electronic coupling. 

Over time, OMIECs have been classified into distinct categories based on their 

chemical composition and morphology, reflecting different strategies for com-

bining ionic and electronic transport (Figure 2.12)105–107.  

A first class of OMIECs consists of heterogeneous blends of conjugated poly-

mers and polyelectrolytes, in which electronic and ionic charges are provided 

by different components. Part of this class is PEDOT:PSS, where the conjugated 

polymer PEDOT supports electronic conduction, while the PSS provides fixed 

ionic charges. In these systems, mixed conduction arises from phase separation 

and percolation between electronic and ionic domains. 

Block copolymers and polymer-polyelectrolyte copolymers compose the sec-

ond class, in which conjugated and ion-conducting segments are covalently 

linked within the same macromolecule. By adjusting block length, composition, 

and morphology, these materials allow fine control over swelling behavior, 

ionic mobility, and electronic transport.  

Homogeneous conjugated polyelectrolytes constitute the third class, where 

ionic charges are incorporated into the conjugated backbone or side chains con-

stituting an intrinsic part of the polymer structure, like in conjugated polymers 

bearing sulfonate, ammonium, or glycolated side chains. 
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In each of these classes, two different types of OMIECs can be identified: those 

in which ions are chemically linked to the molecule (types I, III, and V, respec-

tively), and those in which ions are present as free species (types II, IV, and VI, 

respectively) (Figure 2.12). In case of OMIECs where one type of ionic species 

is covalently bound to the polymer backbone or side chains, while the opposite 

charge is mobile, unipolar ionic transport is observed in dry conditions. In con-

trast, other OMIEC classes allow both cations and anions to remain mobile, par-

ticularly in blended or neutral polymer systems. When OMIECs are brought into 

contact with a liquid electrolyte, polymer swelling facilitates the entrance of ad-

ditional ions from the external solution, such that both positive and negative 

ionic species can participate in charge transport regardless of their mobility in 

the dry state. 

 

Figure 2.12 Classes and types of OMIECs. a) Heterogeneous blends of a conju-

gated polymer with (I) a polyelectrolyte or (II) an ion solvating polymer elec-

trolyte. b) Heterogeneous block copolymers of a conjugated polymer with (III) 

a polyelectrolyte or (IV) an ion solvating polymer electrolyte. c) Fully conju-

gated (V) ionic charge bearing polyelectrolytes and (VI) ion solvating polymer 

electrolytes. Ionic transport components are represented in grey, electronic 

transport component in blue, cations in orange, anions in magenta. Reprinted 

with permission from [105]. 
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2.2.1.3.1 Ionic transport mechanisms  

The dominant mechanism of ion transport in OMIECs depends critically on 

the hydration state of the polymer film105. In dry or weakly hydrated materials, 

ionic motion occurs primarily through hopping processes assisted by segmental 

motion of polymer side chains or backbones. In this regime, extended rigid 

backbones tend to impede ionic mobility, while the introduction of ion-coordi-

nating side chains enhances transport. In the presence of water, polymer chain 

mobility increases and ions are partially solvated, weakening ion-polymer in-

teractions: the ionic transport transitions from hopping-dominated to vehicle 

transport, where ions migrate together with their solvation shells. At extreme 

hydration or electrolyte-swollen conditions, OMIECs are best described as con-

ductive hydrogels, where continuous liquid pathways decouple ionic transport 

from polymer dynamics, and ionic conductivity approaches that of liquid elec-

trolytes. 

 

Ionic-electronic coupling 

As previously discussed, every electronic charge introduced into the conju-

gated backbone of OMIECs must be stabilized by an oppositely charged ionic 

species, a process referred to as electrochemical doping. Depending on the 

OMIEC class, this stabilization may involve either mobile ions supplied from the 

electrolyte or fixed ionic groups intrinsic to the polymer structure. In materials 

containing fixed dopant charges, de-doping can only occur via the incorporation 

of mobile counterions of opposite sign. When an electric field is applied to an 

OMIEC under operation, electronic charge carriers, e.g., holes in p-type materi-

als, locally disturb electroneutrality by creating regions of excess positive 

charge. To restore charge balance, mobile ions of opposite sign are driven to 

follow the charge carriers, giving rise to compensating ionic fluxes. Ionic motion 

in this context is not governed solely by concentration gradients, as would be 

expected for passive diffusion. Instead, the spatial redistribution of electronic 

charge drives ions via electromigration. This coupled transport mechanism can 

be described as a leader-follower dynamic, in which electronic carriers act as 

leaders and ions respond as followers to maintain local electroneutrality 108. 

 

2.2.1.3.2 PEDOT:PSS 
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Since its formulation in 1988109, aimed at overcoming the poor environmen-

tal stability and processability of earlier conducting polymers such as polyacet-

ylene and polypyrrole110, PEDOT has constituted a key material for a wide range 

of electronic and electrochemical applications. Consisting of a 3,4-disubstituted 

polythiophene conducting polymer, PEDOT combination with the polyelectro-

lyte PSS led to the commercial PEDOT:PSS formulation, in which the negatively 

charged PSS chains stabilize the positively doped PEDOT backbone in water, 

enabling solution processing from aqueous dispersions and making PEDOT:PSS 

one of the most widely used organic conductors in research and industry. 

Thanks to its high electrical conductivity, optical transparency in the visible 

range, mechanical flexibility, and chemical stability under ambient conditions, 

PEDOT:PSS has been successfully adopted for antistatic coatings, transparent 

electrodes for organic photovoltaics and light-emitting diodes, electrochromic 

displays, and energy-storage devices111.  

Owing to the presence of its stabilizing polyelectrolyte, PEDOT:PSS can be 

classified as a type I organic mixed ionic-electronic conductor, which makes 

it particularly suitable for operation in aqueous and biological environments, 

where ionic species play a functional role and mediate the reversible electro-

chemical doping and dedoping of the PEDOT backbone: 

 

𝑃𝐸𝐷𝑂𝑇+𝑃𝑆𝑆− + 𝑀+ + 𝑒− = 𝑃𝐸𝐷𝑂𝑇0 + 𝑃𝑆𝑆−𝑀+ 

 

Indeed, PEDOT:PSS has become the benchmark channel material for OECTs 

thanks to its low operating voltage, volumetric capacitance, and biocompatibil-

ity. The conductivity of PEDOT:PSS can be tuned for specific applications by 

adding high-boiling-point solvents, surfactants, or cross-linking agents. To-

gether with the wide availability of commercial solution processable blends, 

this versatility and tunability allow to experiment with various deposition tech-

niques, from conventional thin-film processing to additive manufacturing ap-

proaches. Drop casting, spin coating, and electrospinning are common deposi-

tion techniques to obtain coatings and films with tunable thickness. Electro-

chemical polymerization can be performed in presence of inorganic or biologi-

cal molecules, providing a deposition route to include functional elements in the 

polymerized film. More recently, screen printing, inkjet printing and aerosol-jet 

printing have attracted interest as rapid prototyping techniques enabling fast 

and high-throughput fabrication, with interesting outcomes in terms of film 

characteristics and morphology, which will be explored in the following chap-

ter.  

In PEDOT:PSS, conductive PEDOT chains randomly interact to organize in 

flattened aggregates into a PSS-rich, insulating matrix (Figure 2.13)112–114. This 

nanoscale phase separation contributes to limiting charge transport, as excess 
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PSS increases hopping barriers between PEDOT domains. Secondary doping or 

post deposition treatments with organic solvents, like ethylene glycol or DMSO, 

act on the distribution of PEDOT and PSS phases, enhancing conductivity by 

segregating the electronically insulating PSS. Highly polar CEAs interact with 

both PEDOT+ and PSS- chains, weakening their electrostatic coupling and ena-

bling PEDOT domains to aggregate and form crystallites while segregating the 

electronically insulating PSS, which results in improved conductivity (Figure 

2.13). Grazing-incidence wide-angle X-ray scattering (GIWAXS) and atomic 

force microscopy studies have shown that such treatments increase crystallite 

size, enhance interdomain connectivity, and reduce the thickness of the insulat-

ing PSS barrier between conductive regions, leading to orders-of-magnitude in-

creases in electrical conductivity115. However, at sufficiently high concentra-

tions of secondary dopants, large PEDOT-rich aggregates may become spatially 

isolated by PSS-rich regions, increasing morphological heterogeneity, and re-

sulting in a saturation or a reduction of conductivity 116. Several works identi-

fied an optimal dopant concentration at which the balance between PEDOT or-

dering, domain connectivity, and PSS redistribution maximizes electronic con-

ductivity117–122. 

Relative humidity (rH) is the main parameter influencing PEDOT:PSS me-

chanical properties. Tensile tests proved that the Young’s modulus of films in-

creases from 0.9 GPa at 55% rH to 2.8 GPa at 23% rH, exhibiting plastic fracture 

behavior at 55% rH and brittle fracture behavior at rH = 23%123, making PE-

DOT:PSS a great candidate for flexible electronics in ambient conditions or in 

biological environments. 
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Figure 2.13 a) Chemical structure of PEDOT:PSS, where PEDOT positive charges 

are stabilized by the polyelectrolyte PSS. I) Microstructure of the type I OMIEC 

blend, which end up constituting PEDOT:PSS colloidal gel particles in dispersion 

(II). After film deposition, PEDOT:PSS-rich (blue) and PSS-rich (grey) phases can 

be observed (III), where PEDOT aggregates favor electronic transport (IV) (mod-

ified from [114]) b) AFM phase image of a cross-section of cleaved PEDOT:PSS film 

on glass, obtained from an aqueous dispersion containing 2.5 wt % sorbitol. Bright 

areas are interpreted as the PSS matrix, and the dark areas as PEDOT-rich aggre-

gates 122. c) AFM phase images of PEDOT:PSS surfaces mixed with 0, 3, and 5 wt % 

DMSO, respectively (modified from [117]). d) Schematics of PEDOT:PSS behavior 

after mixing with 0, 3, and 5 wt % DMSO (modified from [117]). 
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2.2.2 Organic Electrochemical Transistors (OECTs) 

After the discovery of electrical conductivity in conjugated polymers, organic 

semiconducting materials rapidly attracted attention for a broad range of appli-

cations, like antistatic coatings, hole-conducting interlayers in optoelectronic 

devices, and components for energy storage111,124. With the progressive under-

standing of charge transport and electrochemical doping mechanisms in elec-

trolyte environments, conjugated polymers were recognized as suitable active 

materials for transistor architectures, marking the emergence of organic elec-

tronics. 

The first reports of Organic Field-Effect Transistors (OFETs) based on conju-

gated polymers began to appear in the 1980s, but a major leap occurred with 

the pioneering work of Mark S. Wrighton and co-workers, who observed the 

potential of organic conductors in electrolytes to achieve transistor operation 

at low voltages125. Wrighton and colleagues demonstrated that conducting pol-

ymers such as polypyrrole could function as the active channel of a transistor 

when immersed in an electrolyte, where small applied gate voltages modu-

lated the oxidation state of the polymer and, consequently, its electrical conduc-

tivity, establishing the foundation for the study of electrolyte-gated organic 

transistors as powerful platforms for chemical and biochemical sensing. 

Electrolyte-gated organic transistors are three-terminal devices composed of 

source, drain, and gate electrodes, where the source and drain are electrically 

connected by an organic semiconducting channel. The channel and the gate 

electrode are in contact with an electrolyte, which provides mobile ions that 

mediate device operation upon application of a gate voltage. Depending on the 

device architecture and the nature of the active material, two main classes of 

electrolyte-gated organic transistors can be distinguished: electrolyte-gated or-

ganic field-effect transistors (EGOFETs) and OECTs.  

In EGOFETs, transistor operation is governed by the formation of electrical 

double layers at the interfaces between the electrolyte and the gate electrode 

and between the electrolyte and the organic semiconductor (Figure 2.13). 

Charge transport in EGOFETs is confined near the semiconductor-electrolyte 

interface, similarly to conventional field-effect transistors.  

In contrast, OECTs operation mechanism is based on the volumetric capaci-

tance of the organic mixed ionic-electronic conductor forming the channel (Fig-

ure 2.14). Upon application of a gate voltage, ions from the electrolyte penetrate 

the bulk of the organic semiconductor, inducing reversible electrochemical dop-

ing or dedoping throughout the entire channel volume. This bulk interaction 

between ionic and electronic charge carriers leads to high transconductance 

and sensitivity, making OECTs particularly attractive for sensing applications in 

aqueous and biological environments. 
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The physics and applications of OECTs will be discussed in this section, with 

focus on the use of PEDOT:PSS as the active channel material. 

 

 

2.2.2.1   Device physics  

According to the Bernards and Malliaras model126 for the description of the 

operation of OECTs, each device can be viewed as the superposition of two cou-

pled subcircuits (Figure 2.15 e):  

• an electronic circuit, governing hole (or electron) transport between 

source and drain through the OMIEC channel; 

• an ionic circuit, describing ion motion between the gate electrode, the 

electrolyte, and the channel bulk. 

The OECT is operated via application of a gate voltage that drives ions from 

the electrolyte into the bulk of the channel material, while a voltage applied be-

tween source and drain allows electronic transport along the channel, generat-

ing the drain current (Figure 2.15). Reversing the gate bias expels ions and re-

stores the initial oxidation state. The channel conductivity depends on the local 

a) 

b) 

c) 

d) 

Figure 2.14 a) Schematic representation of an electrolyte-gated organic transis-

tor. b) Types of electrolyte-gated organic transistor: field-effect (left) and elec-

tro-chemical (right) regime, with p- (top) or n-type (bottom) operation, de-

pendent on the active material. c,d) Output characteristics and schematic illus-

tration of the ion motion between the active layer and the electrolyte for OECTs 

working in depletion (c) and accumulation (d) mode. Reprinted with permis-

sion from [268]. 
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doping level, which is controlled by the gate potential via ion penetration. Under 

steady-state conditions, the drain current of a p-type, depletion mode OECT can 

be expressed using MOSFET-like equations, where the interfacial gate capaci-

tance is replaced by the volumetric capacitance of the OMIEC:  

𝐼𝐷  =  𝜇𝐶∗ 𝑊𝑑

𝐿
[1 −

𝑉𝐺𝑆 − 
1

2
𝑉𝐷𝑆

𝑉𝑇𝐻
] 𝑉𝐷𝑆           for    𝑉𝐷𝑆 >  𝑉𝐺𝑆 −  𝑉𝑇𝐻       (2.9) 

𝐼𝐷  =  −𝜇𝐶∗ 𝑊𝑑

𝐿
|

𝑉𝐺𝑆 − 𝑉𝑇𝐻

2𝑉𝑇𝐻
|

2

𝑉𝐷𝑆                for    𝑉𝐷𝑆 <  𝑉𝐺𝑆 −  𝑉𝑇𝐻    (2.10) 

in linear and saturation regime respectively.  𝜇, the charge carrier mobility, and 

C*, the volumetric capacitance of the channel, depend on the active material 

chosen for the device, while W, d, and L are width, thickness, and length of the 

channel, respectively. 𝑉𝐺𝑆 and 𝑉𝐷𝑆 are the gate and drain voltages, and 𝑉𝑇𝐻 is the 

threshold voltage of the device, which is the voltage at which the transistor 

switches off, dependent on the gate electrode material and electrochemical po-

tential, on the concentration of ions in the electrolyte and their penetration in 

the channel, and on the architecture of the device 127.  

The transconductance 𝑔𝑚 = 𝜕𝐼DS/𝜕𝑉DS quantifies the ability of the device to 

convert small gate voltage variations into large drain current changes127: 

𝑔𝑚  =  𝜇𝐶∗ 𝑊𝑑

𝐿
𝑉𝐷𝑆                              for    𝑉𝐷𝑆 >  𝑉𝐺𝑆 − 𝑉𝑇𝐻        (2.11) 

𝑔𝑚  =  𝜇𝐶∗ 𝑊𝑑

𝐿
[𝑉𝐺𝑆  −  𝑉𝑇𝐻]             for    𝑉𝐷𝑆 <  𝑉𝐺𝑆 − 𝑉𝑇𝐻        (2.12) 

and represents a relevant figure of merit in the characterization of OECTs, 

providing a measure of the amplification capabilities of the device and allowing 

to compare different devices with the same geometric factors, or, when normal-

ized with the device dimensions, to compare devices with different geometries. 

Moreover, its dependency on 𝜇 and 𝐶∗ highlights the direct link between chan-

nel material properties and device performance. The prediction of transcon-

ductance given by the Bernards-Maillaras model, however, is not sufficient to 

describe the observed gm of real devices, which usually displays a bell-shaped 

dependance from VGS. This non-monotonic behavior was described by Friedlein 

et al. as effect of DOS filling and disorder-limited charge transport128. As previ-

ously mentioned in this chapter, in disordered organic semiconductors a Gauss-

ian DOS can be assumed to describe the electronic states. Starting from a 

dedoped channel, increasingly negative VGS introduce holes into the DOS, result-

ing in an increase in the carrier concentration and mobility, and leading to a rise 

in transconductance. As the Fermi gets closer to the center of the Gaussian DOS, 
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however, the increase in mobility slows down because additional carriers oc-

cupy less favorable transport states, and transconductance reaches a maximum. 

Upon further hole injection, when the DOS becomes more than half filled, addi-

tional carriers populate higher-energy states where energetic disorder reduces 

mobility, causing a decline in transconductance, which becomes negative.  

The ionic circuit describes ion motion between the gate electrode and the 

channel through the electrolyte. Assuming that source and drain electrodes do 

not participate in Faradaic reactions (which generate currents via redox reac-

tions at the electrode surface) and the gate current is purely capacitive, ionic 

transport is governed by charging and discharging of the channel capacitance 

through the finite resistance of the electrolyte. The ionic circuit can be repre-

sented as a resistor-capacitor (RC), where the electrolyte resistance limits ion 

flux and the channel volumetric capacitance stores ionic charge that compen-

sates electronic carriers in the polymer backbone. When the gate voltage 

changes, the RC time constant of the ionic circuit determines the current re-

sponse:  

𝐼𝐷(𝑡, 𝑉𝐺𝑆)  =  𝐼𝑆(𝑉𝐺𝑆) +  ∆𝐼𝑆𝑆 (1 − 𝑓
𝜏𝑒

𝜏𝑖
) 𝑒

−(
𝑡

𝜏𝑖
)
                    (2.13) 

with 𝐼𝑆(𝑉𝐺𝑆) steady-state drain current at gate voltage 𝑉𝐺𝑆, and Δ𝐼𝑆𝑆 = 𝐼𝑆(𝑉GS = 0) 

− 𝐼S (𝑉GS). 𝜏𝑒 = 
𝐿2

𝜇𝑉𝐷𝑆
 is the electronic time of flight along the channel and 𝜏𝑖 is the 

RC time constant of ionic transport in the electrolyte, while 𝑓 is a geometric pa-

rameter accounting for spatial inhomogeneity of the dedoping process129. De-

pending on the ratio between 𝜏𝑒 and 𝜏𝑖, two regimes can be observed: a mono-

tonic relaxation when electronic transport is faster than ionic motion, and a 

non-monotonic response when ion motion dominates. Under large gate-voltage 

sweeps or high scan rates, these effects become evident in a hysteresis in OECT 

transfer characteristics, which is also influenced by ion trapping, swelling-in-

duced morphological changes, and redox kinetics within the OMIEC. 
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In real devices, when a polarizable metal gate like Au or Pt is used, not all the 

applied gate voltage drops across the channel. In this condition, the ionic circuit 

contains two capacitive elements in series: the electrical double layer capaci-

tance at the gate-electrolyte interface and the volumetric capacitance of the 

channel. The effective capacitance is therefore: 

𝐶𝑒𝑞 =  (
1

𝐶𝐺
+

1

𝐶𝐶𝐻
)

−1

                                           (2.14) 

a) 

b) c) 

d) 

e) 

Figure 2.15 a) Illustration of the operating principle of an OECT. An electric field 

applied at the gate (EVG) drives ions from the electrolyte into the OMIEC chan-

nel, while an electric field applied between source and drain (EVD) induces elec-

tronic transport along the channel. b) Schematic representation of two operat-

ing regimes for p-type OECTs: (i) depletion-mode, in which cation penetration 

into the channel compensates negatively charged dopants and reduces the hole 

concentration; and (ii) enhancement-mode, where entering anions stabilize ad-

ditional holes, increasing channel conductivity. c) Representative transfer char-

acteristics for depletion and enhancement-mode OECTs. d) Corresponding 

transconductance. e) Equivalent electrical circuit model used to describe OECT 

operation, where RE represents the ionic resistance of the electrolyte, and CG 

and CCh indicate the gate and channel capacitances, respectively. Reprint from 

[127]. 
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and efficient channel modulation requires 𝑪𝑮>>𝑪𝑪𝑯. This condition can be 

achieved by using large-area gates, thick conducting-polymer gate electrodes, 

or nonpolarizable reference electrodes such as Ag/AgCl, which minimize volt-

age loss at the gate interface. Gate geometry and material choice thus play a 

central role in determining the effective gate bias experienced by the channel.  

2.2.2.2   Ionic liquids and solid electrolytes 

OECTs are traditionally operated in liquid electrolytes, which are used as rep-

resentatives of the biological environment or biological fluids. However, the re-

liance on mobile ions in an aqueous environment leads to comparatively slow 

device dynamics, as ionic motion is several orders of magnitude slower than 

electronic transport, resulting in long charging and discharging time constants. 

Moreover, prolonged operation in aqueous electrolytes may trigger unintended 

redox processes, leading to drift in device baseline, reduced transconductance, 

and long-term instability. Ionic liquids (IL) are salts that remain liquid at or near 

room temperature and are characterized by high ionic conductivity, wide elec-

trochemical stability windows, negligible vapor pressure, and excellent thermal 

stability130,131. When incorporated into polymer matrices to form solid or gel 

electrolytes, ILs can enable faster OECT switching compared to aqueous elec-

trolytes, with response times closer to those limited by ion drift rather than dif-

fusion132–134. Moreover, solid-state IL electrolytes can be finely patterned, al-

lowing the creation of locally gated OECTs in which the electrolyte is confined 

to the vicinity of a single device, eliminating ionic crosstalk between adjacent 

transistors, and reducing leakage. Overall, solid electrolytes reduce evaporation 

and instability, enabling prolonged operation under ambient conditions. 

a) 

b) 

c) 

Figure 2.16 Some frequently used cations (a) and anions (b) for ionic liquids. Re-

print from [269]. c) A photopatterned solid electrolyte on an OECT. Reprint from 

[131]. 
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2.2.2.3   Fabrication of OECTs  

Traditional OECTs are usually produced via microfabrication protocols 

adapted from silicon-based electronics. Typically, devices are fabricated on 

rigid substrates such as silicon wafers with a thermally grown SiO₂ layer or on 

glass, and metallic source, drain, and gate electrodes are defined through pho-

tolithography. The metal deposited via thermal or electron-beam evaporation 

is usually gold, preceded by an adhesion layer of titanium. Parylene-C, SU-8, or 

Al2O3 are then deposited and patterned to create a passivation layer, leaving 

only the channel region and electrode contacts exposed to the electrolyte127. 

The OMIEC is then deposited to connect the source and drain electrodes, typi-

cally by spin coating, drop casting, or inkjet printing, followed by thermal an-

nealing or solvent treatments to optimize film morphology and electrical per-

formance. 

Beyond thin films, scaffolds and fibers can also be integrated into OECTs to 

realize 3D or 1D channels, respectively (Figure 2.17). Fiber-based channels can 

be obtained either by coating commercial fibers with an OMIEC solution135,136, 

via electrospinning of the semiconducting fiber137,138, or via electro-polymeri-

zation139. 3D channels can be obtained via freeze drying to create porous tri-

dimensional structures, or by formulating swellable gels 127. 

While these fabrication routes enable precise control over device geometry 

and high reproducibility, they are often cost-intensive, time-consuming, and 

poorly suited for disposable applications. Recently, increasing attention has 

been devoted to additive manufacturing techniques as alternatives to conven-

tional microfabrication. Methods such as inkjet printing, screen printing, 

aerosol jet printing, and dispense printing allow direct patterning of elec-

trodes, OMIEC layers, and solid electrolytes under ambient conditions, reducing 

material waste and process complexity140–145. These approaches are compatible 

with flexible and paper-based substrates and support rapid prototyping and 

scalable production, making them particularly attractive for low-cost, wearable, 

and point-of-care OECT platforms. 
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2.2.2.4   OECTs for chemical and biochemical sensing  

Their signal amplification capabilities and their great performances in aque-

ous environments have brought OECTs to stand out as powerful platforms for 

chemical and biochemical sensing. Moreover, their architectural versatility al-

lows them to adapt to various applications, from flexible, wearable devices to 

complex microfluidic systems 146–150.  

When used in ion sensing, pH sensing, and electrolyte monitoring in physio-

logical fluids and environmental samples, exploiting their intrinsic sensitivity 

to ionic fluxes and electrochemical doping processes, OECTs gate electrode or 

channel can be functionalized with an ion-selective membrane (ISM) that 

a) 

b) 
c) 

d) 

Figure 2.17 a) Schematic of a traditional OECT architecture, with the channel 

key geometrical parameters and different gate and channel configurations. b) 

Common OECT architectures: bottom contact (i), top contact (ii), coplanar (iii), 

and vertical (iv). c) A typical photolithographic process for the microfabrication 

of OECTs. Reprint from [127]. d) Schematic representation of some of the most 

common deposition techniques for OMIECs thin films: spin coating (SC), Inkjet 

printing (IJP), Aerosol-jet printing (AJP) (modified from [140]). 
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transports or excludes specific ionic species148,151,152. Materials such as Nafion, 

a sulfonated fluoropolymer with high cation conductivity, are frequently em-

ployed to impart selectivity toward protons, alkali metal ions, or other cations 

while rejecting anions153,154. When an ion-selective membrane is integrated into 

the OECT architecture, changes in the concentration of the target ion modulate 

the effective gate potential or the ionic penetration into the channel, altering the 

drain current.  

When used in a biosensor configuration, OECTs gate electrode is typically 

functionalized with a biomolecular recognition layer that selectively inter-

acts with the target analyte155–159. When binding events occur at the gate-elec-

trolyte interface, the capacitance and interfacial potential of the gate are altered, 

varying the effective gate voltage dropping across the channel-electrolyte inter-

face. This modulation leads to a change in the channel doping level and in the 

resulting drain current, which can be correlated to the number of binding 

events at the gate interface, and therefore, to the analyte concentration in the 

sample. This amplification mechanism, through which small interfacial changes 

at the gate are converted into large variations in drain current, supports the 

high sensitivity of OECT-based biosensors and stimulates the exploration of 

various surface functionalization strategies for both gate electrodes and chan-

nel materials. 

 

 

Figure 2.18 Schematic representation of the interaction between biological sys-
tems and OECTs. Reprint from [270]. 
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Functionalization techniques 

Functionalization refers to a preparatory step aiming to impart chemical or 

biological selectivity to the sensor. In the case of OECTs, functional recognition 

elements can be implemented either at the gate electrode or directly within the 

channel material, depending on the sensing mechanism and target analyte. 

Chemisorption and physisorption are common functionalization strategies 

with different trade-offs in stability, sensitivity, and fabrication complexity. 

The most widely used chemisorption strategy for the functionalization of 

gold gate electrodes relies on thiol chemistry, where alkanethiols or functional 

thiols chemisorb onto gold surfaces to form self-assembled monolayers (SAMs). 

SAMs can be terminated with functional groups, like carboxyl or amine groups, 

that are then activated using EDC/NHS chemistry to covalently immobilize bio-

molecules. This approach grants robust biolayers with long-term stability un-

der continuous operation and repeated measurements, although the multistep 

functionalization process increases fabrication time and complexity.  

In contrast, physisorption-based functionalization exploits non-covalent in-

teractions to immobilize recognition elements. Electrostatic forces or hydrogen 

bonding allow enzymes or antibodies to be directly adsorbed onto gate elec-

trodes or polymeric surfaces with minimal surface preparation. In case of chan-

nel functionalization160–162, recognition elements such as enzymes, DNA 

strands, or molecular receptors are incorporated directly into the OMIEC, either 

by blending them into the polymer matrix or by post-deposition adsorption. 

This strategy has been widely applied in enzymatic OECT sensors, where enzy-

matic reactions generate ions or redox species that locally alter the channel’s 

doping state. Including biomolecules into ion gels is also adopted as an easy 

strategy to obtain selective sensors (Figure 2.19)163–168. Ion gels, typically com-

posed of polymer matrices incorporating ILs, provide a hydrating and ionically 

conductive environment that preserves biomolecular activity while ensuring 

efficient coupling with the OECT channel. Enzymes immobilized in ion gels have 

been shown to retain catalytic activity and to transduce biochemical reactions 

into ionic fluxes that modulate the OECT current, also thanks to the reduced 

evaporation, even under ambient or elevated temperatures, that contributes to 

prevent denaturation169. 

While these strategies are attractive for low-cost fabrication, they generally 

result in weaker binding and poorer long-term stability, with biomolecules be-

ing more susceptible to desorption, denaturation, or displacement during de-

vice operation170.  
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a) 

c) d) 

Figure 2.19 a) Schematic representation of an OECT-based biosensing platform 

for the detection of the cancer biomarker HER2. Gate functionalization strate-

gies used for sensing the HER2 protein and HER2-expressing cancer cells in-

clude the formation of a self-assembled monolayer and its chemical activation 

for the exposition of functional groups; the covalent binding of horseradish pe-

roxidase (HRP), HER2 protein, or cancer cells; the passivation of unreacted sites 

with bovine serum albumin (BSA). Right: Equivalent electrical circuit for the 

gate-channel coupling in an OECT operating in an electrolyte, with CGE and CEC 

denoting the electric double-layer capacitances at the gate/electrolyte interface 

and electrolyte/channel interface, respectively. Reprinted with permission 

from [271]. c) Schematic description of components of an enzyme-containing 

ion-gel electrolyte. Reprinted with permission from [168]. d) Schematic of the 

enzymatic reaction of ethanol and alcohol dehydrogenase in an enzyme-con-

taining ion-gel on a disposable alcohol sensing OECT; below, the variation in 

drain current when adding 0.0004%, 0.004%, and 0.04% ethanol solutions to 

the sensor. Reprint from [169]. 
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OECTs integration in microfluidic platforms 

The integration of OECTs into microfluidic platforms has emerged as an ef-

fective strategy to enhance device reliability and improve long-term stability. 

By confining liquids in microchannels, microfluidic set ups prevent direct expo-

sure of the OMIEC channel to complex biological samples containing proteins, 

cells, or fouling agents, which can alter the current response in a non-predicta-

ble way and degrade device performance. In these configurations, the channel 

is often isolated from the analyte flow, while sensing reactions are confined to 

the gate (Figure 2.20)45,48. Moreover, microfluidics can enhance reproducibility 

and improve the measure outcome, enabling precise handling of small volumes, 

automated delivery of samples and reagents, and controlled flow rates. Overall, 

coupling OECTs with microfluidics facilitates multiplexed sensing and dynamic 

measurements such as real-time monitoring of enzymatic reactions or cell-se-

creted metabolites within a single lab-on-a-chip system, resulting particularly 

suited for point-of-care diagnostics, organ-on-chip systems, and long-term 

monitoring in complex biological media37,40,46,171,172.  

 

 

 

 

 

 

a) b) 

c) 

d) 

Figure 2.20 a) Microfluidic platform integrating an organic transistor-based bi-

osensor for the detection of Angiopoietin-2. b) Deposition of the organic semi-

conductor via inkjet-printing. c) Functionalization scheme of the gold gate elec-

trode via SAM of thiols and EDC/NHS chemistry. d) Sensor response at varying 

concentrations of analyte. Reprint from [48]. 
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Chapter 3 

 

3 Characterization of printed PE-

DOT:PSS films 

 

3.1 Overview 

3.1.1     PEDOT:PSS printing 

While early PEDOT:PSS patterning often relied on spin coating and photoli-

thography steps, printing techniques have recently emerged as scalable, low-

cost, and versatile solutions for the fabrication of organic electronic devices, en-

abling direct deposition of PEDOT:PSS only where needed and reducing process 

complexity, fabrication time, and material waste. Among these approaches and 

compared to contact printing techniques, inkjet printing and aerosol jet print-

ing are particularly attractive for organic electronics, as they are non-contact, 

mask-free, high-resolution deposition techniques that enable direct patterning 

of functional materials on a great variety of substrates. 

3.1.1.1 Inkjet printing  

Inkjet printing technology is based on the dispensing of picoliter droplets 

from small nozzles, ranging from tens of microns to a few hundred microns, via 

periodic excitation of a piezoelectric element in the printhead (Figure 3.1 a). An 

electric field then orients the ejected droplets on the substrate according to the 

given digital pattern, allowing maskless fabrication of features with microme-

ter-scale resolution. This technique enables rapid design iteration and custom-

ization, and it is especially suited for flexible electronics and substrates that are 

incompatible with photolithographic chemicals or high-temperature pro-

cessing.  
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Fluids rheological characteristics determine their behavior during jetting and 

droplet formation. Properties such as viscosity, surface tension, and density in-

fluence the liquid breakout into droplets and the formation of undesired effects, 

such as satellite droplets or nozzle clogging. Dimensionless numbers are com-

monly employed to explain the interplay between different rheological varia-

bles and to define criteria for printability.  

The Reynolds number (𝑁𝑅𝑒) is the ratio between inertial forces and viscous 

forces in a flowing fluid: 

 

                                                         𝑁𝑅𝑒 =  
𝑣𝑎𝜌

𝜂
                                                     3.1 

 

where 𝑣 is the average travel velocity, 𝑎 is the radius of the nozzle orifice, 𝜌 is 

the fluid density, and 𝜂 its viscosity. The Weber number (𝑁𝑊𝑒) is the ratio be-

tween inertial and capillary forces: 

 

                                                                   𝑁𝑊𝑒 =
𝑣2𝑎𝜌

𝛾
                                                    3.2 

 

where 𝛾 is the fluid surface tension. From these dimensionless parameters, the 

Ohnesorge number, 𝑂ℎ, can be defined as: 

 

                                                          𝑂ℎ =
√𝑁𝑊𝑒

𝑁𝑅𝑒
=  

𝜂

√𝑎𝜌𝛾
                                               3.3 

 

which does not depend on the fluid velocity173. Based on numerical simulations 

of incompressible free-surface flows, studies identified an optimal printability 

window for 𝑍 = 1/𝑂ℎ higher than 1 and 14: when close to the lower limit of the 

range, the pressure pulse is hindered by excessive viscous damping, while sat-

ellite droplets start forming when close to the upper limit 174,175 (Figure 3.1 b, 

c).  
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In microelectronics, inkjet printing is particularly attractive thanks to its 

compatibility with a wide range of substrates, including plastics, paper, and tex-

tiles176–179. Since the 2000, inkjet printing has been employed to pattern con-

ductive tracks based on silver, gold, or carbon inks, and to finely print semicon-

ducting polymers like poly(3-hexylthiophene) (P3HT) and PEDOT:PSS, and di-

electric layers for capacitors and transistors like polyimides, fluoropolymers, or 

inorganic dielectrics based on silica or alumina178,180,181. 

Compared to the optimal window for drop on demand inkjet printing, com-

mercial PEDOT:PSS dispersions are characterized by relatively high surface 

tensions, above 60 mN/m, and viscosities close to that of water, that often lead 

to poor drop formation and satellite droplets182. The addition of organic sol-

vents and surfactants can tune viscosity, surface tension, and wetting behavior 

of the printed ink on the substrate. High boiling point polar solvents such as 

ethylene glycol, dimethyl sulfoxide, glycerol, or sorbitol are typically added in 

small volume fractions to increase viscosity and lower surface tension, while 

also acting as secondary dopants that enhance film conductivity after drying 

and annealing; surfactants can be incorporated at low concentrations to further 

reduce surface tension and improve definition of the printed features (Figure 

3.2)183–185.  

Overall, great processability, tunable rheology, and conductivity enhance-

ment through ink formulation has made PEDOT:PSS one of the most widely 

inkjet-printed organic conductors.  

c) a) b) 

Figure 3.1 a) Schematic representation of the working principle of an inkjet 

printing head. Reprinted with permission from [175]. b) Schematic diagram il-

lustrating the operating regimes of inkjet printers as a function of ink proper-

ties. Reprinted with permission from [175]. c) Photo sequence of a drop ejected 

form a nozzle, for fluids with values of Z = 13.68 (top image) and Z = 17.32 

(bottom image). Reprinted with permission from [174]. 
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3.1.1.2 Aerosol jet printing  

In aerosol jet printing, inks formulated as solutions or nanoparticle suspensions 

of metals, ceramics, polymers, or biomolecules are introduced into an atomizer, 

where they are converted into an aerosol composed of liquid droplets with di-

ameters typically ranging from tens of nanometers to a few micrometers186. A 

nitrogen flux then focuses and delivers the aerosol to the substrate, allowing 

precise patterning of fine features. (Figure 3.3) 

Aerosol jet printing allows to deposit features with lateral dimensions down 

to approximately 10 to 20 µm, on rigid and flexible substrates with minimal ma-

terial waste, and it has been applied to the fabrication of printed interconnects, 

antennas, thin film transistors, sensors, stretchable electronics, and biointer-

faces187,188  

Figure 3.2 Effect of viscosity and surfactant concentration on droplet shape: an 

increase in viscosity and introduction of a surfactant (β = 1) reduce the for-

mation of satellite drops. From left to right: Oh = 0.05, 0.09, 0.16, NRe = 17.5, 

8.75, 5, and NWe = 0.68 Reprint from [185]. 

Figure 3.3 Representation of the aerosol jet printing process. Reprint from [272]. 
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Compared with inkjet printing, aerosol jet printing accepts inks with a 

broader viscosity range, from about 1 to 1000 mPa*s depending on the atomi-

zation method189,190. Nevertheless, in case of colloidal dispersions, inks must 

exhibit stability and controlled volatility to prevent premature drying in the 

nozzle. Therefore, similarly to inkjet-printable inks, additives are often incor-

porated to adjust viscosity and surface tension, ensuring high line defini-

tion140,191. However, defects related to the techniques, like edge profile instabil-

ity (often referred as overspray) continues to be a challenge in aerosol jet 

printed features192. 

Droplet size distribution, solvent evaporation rate, and substrate tempera-

ture affect film microstructure and phase segregation193. For PEDOT:PSS, 

printed films often exhibit differences in grain size, roughness, and PEDOT to 

PSS phase distribution compared to spin coated films192.  

 

3.1.2    Characterization techniques 

3.1.2.1 Electrical characterization  

The standard measurements to assess charge transport, stability, and mate-

rial properties in OECTs include output characteristics, transfer characteristics, 

and transconductance, which, in the saturation regime, is proportional to the 

product of electronic mobility and volumetric capacitance, denoted as μC*. 

Output characteristics are obtained by recording the drain current ID as a 

function of the drain voltage VDS while keeping the gate voltage VGS constant 

(Figure 3.4). In p-type depletion-mode devices based on PEDOT:PSS, increasing 

the magnitude of VDS at a fixed VGS leads to an initial quasi-linear increase of ID, 

followed by current saturation when the channel approaches the pinch-off volt-

age, corresponding to the condition where conductive channel becomes locally 

depleted near the drain electrode, leading to no further increase in current. 

Transfer characteristics are measured by sweeping VGS at a fixed VDS and re-

cording ID (Figure 3.4). From these curves, the ON current, typically defined as 

the maximum ID in the conductive state, and the OFF current, corresponding to 

the minimum ID in the dedoped state, can be extracted, and their ratio ION/IOFF 

can be evaluated as a performance parameter representative of the dynamic 

range of the device. By sweeping VGS forward and backward, hysteresis can be 

commonly observed in the transfer curve of PEDOT:PSS-based devices (Figure 

3.4), indicating slow ionic motion, charge trapping, or structural rearrange-

ments within the hydrated polymer film, and providing information on 
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reversibility of electrochemical doping and suitability for sensing or logic appli-

cations127. 

In PEDOT:PSS-based devices, the transfer curve often exhibits a non-mono-

tonic transconductance gm due to density-of-states effects and doping-depend-

ent mobility. In the saturation regime, the transconductance gm is linearly de-

pendent on the channel geometry factor Wd/L, where W is the width, d the 

thickness, and L the length of the channel, and on the biasing conditions. The 

slope of this line gives the μC* product (Figure 3.4), which reflects the mixed 

conduction performance of the printed PEDOT:PSS film independently of geom-

etry, and is therefore used to compare materials, formulations, and post-treat-

ment strategies in the literature127. 

 

 

3.1.2.2   Raman spectroscopy  

Raman spectroscopy is a vibrational spectroscopic technique based on Ra-

man scattering, that is the inelastic scattering of light by matter194. When inci-

dent photons excite the system, a small fraction is scattered with an energy shift 

corresponding to molecules vibrational modes, giving information on bonding, 

b) 

c) 

a) 

d) 

 

Figure 3.4 Schematics of the key figures of merit of an OECT in the steady-state. 

a) Output characteristics; b) ID (red) and √ID (blue) as a function of gate voltage, 

with VT obtained from the x-axis intercept; c) transfer curve hysteresis; d) the 

gm as a function of channel geometry and biasing conditions, where the µC* 

product is the slope of the linear relationship between the plotted gm points. 

Reprint from [127]. 
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conformation, and electronic structure. In PEDOT:PSS, Raman bands associated 

with the PEDOT backbone are sensitive to oxidation state and chain confor-

mation. The technique is therefore frequently used to observe the effects of con-

ductivity-enhancing treatments on the molecular structure, and to correlate 

spectra with optical or electronic behavior195–197. 

In Raman spectroscopy, the excitation wavelength is generally chosen away 

from electronic absorption bands, so to minimize fluorescence and ensure that 

photons are scattered rather than absorbed198. When monochromatic light in-

teracts with matter, most photons are scattered elastically, retaining the same 

energy as the incident radiation, in a process known as Rayleigh scattering. Typ-

ically, only one photon out of 10⁶ to 10⁸ goes through inelastic scattering, which 

is known with the name of Raman scattering194. 

The physical origin of Raman scattering lies in the interaction between the 

oscillating electric field of the incident light and the electronic cloud of the ma-

terial. If a diatomic molecule is irradiated, the electric field induces a dipole mo-

ment μ in the molecule, which is proportional to the electric field E and the po-

larizability α of the system, as μ = αE194. For a vibrational mode to be Raman-

active, it must involve a variation in polarizability during the vibration. If the 

polarizability changes as atoms vibrate along a given normal mode, the induced 

dipole will oscillate at the incident frequency and at frequencies shifted by the 

vibrational energy of the mode199. These additional frequency components cor-

respond to the Raman-shift observed in the spectrum. 

The Raman spectrum consists of a central elastic peak at the excitation fre-

quency and two sets of inelastic features, called Stokes and anti-Stokes lines. 

Stokes lines are observed when the incident photon transfers part of its energy 

to the material, promoting it from the vibrational ground state to an excited vi-

brational level, and emerging with lower energy after the scattering. In anti-

Stokes scattering, the molecule is originally in an excited vibrational state and 

transfers energy to the photon, resulting in a higher-energy scattered photon 

(Figure 3.5)199.  

In conjugated polymers, high wavenumbers are typically associated with 

stretching vibrations due to periodic changes in bond length, while bending 

modes, involving variations in bond angles, are associated with lower wave-

numbers. In polythiophenes, symmetric C=C stretching along the conjugated 

backbone, observed in the 1420 to 1450 cm-1 region, inter-ring C-C stretching, 

found near 1250 to 1270 cm-1, and ring deformation modes are particularly sen-

sitive to oxidation state, conjugation length, and molecular ordering196,200–202. 
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3.1.2.3   Atomic force microscopy 

Atomic force microscopy (AFM) is classified among the scanning probe mi-

croscopy (SPM) techniques, in which a sharp probe, by locally interacting with 

the sample, scans a surface providing an output with nanometer or sub-na-

nometer resolution. In AFM, interatomic forces between a nanoscale tip and the 

sample surface are measured to obtain samples topography, or to extract infor-

mation about the surface electrical or mechanical properties.  

In material science, AFM is frequently employed to evaluate films roughness, 

domain structure, and phase segregation, which in organic conductors strongly 

influence electronic and ionic transport. Beyond roughness, AFM phase can be 

exploited to distinguish mechanically and chemically different domains, like in 

PEDOT:PSS, whose microstructure is often described as stiff PEDOT-rich con-

ducting regions embedded in softer insulating PSS-rich matrix113,203–205.  

 

Operating modes  

 

The scanning head of an AFM hosts a microfabricated cantilever, typically 

tens to hundreds of micrometers long, bearing a sharp tip at its free end, with 

an apex radius of a few to tens of nanometers. As the tip scans across the sample 

surface, forces between atoms at the tip apex and those at the sample surface 

deflect the cantilever. Through an optical lever method, a laser beam focused on 

Figure 3.5 Diagram of the elastic and inelastic components of the scattering pro-

cess. The upward arrows represent the excitation energy, the downward ar-

rows represent the scattered energy. Reprint from [199]. 
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the back of the cantilever is reflected on a photodiode, allowing to detect its 

displacement and to transduce it into measurable variables.  

The operating mode depends on the tip-sample distance, and consequently 

on the resulting interaction regime and on nature of the forces between them 
206(Figure 3.6).  

 

Contact mode 

 

In contact mode, the tip is close enough to the surface so that short-range 

Pauli repulsion dominates (Figure 3.7 a). The tip remains in contact with the 

surface, and surface topography is reconstructed by maintaining constant de-

flection (constant force mode). While providing high-resolution topography, 

this mode may induce lateral forces that can damage soft samples. Recently, the 

availability of soft silicon nitride cantilevers has allowed to adopt contact mode 

imaging even on biological samples, thanks to the small spring constant that 

results in reduced shear forces on the samples206. 

 

Non-contact mode 

 

In non-contact mode, the tip oscillates at or near its resonance frequency at a 

small distance above the surface, where long-range attractive forces such as van 

der Waals interactions dominate (Figure 3.7 b). Changes in oscillation ampli-

tude, frequency, or phase are used to reconstruct the surface characteristics, 

while reducing mechanical damage of the sample. 

  

Tapping mode 

 

Figure 3.6 Representative plot of the force between tip and sample in function 

of their distance, indicating the typical ranges for the principal AFM operating 

modes. Reprint from [206]. 
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In tapping mode, or intermittent contact mode, the cantilever oscillates al-

lowing the tip to periodically contact the surface, and the tip-sample interaction 

modifies the oscillation amplitude. The height image is obtained by adjusting 

the z-position to keep the oscillation amplitude constant during scanning (Fig-

ure 3.7 c). This mode is often used in polymer and biological samples character-

ization, since it allows to reduce lateral shear forces on the sample while main-

taining good spatial resolution. 

If operated in advanced modes, AFM can be used to probe mechanical, elec-

trical, or magnetic. For example, force-distance spectroscopy enables the meas-

urement of adhesion and elastic modulus, while conductive AFM and Kelvin 

probe force microscopy provide local electrical information.  

For printed organic films such as PEDOT:PSS, AFM is frequently employed to 

evaluate roughness, domain structure, phase segregation, and film continuity, 

seen their importance in defining the material electronic and ionic transport 

properties.  

 

 

 

b) c) a) 

Figure 3.7 a) Schematic representation of the contact mode. Reprint from [206]. 

b) Schematic representation of the non-contact mode. The vibrating cantilever 

is close to the sample enough to sense the attractive forces from the surface. The 

feedback depends on the frequency shift in the resonance peak of the cantilever 

caused by the attractive forces acting on the tip. Reprint from [206]. c) Schematic 

representation of a cantilever operated in intermittent contact mode. The free 

oscillation amplitude decreases when the tip touches the sample surface at each 

cycle. Reprint from [206]. 
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According to Hooke’s law, the force F acting on the cantilever is proportional 

to its deflection δ through the spring constant k, as F = kδ. For every operating 

mode, the cantilever spring constant must be known to obtain a quantitative 

output207. 

 Knowing that a harmonic oscillator in equilibrium with its surroundings will 

fluctuate in response to thermal noise, estimates of the spring constant can be 

extracted by thermally exciting the cantilever far from the sample, where its 

motion is due only to thermal fluctuations, and measuring the motion at fre-

quencies near its resonant frequency207. Considering an oscillator with mass m, 

the Hamiltonian of such system, schematized in Figure 3.8, is  

 

                                                       𝐻 =
𝑝2

2𝑚
+

1

2
𝑚𝜔0

2𝑞2                                                3.4 

 

where q is the displacement of the oscillator, p is its momentum, and ω0 is the 

resonant angular frequency of the system. According to the equipartition theo-

rem, the average value of each quadratic term in the Hamiltonian is kBT/2, 

where kB is Boltzmann’s constant and T is the temperature207. Being ω02= k/m, 

the spring constant may be obtained from the mean-square spring displace-

ment as 

                                                              𝑘 = 𝑘𝐵𝑇/〈𝑞2〉.                                                  3.5 

 

 

Figure 3.8 Model of an AFM cantilever-tip-sample system, where the tip is ide-

alized as a sphere of radius R, held at a distance D from a sample by a spring of 

force constant k, modeling the cantilever. In case of interactions with the sam-

ple, the system experiences a deflection of δ. Reprint from [207]. 
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3.2 In situ characterization of inkjet-printed films 

To study the relationship between electrical biasing and structural evolution 

in inkjet-printed PEDOT:PSS films, in situ Raman spectroscopy was performed 

during electrical operation of OECTs integrating inkjet-printed channel and 

gold gate.  

Raman spectroscopy is a well-established tool for probing the vibrational fin-

gerprints of conjugated polymers, providing information on backbone confor-

mation and oxidation state In PEDOT:PSS, the most intense Raman bands are 

typically associated with the symmetric C=C stretching mode of the thiophene 

rings, usually observed around 1420-1450 cm-1, and with the C-C inter-ring 

stretching. Previous works showed Raman peak shifts as a function of proper-

ties variations in polythiophene derivatives196,197,200,208–212. In situ Raman spec-

troscopy extends this approach by enabling real-time monitoring of vibrational 

changes under applied bias.  

By analyzing inkjet-printed PEDOT:PSS integrated in OECTs, in situ Raman 

spectroscopy was used as a comparative tool with respect to literature studies 

and as a characterization technique to study the intrinsic structural and elec-

trochemical behavior of inkjet-printed films. While previous studies mainly fo-

cused on the real-time evolution of PEDOT under bias, the present work exam-

ined in real time how channel modulation is affected by gates with different ca-

pacitance, as well as how the overlap of the channel with the source and drain 

electrodes influences the PEDOT electronic states.  

3.2.1 Experimental 

Following an established protocol for electrodes photolithographic pattern-

ing212, 10 nm titanium adhesion layer and a 100 nm gold layer were deposited 

by electron beam evaporation (ULVAC EBX-14D) onto a microscopy glass slide. 

AZ® 1518 positive photoresist was spin coated on the wafer and exposed with 

a NEUTRONIX QUINTEL NXQ-4006 mask aligner. Development in AZ® 400 K 

developer diluted 1:3 in DI water was followed by wet chemical etching for ti-

tanium removal and for gold removal, so to obtain devices with channel length 

L = 100 µm and channel width W = 1 mm, and with gate diameter of 2.5 mm.  

PEDOT:PSS films were deposited via inkjet printing on the channel, for the 

first device, and on channel and gate, for the second device, after filtering 

through a 0.22 µm syringe filter. The ink was prepared using 76% v/v Clevios 

PH1000, 19% v/v ethylene glycol, 4% v/v dodecylbenzenesulfonic acid (DBSA), 

and 1% v/v GOPS. Inkjet printing was performed using a Jetlab® 4 piezoelectric 

drop-on-demand system (MicroFab Technologies) equipped with a 50 µm 
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nozzle and setting a stage velocity of 25 mm/s, 1 µm distance from feature bor-

ders, and 40 µm drop spacing. Two layers were printed for each feature. 

After printing, samples were annealed in an oven at 150 °C for 30 min.  
PDMS chambers to be positioned on the devices to contain the electrolyte 

were fabricated via replica molding. A master mold was 3D printed using the 

OBJET30 Stratasys, and then cured in oven at 120°C overnight. PDMS precur-

sors were mixed and poured in the mold. After degassing and baking at 90°C for 

20 minutes, the replica was removed from the mold and washed in isopropanol. 

A 3D printed holder for the glass slide was realized with the OBJET30 Stra-

tasys. Spring probes were inserted into the holder, so to stably connect the gold 

tracks during the measure, creating a compact set up compatible with the Ra-

man chamber and objectives (Figure 3.9). 

 

Electrical characterization 
 

Electrical measurements were carried out using a Keysight B2912A Precision 

Source/Measure Unit, after immersing channel and gate in an aqueous 0.1 M 

NaCl electrolyte solution. Transfer measurements were performed by sweeping 

the gate voltage between -0.6 V and 0.8 V at a constant drain voltage of -0.6 V. 

 

Physical characterization 
 

Raman spectroscopy was performed using a Renishaw inVia™ confocal Ra-

man microscope using a 5X objective and an excitation wavelength of 785 nm. 

Each Raman spectrum was obtained by averaging four consecutive acquisitions 

of 20 s each, with the spectrometer grating centered at 1200 cm-1. The Raman 

spectrum of a silicon sample was acquired as a reference. All spectra are offset 

with the reported silicon Raman peak (520 cm-1). 
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3.2.2 Results 

Figure 3.10b shows the in situ Raman spectra of the inkjet-printed PE-

DOT:PSS channel during OECT operation, with a bare gold gate electrode, ac-

quired on the center of the channel.  

Prior to the application of a gate potential, the Raman spectrum of the pristine 

PEDOT:PSS channel acquired in the center of the channel exhibits a dominant 

Cα=Cβ symmetric stretching band centered around 1427 cm-1 (Figure 3.10 b) 

and a Cα-Cα’ stretching band213 of 1259 cm-1. Upon application of a VDS of -0.6 V 

and a potential of 0.5 V between source and the bare gold gate, the device starts 

to switch off due to cations injection in the channel and the drain current de-

creases in absolute value: in the Raman spectrum, the Cα=Cβ band shifts to 1415 

cm-1. During 0.8 V application, the center of the peak reaches 1408 cm-1, while 

the Cα-Cα’ band center can be found at 1251 cm-1, coherently with an increase in 

the neutral PEDOT fraction due to progressive entering of compensating ions. 

Upon application of negative bias (blue dotted line on the backward curve of the 

transfer plot in Figure 3.10 a), the main band shifts back to 1427 cm-1, proving 

the reversibility of PEDOT:PSS oxidation state modulation.  

To compare the modulation capabilities of the two types of gates, the Raman 

spectra of the channel modulated by a PEDOT:PSS-coated gate were also ac-

quired. Considering that the printed PEDOT:PSS layer, having a thickness of 

about 800 nm, completely covers the gold gate, the final gate capacitance can be 

a)  b)  

PEDOT:PSS  

Au 

L=100 µm  W
=1

0
0

0
 µ

m
  

Figure 3.9 a) Schematic of the top view of the in situ Raman spectroscopy set 

up, comprising a 3D printed holder hosting the glass slide used as substrate for 

the analyzed devices. In the blue box, a magnification on channel and gate of 

the two devices. In the green box, a magnification on the channel. b) Picture of 

the measurement set up in the Raman microscope chamber. 
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assumed to be the capacitance of the printed PEDOT:PSS layer, while the under-

lying gold electrode mainly acts as a current collector. Considering a volumetric 

capacitance for PEDOT:PSS of 50 F/cm3, taken as an intermediate value in the 

range of the estimated capacitance for PEDOT:PSS214, and an area of the printed 

layer of 0.063 cm2, the estimated gate capacitance for the coated gate is about 

250 µF, far greater than the bare gold gate capacitance, estimated to be approx-

imately 1.5 µF (0.05 cm2 * 30 µF/cm2). In OECTs, higher gate capacitance re-

duces voltage loss at the gate/electrolyte interface and enables more charge 

transfer to the channel, resulting in stronger electrochemical doping/dedop-

ing215. 

Figure 3.10d shows how a PEDOT:PSS-coated gate is indeed more efficient in 

the electrochemical modulation of the channel: the center of the Cα=Cβ stretch-

ing band during the application of a gate bias of 0.5 V is much closer to the band 

relative to the 0.8 V bias condition compared to the device with bare gold gate 

(Figure 3.10c). This is confirmed by the peak full width at half maximum 

(FWHM) values, whose narrowing is associated with the dominance of the neu-

tral species upon dedoping, and vice versa, whose broadening depends on the 

presence of different charged states 216. As reported in Table 3.2, the FWHM at 

the 0.5 V biasing condition of an OECT with a PEDOT:PSS-coated gate is smaller 

than the corresponding value in a bare gold gated OECT (Table 3.1), indicating 

faster and improved channel modulation. The drain current registered at the 

0.5 V gate bias condition in the PEDOT:PSS-coated gate device had a magnitude 

of about 7.8 mA, while the corresponding current in the bare gate device was 

about 8.6 mA in magnitude, closer to its ON condition. 
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Figure 3.10 a) Transfer characteristics and b) Raman spectra of inkjet-printed 

PEDOT:PSS acquired at the center of the OECT channel on the glass substrate 

during operation of the device with bare gold gate. The inset (top left) shows an 

enlargement of the 1350-1480 cm-1 region. c) Raman spectra of inkjet-printed 

PEDOT:PSS acquired at the center of the OECT channel on the glass substrate 

during operation of the device with bare gold gate. d) Raman spectra of inkjet-

printed PEDOT:PSS acquired at the center of the OECT channel on the glass sub-

strate during operation of the device with PEDOT:PSS-coated gate. 
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Figures 3.11 a, b, c, d show the transfer curves and Raman spectra acquired 

on the source and drain electrodes of the device having PEDOT:PSS channel and 

PEDOT:PSS-covered gold gate. In the Raman spectrum of the pristine PE-

DOT:PSS channel acquired on the overlapping portion between PEDOT:PSS and 

source electrode (Figure 3.11 b), prior to the application of a gate potential, the 

Cα=Cβ symmetric stretching band is centered around 1431 cm-1. Upon applica-

tion of a negative gate voltage, a clear shift of the Cα=Cβ stretching band toward 

higher wavenumbers is observed. This is consistent with an increase in the frac-

tion of oxidized PEDOT chains, as higher wavenumber positions are commonly 

associated with oxidized states 195, reflecting a bias-induced increase in the 

doped species population. When a positive gate voltage is applied, the Cα=Cβ 

stretching band shifts toward lower wavenumbers, reaching approximately 

1411 cm-1, corresponding to an increase in the reduced PEDOT fraction. It can 

be observed how the initial peak position at 1431 cm-1, when compared with 

the peaks that followed electrical bias, can indicate that both oxidized and neu-

tral PEDOT species coexist within the pristine channel. 211,217. The Raman spec-

tra of the PEDOT:PSS channel acquired on the drain electrode during the 0.5 V 

and the 0.8 V gate bias (Figure 3.11 d) show bands centered on slightly lower 

wavenumbers compared to the ones acquired on source. This could be ex-

plained by the fact that the negative drain-source voltage drives both holes and 

cations toward the drain electrode218. Holes are collected by the drain, giving 

rise to the drain current, while cations accumulate capacitively at the interface, 

Table 3.1 Peak position and FWHM values for different operation 
conditions of a device with bare gold gate. 

Table 3.2 Peak position and FWHM values for different operation 
conditions of a device with PEDOT:PSS-coated gate. 
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creating localized enhanced dedoping conditions for the PEDOT overlapped 

with the drain electrode. 

Other significant bands are found around 699 cm-1, which can be associated 

with the C-S-C thiophene ring deformation, and at 990 cm-1, usually attributed 

to the oxyethylene ring deformation208,210,219.  

 

 

 

a) 

c) d) 

b) 

Figure 3.11 a) Transfer characteristics and b) Raman spectra of inkjet-printed 

PEDOT:PSS acquired on the gold source electrode of the OECT, acquired during 

operation of the device with PEDOT:PSS-coated gate. c) Transfer characteristics 

and d) Raman spectra of inkjet-printed PEDOT:PSS acquired on the gold drain 

electrode of the OECT, acquired during operation of the device with PE-

DOT:PSS-coated gate. 
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In Figure 3.12, the Raman spectra of the printed conducting polymer on the 

gate electrode can be observed. While metal gates such as gold and Ag/AgCl can 

be assumed as ideally polarizable, with no faradaic reactions occurring at their 

surface, PEDOT:PSS gates are subjected to redox reactions as well as the chan-

nel. However, thanks to its volumetric capacitance, the PEDOT:PSS coating on 

the gate also contributes to device operation by increasing the capacitance of 

the electrode, causing increased drain current modulation. As observed in Fig-

ure 3.12a, the transconductance obtained from the transfer characteristics of 

the device with PEDOT:PSS on the gate reaches indeed a higher maximum value 

compared to the bare-gate-device, and its peak corresponds to a lower gate po-

tential, indicating a more efficient gating by means of the printed PEDOT:PSS. 

Nonetheless, bias application at the gate electrode causes reduction or oxida-

tion220 of the conducting polymer layer on top, which can be observed in Figure 

3.12b. Upon application of bias at the gate, the Cα=Cβ stretching band shifts in 

the opposite direction compared to what was observed on the channel. While 

negative gate potentials cause a red shift, due to PEDOT reduction, positive bias 

determines a small but progressive blue shift caused by the increase of oxidized 

PEDOT fraction, characterized by shorter effective conjugation length211,220.  

The reported results share a common tendency in the reduction of band in-

tensity in correspondence of shifts towards higher wavenumbers. In conjugated 

polymers, vibrations along the backbone, especially C=C symmetric stretching 

modes, are typically intense because they strongly affect the delocalized π-elec-

tron density. Assuming laser power, focusing conditions, and detector sensitiv-

ity to be constant during the experiment, reductions in bands intensity can be 

in part attributed to benzoid-to-quinoid transitions and to changes in electronic 

structure that affect polarizability, as previously reported211.  

For PEDOT, the oxidized state is commonly associated with increased quinoid 

character, while the neutral state tends to recover a more benzoid-like configu-

ration221–223. However, the interpretation of Raman shifts in PEDOT:PSS is not 

entirely uniform across the literature. Several studies report that increased ox-

idation, and therefore greater fraction of quinoid species, lead to shifts of the 

main C=C stretching band toward higher wavenumbers202,211. Other works in-

stead observe shifts toward lower wavenumbers with changes from benzoid to 

quinoid form due to loss in π-conjugation, assigning shifts to the blue to the 

ground state of PEDOT224,225. These apparently contradictory results arise from 

the complex interplay between oxidation state, chain-chain interactions, reso-

nance effects under different excitation wavelengths, and other mechanisms 

that shorten the conjugation length195. Overall, it should be considered that the 

benzoid-quinoid transition is not the sole phenomenon giving rise to Raman 

shifts. 
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Figure 3.12 a) Transconductance obtained from the transfer curves of the OECT 

with a bare gold gate electrode (orange points) and with PEDOT:PSS deposited 

on the gate electrode (blue points). b) Raman spectra of inkjet-printed PE-

DOT:PSS deposited on the gold gate electrode of the OECT, acquired during de-

vice operation. The inset (top left) shows an enlargement of the 1380-1500 cm-

1 region. c) Stacked Raman spectra of the PEDOT:PSS layer on the gold gate, 

comparing acquisitions performed during and after electrical bias. d, e) AFM to-

pography images of the bare gold gate (d) and of the gate after inkjet printing of 

two PEDOT:PSS layers (e). 
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In figure 3.13, the Raman spectra of inkjet-printed PEDOT:PSS channels on 

cellulose are reported. While the Raman spectrum of pristine PEDOT:PSS exhib-

its a C=C symmetric stretching band around 1430 cm-1, consistent with the po-

sition of pristine PEDOT C=C band observed on a glass substrate, the spectrum 

recorded from the channel after several OECT operating cycles displays the 

main band at approximately 1412 cm-1, accompanied by a reduction of inten-

sity. Shifts toward lower wavenumbers and decrease in the intensity of the 

characteristic C=C symmetric stretching band of the thiophene ring have been 

previously associated with increased structural disorder, partial loss of conju-

gation, and reduced effective conjugation length along the backbone91,211,226. 

The band relative to the “after measure” condition can therefore be interpreted 

as an indication of residual dedoping or as a sign of degradation of PEDOT:PSS 

after several cycles of measure. Moreover, the porous paper substrate may con-

tribute to residual dedoping, as its structure can facilitate ions access while hin-

dering their extraction from the PEDOT:PSS infiltrated within the pores, thus 

affecting the fraction of dedoped PEDOT. 
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Figure 3.13 a) Raman spectra of inkjet-printed PEDOT:PSS channel deposited 

on nitrocellulose. The blue curve corresponds to pristine printed film, while the 

red curve corresponds to the PEDOT:PSS channel after several operation cycles 

of the cellulose-based OECT. The inset showing PEDOT structure was repro-

duced from [208]. 
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3.3 Morphological comparison of printed films 

In this section, a comparison of organic films deposited by different tech-

niques is presented, with the aim of studying how morphological variations af-

fect the electrical behavior of the material and the performance of the devices 

in which the films are integrated140.  

Inkjet printing and aerosol jet printing are investigated as alternative rapid 

prototyping approaches for the fabrication of PEDOT:PSS-based OECT chan-

nels. These techniques have gained increasing relevance in organic electronics 

due to their maskless workflow, compatibility with various substrates, and po-

tential scalability. However, their different droplet formation mechanisms can 

lead to variations in roughness, thickness uniformity, and domain distribution, 

which in turn affect material performances by influencing charge transport 

pathways and film percolation 227–229. To assess these morphological differ-

ences, atomic force microscopy was employed to analyze surface topography, 

which, together with electrical characterization of the fabricated devices, con-

firmed a dependence of OECT performance on the channel deposition tech-

nique. 

 

3.3.1 Experimental  

Following an established protocol for electrodes photolithographic pattern-

ing212, 10 nm titanium adhesion layer and a 100 nm gold layer were deposited 

by electron beam evaporation (ULVAC EBX-14D) onto Si/SiO₂. Wafers. AZ® 

1518 positive photoresist was spin coated on the wafer and exposed with a 

NEUTRONIX QUINTEL NXQ-4006 mask aligner. Development in AZ® 400 K de-

veloper diluted 1:3 in DI water was followed by wet chemical etching for tita-

nium removal and for gold removal, so to obtain devices with channel length L 

= 10 µm and channel width W = 300 µm. An Al₂O₃ passivation layer (150 µm) 

was patterned using a lift-off process via exposure of AZ® 5214 image-reversal 

photoresist and development in AZ® 726 MIF developer. Lift-off was com-

pleted in dimethyl sulfoxide (DMSO)140. 

To promote adhesion of the PEDOT:PSS channel layer, a 22 mM GOPS solution 

in toluene:acetic acid (200:1 v/v) was spin-coated onto the chips at 4000 rpm 

for 60 s and thermally treated at 120 °C for 30 s. 

PEDOT:PSS films were deposited on the fabricated channel, after filtering 

through a 0.22 µm syringe filter, either via inkjet printing (IJP), aerosol jet print-

ing (AJP), or spin coating (SC). The ink consisted of 76% v/v Clevios PH1000, 
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19% v/v ethylene glycol, 4% v/v dodecylbenzenesulfonic acid (DBSA), and 1% 

v/v GOPS. 

SC was performed at 1000 rpm for 30 s, and the deposition was repeated ten 

times to reach the desired thickness of 1.5 µm.  

Inkjet printing was performed using a Jetlab® 4 piezoelectric drop-on-de-

mand system (MicroFab Technologies) equipped with a 50 µm nozzle. Printing 

parameters were set to have a stage velocity of 25 mm/s, 1 µm distance from 

feature borders, and 40 µm drop spacing. 

Aerosol jet printing was carried out using an Aerosol Jet® 200 Series system 

(Optomec) equipped with a 200 µm nozzle and ultrasonic atomizer. The depo-

sition parameters were: stage velocity 2 mm/s, line overlap 20-30%, focusing 

ratio 1.4, sheath gas flow 35 sccm, and carrier gas flow 25 sccm. The substrate 

temperature during deposition was maintained at 60 °C, and the ultrasonic cur-

rent was set to 0.5 mA. For AJP, the PEDOT:PSS ink was diluted 1:1 v/v with 

deionized water to obtain a viscosity within the range required for ultrasonic 

atomization (1-10 cP). 

Printed samples were first dried on a hot plate at 120 °C for 15 min to remove 

residual solvents. All samples were subsequently annealed in an oven at 150 °C 

for 30 min.  

 

Electrical characterization 
 

Electrical measurements were carried out using a Keysight B2912A Precision 

Source/Measure Unit, employing an Ag/AgCl electrode as the gate reference im-

mersed in an aqueous 0.1 M NaCl electrolyte solution. Transfer measurements 

were performed by sweeping the gate voltage between -0.2 V and 0.6 V at a 

constant drain voltage of VD = -0.2 V, recording three cycles for each measure. 

 

Physical characterization 
 

Surface topography was examined by atomic force microscopy using an Ox-

ford Instruments MFP-3D Origin system. AFM imaging was conducted in tap-

ping mode with AC160 cantilevers to obtain high-resolution height maps of the 

film surfaces. 

 

3.3.2 Results 

Comparing the transfer characteristics of the three types of samples, it can be 

observed how AJP devices exhibit the fastest switching behavior (Figure 3.14 

b). Together with a high ON current, this results in the highest ION/IOFF ratio 
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(3576.6 ± 921.2), which is approximately 6.5 times greater than that of IJP de-

vices (542.4 ± 45.3)140. In contrast, spin-coated devices exhibited a considerably 

lower switching ratio of 55.2 ± 45.0140 (Figure 3. 14 c).  

 

 

 
Transconductance was extrapolated from the transfer curves (Figure 3.14 d), 

and its maximum value, gm,max, was normalized by the geometrical factor Wd/L, 

where d represents the film thickness and W and L correspond to the channel 

width and length, respectively. This normalization allowed to compare different 

channels independently form their geometrical variability. Among the investi-

gated deposition methods, AJP devices exhibited the highest normalized trans-

conductance, reaching 885.1 ± 51.5 S·nm, followed by SC devices (740.9 ± 79.6 

a) 

c) 

b) 

Figure 3.14 a) Optical microscopy image of the fabricated chip, comprising three 

pairs of source-drain electrodes, each constituting a device. b) Transfer charac-

teristics for the three types of devices: with inkjet-printed PEDOT:PSS channel 

(IJP), with aerosol-jet-printed PEDOT:PSS channel (AJP), and with spin coated 

PEDOT:PSS channel (SC). Drain voltage was fixed at VDS = -0.2 V. c) Plot of the 

calculated Ion/Ioff ratios for the three types of devices. d) Transconductance 

curves obtained from the transfer characteristics. Reprinted from [140]. 

d) 
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S·nm)140. IJP devices displayed the lowest normalized peak transconductance, 

measured at 433.0 ± 36.7 S·nm140. In conclusion, although SC devices showed 

the highest ON current, AJP samples exhibited the greatest amplification capa-

bility. 

To clarify the relationship between fabrication method, film structure, and 

electrical response, atomic force microscopy images were acquired, revealing 

clear morphological differences between films deposited by aerosol jet printing 

and inkjet printing (Figure 3.15). Topographic analysis showed that AJP films 

exhibit a rougher surface compared to IJP samples, with a root-mean-square 

roughness of approximately 40.1 nm for AJP and about 4.6 nm for IJP devices. 

Previous reports on spin-coated PEDOT:PSS layers, where the roughness is near 

5 nm for film thicknesses above 70 nm, show comparable results to the values 

observed in the inkjet-printed samples230.  

a) 

c) 

f) e) 

b) 

d) 

Figure 3.15 Topography images obtained via atomic force microscopy of inkjet-

printed (a, c, e) and aerosol-jet-printed films (b, d, f). The images were pro-

cessed using the software Gwyddion. Scan sizes are 20 µm (a, b, c, d), and 10 

µm (e, f).  
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Phase contrast AFM images can provide information on the nanoscale distri-

bution of PEDOT-rich and PSS-rich domains. Indeed, the phase lag between the 

cantilever oscillation and the driving signal originates from variations in energy 

dissipation occurring at the tip-sample interface, usually correlated to the ma-

terials components viscoelastic properties231–233. 

In tapping mode, the cantilever is driven close to its resonance frequency ω0 

and oscillates with a free amplitude A0 when sufficiently distant from the sur-

face. As the tip approaches the film, interactions with the sample reduce the os-

cillation amplitude to a setpoint value A, causing energy losses Ed during each 

oscillation cycle. The phase shift φ, also depending on the cantilever quality fac-

tor Q and its spring constant k, arises from this dissipative process205,234. 

 

                                                𝐸𝑑 = (sin 𝜑 − (
𝐴

𝐴0
))

𝜋𝑘𝐴𝐴0

𝑄
                                          3.6 

 

In heterogeneous or multi-component samples, differences in local mechani-

cal response determine variations in energy dissipation, generating phase con-

trast. For polymer blends this contrast is commonly associated with phase sep-

aration between hard and soft regions115,235.  

Conventionally, a 90° phase shift between the excitation and the response is 

assigned when the free cantilever is excited at its fundamental resonance236. 

During image acquisition, small changes in the interaction regime between tip 

and sample could introduce great changes in the phase shift without necessarily 

corresponding to a significant variation of the material properties. For this rea-

son, phase shift data are often converted into energy dissipation values using 

the expression that relates the phase lag to the energy lost by the cantilever 

during each oscillation cycle. Being related to the strength of tip-sample inter-

actions, including viscoelastic losses, adhesion, and local mechanical response 

of the surface, the energy dissipation provides a more physically meaningful pa-

rameter than the phase angle alone.  

Figure 3.16 shows topography images, phase contrast images, and energy dis-

sipation maps, calculated from Equation 3.6 using amplitude and phase shift 

data acquired during 1 µm scans of IJP and AJP films, with Q = 530.27, k=33.58 

N/m and A0 = 24.5 nm. While the phase contrast image of the IJP sample (Figure 

3.16 b) shows discrete, isolated regions within a matrix, the AJP film (Figure 

3.16 e) displays phase patterns suggesting more elongated and oriented clus-

ters. The interpretation of bright and dark contrast in AFM phase images has 

been inconsistent when distinguishing between hard and soft domains, as sev-

eral works assigned bright regions to soft phases232,233,235, while other studies 
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associated bright contrast to hard domains237–240. Concurrently, some authors 

found that phase contrast can be flipped when changing from moderate to hard 

tapping235,237,238, coherently with the abovementioned dependency of the phase 

contrast on the tip-sample interaction regime and on the imaging conditions235. 

In this study, considering that A0 = 24.5 nm, and considering that the tip does 

not strongly tap the surface, a mostly attractive regime can be assumed236. In 

this case, where the interaction is dominated by long-range forces such as van 

der Waals, capillary, and viscoelastic losses, materials that deform more easily 

or that have higher internal damping tend to dissipate more energy.  

The energy dissipation map for the AJP sample (Figure 3.16 f) exhibits a clear 

contrast between a highly dissipative matrix, which can be assigned to the hy-

drophilic and softer PSS, and less dissipative domains, that could correspond to 

harder PEDOT enclosures having length of a few tens of nanometers115,117. 

These regions correspond to bright and dark contrast in the phase image, re-

spectively (Figure 3.16 e). This phase segregation is less evident in the energy 

dissipation map of the IJP and the spin coated samples (Figure 3.16 c, i), where 

the less dissipative PEDOT is more finely dispersed in the PSS matrix. The en-

ergy profiles confirm the phase separation phenomenon indicated by the pres-

ence of two separate peaks in probability density (Figure 3.16 l).  

Although several stiffer islands can be identified in the phase images, the dis-

sipated energy map provides a more comprehensive description of the sample 

surface than the phase image alone. 

From this analysis, it can be inferred that, compared to IJP, the AJP process 

not only contributes greatly to shape films morphology, but also influences PE-

DOT and PSS redistribution after annealing, favoring phase segregation and for-

mation of oriented, highly conductive PEDOT crystals mediated by the conduc-

tivity enhancer ethylene glycol, which was present in the same amount in both 

IJP and AJP ink formulations203,205,240. 

Overall, the increased surface area of AJP films may facilitate ion penetration 

into the bulk of the channel, while the formation of oriented PEDOT domains 

may provide improved electronic pathways, while the PSS matrix provides per-

colation routes for ionic motion. In conclusion, the morphological features ob-

served in AJP PEDOT:PSS films likely contribute to more efficient electrochem-

ical doping of the channel, positively affecting the performance of the OECTs in 

which they are integrated.  
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1 

g) 

a) b) c) 

d) e) f) 

Figure 3.16 a, d, g) Topography images obtained via atomic force microscopy of 

inkjet-printed (a), aerosol-jet-printed films (d), and spin coated films (g) with a 

scan size of 1 µm. b, e, h) Phase images of inkjet-printed (b), aerosol-jet-printed 

films (e), and spin coated films (h) associated to the scans in a) and d), respec-

tively. c, f, i) Energy loss maps calculated from measured signals according to 

Equation 3.6. l) Dissipated energy probability profiles of the AJP and IJP films.  
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Chapter 4 

 

4 Printable OECTs on cellulose for 

POC sensing 

 
Microfluidic technologies have played a key role in the evolution of point of 

care systems, enabling the manipulation of very small volumes of liquids and 

reducing reagent consumption. While traditionally lab on chip devices were 

mainly fabricated using silicon or elastomeric polymers such as PDMS, these 

approaches often involve complex processing steps and limited scalability. For 

this reason, porous substrates based on cellulose have attracted increasing at-

tention as alternative platforms for portable diagnostics. Paper and nitrocellu-

lose are inexpensive, lightweight, and biodegradable materials, and they intrin-

sically support fluid transport by capillary action, eliminating the need for ex-

ternal pumps.  

Nitrocellulose membranes are widely used in LFAs, which represent one of 

the most successful examples of paper-based devices. Although LFAs are simple 

and robust, their sensitivity is often limited and the visual readout may be diffi-

cult to quantify, especially at low analyte concentration. For this reason, several 

studies have proposed the integration of electrochemical or electronic trans-

ducers with LFAs to obtain quantitative outputs and improved detection limits. 

 

 

4.1 State of the art 
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One of the first demonstrations of an electrochemical lateral flow immuno-

assay was reported by Sinawang et al., who integrated a screen-printed gold 

electrode with a nitrocellulose strip for the detection of dengue NS1 antigen, 

showing that electrochemical readout could provide quantitative results within 

the same time scale of conventional LFAs241. Later works confirmed that elec-

trochemical detection can significantly improve sensitivity, enabling the detec-

tion of clinically relevant biomarkers at concentrations below the visual limit of 

standard tests. For example, integrated electrochemical LFA platforms have 

been used for the detection of protein biomarkers, allergens, and bacterial tar-

gets32,69,242,243. In many cases, the electrochemical signal is obtained by measur-

ing the current associated with redox reactions of mediators added during the 

assay (Figure 4.1a,b). 

The growing interest in electronic LFAs has also motivated the exploration 

of organic and printed electronics as alternative transduction platforms.  

Printed electrodes and conducting polymer devices have already been 

demonstrated on paper and flexible substrates244. As additive manufacturing 

methods advance, printing techniques such as screen printing, inkjet printing, 

aerosol jet printing, and dispense printing are accelerating the diffusion of or-

ganic transistors in sensing applications, allowing the direct deposition of con-

ductive polymers, metallic inks, and dielectric layers on a wide range of sub-

strates without the need for photolithography142,245–248. 

Dispense printing has recently developed from a simple direct-write strategy 

for PCB manufacturing into a convenient fabrication technique for flexible mi-

croelectronic devices and sensors143,145,249. Unlike inkjet or aerosol jet printing, 

which require low-viscosity inks and dedicated industrial equipment, dispense 

printers are usually compact bench-top systems operating by extrusion of 

highly viscous pastes through a nozzle, making it compatible with conductive 

silver inks, carbon pastes, polymer composites, and conducting polymer formu-

lations. Vasquez et al. demonstrated high throughput prototyping of flexible 

electronic circuits using dispense printing of silver inks, producing functional 

devices on plastic substrates with rapid design iteration (Figure 4.1c)145. Simi-

lar results were reported in studies on dispense printing of silver flake inks on 

hydrophilic and hydrophobic surfaces, where the influence of substrate wetta-

bility on lines definition and electrical resistance was investigated, confirming 

that the technique can produce reliable conductive patterns on a wide range of 

materials, including flexible and porous supports143 

Despite its lower resolution compared to inkjet and aerosol jet printing, dis-

pense printing provides a high-throughput and cost-effective approach for the 

fabrication of organic electronic devices. In dispense printing, the larger nozzle 

diameters, designed to handle highly viscous pastes, enable the deposition of 

greater ink volumes per pass, resulting in faster film formation. This aspect is 
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particularly advantageous when working with porous substrates characterized 

by high absorption capacity. In such systems, inkjet printing typically requires 

a significantly higher number of deposited layers to achieve performance com-

parable to devices fabricated on smooth substrates. This is mainly due to the 

low-viscosity solvents employed in inkjet processes, which are rapidly ab-

sorbed by the porous matrix, leading to thinner and more dispersed films. A 

more detailed discussion of these aspects is provided in Appendix 1 of this the-

sis. 

For these reasons, dispense printing is increasingly considered a practical 

approach for the realization of low-cost disposable sensors, paper-based elec-

tronics, and point-of-care devices, where simplicity of processing is more criti-

cal than ultra-high resolution143,250–252. 

Despite the progress achieved in printable organic electronics, the direct fab-

rication of OECTs on nitrocellulose membranes or on complete lateral flow 

strips had not been explored yet. The high porosity, roughness, and mechanical 

fragility of cellulose based materials can hinder the deposition of films and the 

control over device geometries. Nevertheless, integrating an organic transistor 

directly onto a nitrocellulose platform would allow the combination of a well-

established capillary driven microfluidic platform with the amplification capa-

bility of OECTs, enabling quantitative readout of biochemical assays without the 

need for external microfluidic components.  

In this chapter, the fabrication of a printable OECT on nitrocellulose is pre-

sented as a strategy to integrate an electronic sensing element into a cellulose 

based microfluidic platform253. The adopted architecture separates the sensing 

region from the active transistor area by means of hydrophobic barriers and a 

solid-state electrolyte layer, allowing the interaction with the analyte to occur 

a) c) b) 

Figure 4.1 a) Schematic of an electrochemical LFA, able to connect to a 

smartphone for data transfer, and b) reaction mechanism using HRP-TMB as a 

redox couple for the detection of IL-6. Reprinted with permission from [242]. 

HRP, horseradish peroxidase. c) Interdigitated structures printed using the dis-

pense printer Voltera V-One and a silver paste, on a flexible polyimide sub-

strate. Reprinted from [145]. 
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at an extended gate while preserving the stability of the PEDOT:PSS channel. 

This approach aims to combine the simplicity and low cost of LFAs with the 

sensitivity and signal amplification of organic transistors, providing a route to-

ward scalable and affordable point of care sensing systems based on fully print-

able components. 

 

 

 

4.2 Experimental 

4.2.1 Materials 

The silver ink Voltera Conductor 3 was purchased from Ventaja Tecnológica. 

PEDOT:PSS Clevios SV4 was purchased from Heraeus.  

Kapton sheets, Whatman® FF170HP Din A nitrocellulose membrane sheets, 

N-isopropylacrylamide monomer, crosslinker N,N’-methylenebisacrylamide, 

photo-initiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone, the 

ionic liquid 1-ethyl-3-methylimidazolium ethyl sulfate, dopamine hydrochlo-

ride, and all other chemicals were purchased from Sigma Aldrich and were used 

as received. Deionized water was obtained using a reverse osmosis (RO) purifi-

cation system. 

 

4.2.2 Solid state electrolyte (SSE) preparation 

As reported by Weissbach et al.131, the SSE precursor was prepared by mix-

ing 1.0 mL of deionized water, 750.0 mg of N-isopropylacrylamide, 20.0 mg of 

crosslinker, 200.0 mg of photo-initiator, and 1.5 mL of ionic liquid. The precur-

sor was stirred overnight at room temperature. 

 

4.2.3 Device fabrication 

After defining the device layout in CleWin, the silver electrodes and the PE-

DOT:PSS channel and gate structures were deposited using a Voltera V-One PCB 

printer. Source, drain, gate, and extended gate electrodes were first printed on 

the nitrocellulose substrate using a disposable nozzle with an internal diameter 

of 230 µm. The printed silver tracks were then thermally cured in an oven at 

110 °C for 15 minutes to ensure proper conductivity and adhesion. 
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A dedicated cartridge was filled with PEDOT:PSS paste, and the printer set-

tings were adjusted through a custom ink profile in the Voltera software in or-

der to match the rheological properties of the material. The PEDOT:PSS features 

were printed in aligned printing mode directly on top of the silver layer using a 

215 µm nozzle. Three successive layers were deposited to form the transistor 

channel, gate, and extended gate. The channel dimensions were L = 170 µm and 

W = 350 µm, the gate dimensions were L = 3500 µm and W = 2100 µm, and the 

extended gate dimensions were L = 5500 µm and W = 4000 µm. The distance 

between the channel and the gate was set to 0.5 mm (Figure 4.2). 

After deposition, the samples were baked at 110 °C for 30 minutes to promote 

solvent evaporation and improve film stability. The silver interconnects were 

then passivated by depositing a 60 nm thick Al2O3 layer by electron beam evap-

oration using a Temescal FC-2000 system. The passivation layer was patterned 

through a custom Kapton mask produced by laser cutting (power 11%, fre-

quency 1500 Hz), leaving the active areas exposed. Finally, 3 µL of SSE were 

drop-cast onto the channel and gate region inside the dry area, and the film was 

crosslinked by UV irradiation for 20 seconds. 

The water-insoluble ink of a common permanent marker was used to define 

a hydrophobic barrier around the channel and gate, so to create a dry area un-

reachable by the liquid, thereby protecting the channel and gate from potential 

contamination by the sample. 

 

4.2.4 Electrical and physical characterization 

Electrical measurements were performed using a Keysight source/measure 

unit (SMU) under ambient conditions. Three cycles of transfer characteristics 

were acquired at a fixed drain voltage of -0.4 V, sweeping the voltage applied to 

the extended gate (VGS) from -0.6 V to 1.2 V, at a scan rate of 61.2 mV/s. Output 

characteristics were acquired at a gate voltage of -0.2 V, sweeping the drain 

voltage between 0 V and -0.6 V. The ION/IOFF ratio and the transconductance of 

the OECTs were extracted from their transfer curves. gm was normalized by di-

viding the values by the dimension factors Wd/L.  

The scanning electron microscopy (SEM) images were acquired with a FEI 

Quanta 3D FEG dual-beam (SEM/FIB) using an accelerating voltage of 5 kV. A 

50 nm Pt layer was sputtered on bare nitrocellulose before SEM imaging. 
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4.3 Results  

4.3.1 Printing parameters optimization 

In this section, the fabrication and characterization of the OECT on paper are 

presented. The device was directly printed on a piece of commercial nitrocellu-

lose membrane with approximate dimensions of 1 × 1.5 cm2 and a nominal 

thickness of about 200 µm (Figure 4.3). Nitrocellulose is widely used in rapid 

diagnostic tests because of its ability to immobilize biomolecules and its con-

trolled porous structure, which supports efficient capillary flow. For this rea-

son, it was selected as substrate with the goal of integrating an electronic sens-

ing element into a passive microfluidic platform, while maintaining a simple 

and low-cost fabrication process for the transistor. 

Device fabrication was carried out using a Voltera V-One dispensing printer, 

which allowed rapid and reproducible deposition of conductive inks without 

damaging the soft and porous substrate (Figure 4.3). The intrinsic roughness of 

nitrocellulose and its high porosity promoted good adhesion of both silver and 

PEDOT:PSS inks, making it unnecessary to introduce adhesion or planarization 

layers before printing. After thermal curing, the printed silver tracks showed a 

resistance per unit length of 3.71 ± 0.81 Ω/cm, which is comparable to the value 

a) c) b) 

d) 

Figure 4.2 a) Overview of the dispense-printer modules. b) Schematics of the 

OECT fabrication steps on nitrocellulose: silver (grey) electrodes printing; PE-

DOT:PSS (blue) channel, gate and extended gate printing; Al2O3 (pink) and SSE 

(green) layers deposition; drawing of the hydrophobic barrier (yellow). The let-

ters indicate source (S), drain (D), gate (G), and extended gate (EG). c) Detail of 

the OECT channel and its distance from the gate. The dashed red line indicates 

the cutting plane for the cross-sectional view shown in (d). d) Schematics of the 

cross-section of the OECT channel. 
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measured for the same ink printed on a smooth Kapton substrate (2.8 ± 0.38 

Ω/cm), confirming that the porous support does not significantly degrade the 

electrical performance of the metal electrodes. 

The channel, gate, and extended gate were arranged in a planar geometry 

and obtained by sequential deposition of three layers of PEDOT:PSS on top of 

the silver contacts (Figure5.2). The effective thickness of the conducting poly-

mer inside the substrate was estimated from optical microscopy images of the 

device cross sections and resulted to be approximately 5 µm (Figure 4.3c). The 

cross-sectional analysis also revealed that the penetration of PEDOT:PSS into 

the membrane is not perfectly uniform. This behavior can be attributed to local 

variations in pore size and absorption properties of the cellulose matrix, which 

lead to different spreading and infiltration of the ink in different regions of the 

substrate. Since the morphology of the active layer strongly influences charge 

transport and ionic penetration, such inhomogeneity may contribute to the de-

vice-to-device variability observed in electrical measurements. One possible 

strategy to reduce this effect would be the deposition of preparative layer be-

fore printing PEDOT:PSS, in order to fill the pores and obtain a more uniform 

film. However, this solution would reduce the intrinsic microfluidic functional-

ity of cellulose and could therefore be applied only in the dry region of the de-

vice, where capillary transport is not required. 

The morphology of the bare nitrocellulose and of the printed PEDOT:PSS 

films was further investigated by SEM imaging (Figure 4.3d,e,f). The pristine 

substrate shows a fibrous network with pore diameters of the order of 10 µm, 

which allows liquid transport through the membrane (Figure 4.3d). After dep-

osition of the first PEDOT:PSS layer, the polymer appears as a thin coating sur-

rounding the cellulose fibers (Figure 4.3e), while the successive layers progres-

sively fill the empty spaces and form a more continuous and interconnected 

conducting network (Figure 4.3f).  



91 

 

 

 

This evolution of the film structure is consistent with the electrical charac-

terization of the printed layers. The resistance of PEDOT:PSS tracks printed 

with one, two, and three layers was measured, showing a progressive increase 

in conductivity as the number of deposited layers increases (Table 4.1). Trans-

fer characteristics of the transistors confirmed that devices fabricated with 

three PEDOT:PSS layers exhibit the highest transconductance (Figure 4.4), in 

agreement with previous reports on OECTs, where thicker channels generally 

provide larger volumetric capacitance and higher amplification. The final num-

ber of printed layers was therefore chosen as a compromise between high 

transconductance and acceptable switching speed, since thicker films, although 

more conductive, typically lead to slower response due to longer ionic diffusion 

paths129,215.  

 

 

Figure 4.3 Top row: microscopy images of cross-sections of a) bare nitrocellu-

lose, with its PET backing layer, b) one layer and c) three layers of PEDOT:PSS 

printed on nitrocellulose. The scale bar is 100 μm. Bottom row: SEM images of 

the surface of d) nitrocellulose metallized by 50 nm of sputtered Platinum, e) 

one layer and f) three layers of PEDOT:PSS printed on nitrocellulose. The scale 

bar is 30 μm. 



92 

 

 

4.3.2 Electrical stability 

 

After deposition of the PEDOT:PSS layers, the printed silver tracks were pas-

sivated in order to avoid direct contact with the electrolyte and prevent degra-

dation of the metal during operation. Aluminum oxide was selected as pas-

sivation material because it can be deposited uniformly at low thickness, is com-

patible with the nitrocellulose substrate, and can be patterned through a scala-

ble electron-beam evaporation process. A Kapton foil was laser-cut to obtain a 

custom shadow mask, which was aligned on top of the printed devices to allow 

selective deposition of a 70 nm thick Al₂O₃ layer only on the electrode regions 

(Figure 4.2). 

In electrolyte-gated biosensing transistors, contamination of the channel by 

the liquid sample is commonly prevented using microfluidic systems that con-

fine the flow in dedicated channels45,48. An alternative approach consists in ex-

ploiting paper as a self-contained microfluidic platform, where liquid transport 

occurs by capillarity without external actuation. When combined with suitable 

surface treatments, paper can be patterned to obtain separated flow regions, 

providing a simple alternative to PDMS-based microfluidics. In the past, wax 

printing was widely used to create hydrophobic barriers on cellulose, but the 

 1 layer 2 layers 3 layers 

Channel 257 ± 83 Ω 82 ± 11 Ω 29 ± 3 Ω 

Extended gate 10 ± 2 kΩ 6.6 ± 2.8 kΩ 0.9 ± 0.2 kΩ 

 

Table 4.1 Resistance values of 1 layer, 2 layers and 3 layers of printed PE-
DOT:PSS channel and extended gate. 

Figure 4.4 Transconductance of devices with 1 layer, 2 layers and 3 layers of 

printed PEDOT:PSS channel, gate, and extended gate. 
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progressive disappearance of solid-ink printers has encouraged the develop-

ment of simpler patterning methods72,73. In the platform described in this chap-

ter, a standard permanent marker was used to draw a hydrophobic boundary 

that separates the extended gate from the channel and gate areas (Figure 4.2), 

following a low-cost approach. Results obtained with alternative materials for 

the hydrophobic barrier are reported in Appendix 2. 

Inside the dry region defined by the permanent mark barrier, electrical cou-

pling between gate and channel was ensured by the deposition of an SSE layer. 

This configuration isolates the channel from the liquid sample flowing through 

the nitrocellulose strip, preventing undesired interactions with the analyte 

while keeping the sensing region accessible. In addition, the localized deposi-

tion of the SSE reduces the exposure of the silver electrodes to the liquid phase, 

improving the stability of the electrical response. 

The effectiveness of this configuration was evaluated by comparing device 

operation using 100 mM NaCl delivered through the strip with and without the 

hydrophobic barrier and the SSE (Figure 4.5). The transfer curves obtained in 

the two conditions show that the presence of the SSE greatly improves the sta-

bility of the device (Figure 4.5a). When only NaCl solution is used, the liquid 

spreads throughout the membrane and reaches the contact pads, leading to ox-

idation of the non-passivated silver and progressive degradation of the electri-

cal response. In contrast, when the dry and wet regions are separated and the 

electrolyte is confined locally, the interaction between the solution and the 

metal contacts is minimized, resulting in a more stable behavior. To further 

evaluate the electrical stability, transfer characteristics were recorded for fif-

teen consecutive cycles in the presence of both the barrier and the SSE (Figure 

4.5b). The variation per cycle was approximately 0.3% for the ON current and 

0.5% for the OFF current, and after fifteen cycles the ON current remained 

about 95.7% of its initial value, in agreement with stability values reported for 

similar devices in the literature254,255. 
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Long-term stability of the device components was also investigated under 

ambient storage conditions. The resistance of both the channel and the ex-

tended gate was measured six weeks after fabrication, showing no significant 

variation, indicating that the printed silver and PEDOT:PSS layers remain stable 

over time (Table 4.2). The hand-drawn hydrophobic barriers also preserved 

their functionality, effectively preventing liquid penetration in the dry region 

even after prolonged storage (Figure 4.6). However, the porous nature of cellu-

lose gradually removes liquid from the SSE through capillary absorption, so that 

several hours after deposition the device can only operate in the ON state and 

cannot be fully switched off. This effect suggests that the introduction of a pre-

paratory insulating layer in the dry region, able to partially fill the pores before 

electrolyte deposition, could improve long-term stability, although such treat-

ment should be limited to the dry area to preserve the microfluidic properties 

of the strip. 

 

 

Table 4.2. Resistance values for 3 layers of printed PEDOT:PSS channel and ex-

tended gate over time. 

 

 
3 layers t=0 t=2 weeks t=6 weeks 

Channel 29 ± 3 Ω 31 ± 4 Ω 35 ± 6 Ω 

Extended gate 0.9 ± 0.2 kΩ 0.9 ± 0.2 kΩ 1 ± 0.1 kΩ 

b) a) 

Figure 4.5 a) Comparison of three consecutive transfer curves recorded for a 

nitrocellulose based OECT at VDS = -0.4 V, measured using either an SSE layer 

(blue curves) or a 100 mM NaCl solution (red curves) as the electrolyte. b) De-

vice stability over 15 cycles of measures. 
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4.3.3 OECT characterization 

In the adopted wet-dry architecture, when a positive gate voltage is applied 

at the PEDOT:PSS extended gate in the wet zone, which is electrically connected 

to the gate in the dry zone, the channel OSC is reduced upon the injection of 

[EMIM]+ ions from the ionic liquid contained in the SSE layer, a process facili-

tated by the presence of water in the matrix.  

Electrical characterization was carried out by measuring transfer and output 

characteristics at a scan rate of 61.2 mV/s after depositing 50 µL of a 100 mM 

NaCl solution on the nitrocellulose strip before each measurement, allowing the 

liquid to reach the extended gate by capillary flow. From the transfer curves, 

the transconductance was calculated as the derivative of the drain current with 

respect to the gate voltage (Figure 4.7b). Since transconductance depends on 

the device geometry, the maximum value was normalized by the factor d·W/L, 

where d is the thickness of the PEDOT:PSS layer inside the membrane and W 

and L are the channel width and length. After normalization, the maximum 

transconductance was found to be 95.9 ± 13.3 S·nm. The ON/OFF ratio, defined 

as the ratio between the absolute current at VGS = -0.6 V and at VGS = 1.2 V, was 

on the order of 102, comparable with values reported for similar printed OECTs. 

To verify the compatibility of the device with lateral-flow operation, the in-

fluence of the distance between the sample deposition point and the extended 

gate was investigated, considering that in a typical strip the liquid travels sev-

eral centimeters before reaching the sensing zone. Measurements performed 

by dropping the NaCl solution at distances of 0.5 cm and 1.5 cm from the ex-

tended gate showed only minor variations in the maximum transconductance, 

indicating that the capillary transport does not significantly affect the device 

response, although a slight dilution effect is observed for longer travel distances 

(Figure 4.7d). 

Figure 4.6 Picture of two printed devices, taken 6 weeks after fabrication. The 

nitrocellulose substrate was soaked with water to assess the stability and func-

tion of the hydrophobic barriers, which had been drawn with a black perma-

nent marker immediately after printing. 
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b) a) 

c) d) 

e) 

Figure 4.7 a) Transfer characteristics and b) corresponding transconductance 

of the device measured at different drain-source voltages, using an SSE layer on 

the channel and gate, while a drop of 100 mM NaCl solution was applied on the 

extended gate. c) Output characteristics of the same device recorded at different 

gate voltages. d) Comparison of the averaged maximum transconductance ob-

tained from three devices when 50 µL of NaCl solution at different concentra-

tions were deposited on the nitrocellulose strip at a distance of 0.5 cm (near) or 

1.5 cm (far) from the extended gate. e) Schematic representation of the OECT 

printed on the nitrocellulose strip, illustrating the different positions used for 

sample deposition before the measurement. 
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4.3.4 Dopamine sensing 

The sensing capability of the paper based OECT was evaluated using dopa-

mine as model analyte. Dopamine (DA) is a neurotransmitter whose concentra-

tion in physiological fluids is typically in the nanomolar range. Recent studies 

have correlated altered dopamine levels to schizophrenia, Parkinson’s disease, 

and attention-deficit hyperactivity disorder (ADHD) driving interest towards 

the development of highly sensitive dopamine sensors256–258. DA is also com-

monly used to test the performance of OECT-based sensors because it under-

goes electrochemical oxidation under applied bias, allowing to detect electrical 

changes associated with the analyte concentration. 

In the experiments, 50 µL of DA solution prepared in 100 mM NaCl were 

dropped at the far end of the strip, and transfer curves were recorded at a scan 

rate of 61.2 mV/s once the liquid reached the extended gate. After an initial sta-

bilization period of approximately 5 minutes, the device response was evalu-

ated by extracting the ION/IOFF ratio and the maximum transconductance at dif-

ferent concentrations (Figure 4.8).  

When a gate voltage is applied, DA is oxidized to dopaquinone, producing 

electrons and protons that modify the electrical potential at the extended gate. 

This change affects the effective voltage applied to the transistor, producing a 

variation in the drain current. Increasing DA concentration produced a progres-

sive decrease in the ION/IOFF ratio and in maximum transconductance, which can 

be attributed to progressive dedoping of the PEDOT:PSS extended gate caused 

by the reaction products of DA oxidation. The decrease in the doped fraction of 

PEDOT:PSS in the extended gate likely reduces the gating efficiency, resulting 

in a progressively lower peak in transconductance. The calibration curve ob-

tained from the maximum transconductance values (Figure 4.8e) gave a limit of 

detection (LOD) of 0.01 mM, calculated using the 3σ method259.  

Additional measurements were performed in the presence of uric acid (UA) 

as interfering species. The potential corresponding to the transconductance 

maximum was shifted to higher values compared to DA, consistent with the 

higher oxidation potential of UA. However, when both molecules were present 

simultaneously, the device did not show clearly separated responses, indicating 

that in the present configuration the sensor is not selective.  

Selectivity could be enhanced by decreasing the gate-voltage scan rate dur-

ing transfer measurements. In the present work, a scan rate of 61.2 mV s⁻¹ was 

selected as a compromise between analysis time and sensing performance, with 

the aim of maintaining a rapid assay compatible with point-of-care testing. 

Lower scan rates would provide additional time for ion transport and electro-

chemical equilibration within the PEDOT:PSS channel, increasing current mod-

ulation and improving signal resolution. Previous studies have shown that 
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slower voltage sweeps can enhance selectivity by allowing transconductance 

peaks associated with different electroactive species to be resolved within the 

same sample260. Although this would increase the measurement time by some 

minutes, the resulting improvements in sensitivity and specificity could 

b) a) 

e) 

c) d) 

f) 

Figure 4.8 a) Transfer characteristics, b) Ion/Ioff ratio averaged over three de-

vices, and c) transconductance measured at different DA concentrations. d) Cal-

ibration plot obtained for DA from the extracted maximum transconductance. 

e) Schematic of the sensing mechanism. f) Maximum transconductance for de-

vices tested with UA, DA, and mixed UA+DA solutions. UA and DA were individ-

ually tested at 0.025, 0.05, 0.1, and 0.15 mM. For UA+DA samples, UA concen-

tration was fixed at 0.1 mM while DA concentration was varied (0.025, 0.05, 0.1, 

and 0.15 mM). Triangles indicate the blank for each series.  
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substantially expand the applicability of the proposed platform for low-concen-

tration biomarker detection. 

 

Overall, the sensing performance of fabricated devices suffers from variabil-

ity in their initial electrical characteristics (Figure 4.13a), likely due to the in-

trinsic variations associated with the deposition of the PEDOT:PSS ink on a po-

rous substrate. Part of the relatively high limit of detection observed in this 

work can be attributed to the variability of the initial electrical properties 

among different devices, which increases the standard deviation of blank meas-

urements used for limit of detection calculation. Moreover, devices with lower 

maximum transconductance are inherently less sensitive, and they therefore 

show worse performances in DA sensing (Figure 4.13b). However, when con-

sidering the response of each device individually, a measurable variation is al-

ready observed between the blank and the lowest investigated dopamine con-

centration (0.005 mM), suggesting that the intrinsic sensitivity of the sensing 

architecture is higher than that indicated by the overall calibration obtained 

from multiple devices (Figure 4.13c). In addition to selecting devices with high 

maximum transconductance, a practical approach to compensate for these dif-

ferences would consist of performing a preliminary measurement using a blank 

solution immediately before sample analysis. Besides providing the reference 

drain current for the specific device, this initial measurement would also allow 

stabilization of the electrochemical response. Similar conditioning procedures 

have been adopted in previous studies on OECT-based sensors, where prelimi-

nary measurement cycles are performed before analytical evaluation to obtain 

a stable baseline48,261. 

From a fabrication perspective, device reproducibility could be improved by 

optimizing the printing process and by introducing a preparatory layer in the 

dry region of the nitrocellulose substrate. Such a layer could partially fill the 

cellulose pores before PEDOT:PSS deposition, reducing variations in ink ab-

sorption, film thickness, and channel morphology due to local differences in ni-

trocellulose porosity and absorption properties, thus decreasing device-to-de-

vice variability and providing more reliable sensing responses. 

In conclusion, the proposed platform could be improved through several 

complementary strategies. Improving fabrication reproducibility via the local 

printing of a preparatory layer before PEDOT:PSS deposition could allow the 

creation of a reliable calibration curve and the reduction of limit of detection. 

Sensitivity and specificity could also benefit from a reduction in the measure-

ments scan rate, at the expense of the total test time. Lastly, printing of a bioink 

containing antibodies or enzymes to be physically adsorbed on the sensing ex-

tended gate could boost the sensitivity and specificity of the device towards spe-

cific analytes. By exploiting the ability of nitrocellulose to retain biomolecules, 
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the gate functionalization could represent a promising strategy for enhancing 

device performances without complex surface modifications steps usually re-

quired to functionalize traditional rigid substrates. 

Table 4.3. Overview of the estimated costs per device. 

Overall, the presented results demonstrate that a fully printed OECT can op-

erate on nitrocellulose and can be integrated into a capillary-driven strip, main-

taining simple processing and low fabrication cost, as shown in Table 4.3, where 

an overview of the estimated costs per device is reported. A detailed breakdown 

of each entry is provided in the dedicated section of the Appendix. 

The combination of dispense printing, localized electrolyte deposition, and 

separation between wet and dry regions enabled stable operation of the tran-

sistor on a porous substrate. The choice of materials and the fabrication process 

were optimized to achieve a cost per device on the order of a few euros, weigh-

ing the economic sustainability of the proposed system. This aspect is particu-

larly important since the device is designed for single-use operation: as com-

monly observed in cellulose-based strips, residual analyte molecules remain 

trapped within the pores of the substrate after the measurement, preventing 

the restoration of the initial baseline and therefore limiting the possibility of 

reuse.  

The geometrical dimensions of the device were optimized to grant comfort-

able use during sample deposition and measurement acquisition, while provid-

ing enough sensing electrode area for future potential functionalization. How-

ever, the Voltera V-One supports device miniaturization, as observed from tests 

on a PMMA substrate (Figure 4.9), potentially supporting further production 

cost reduction. 

 

 

Equipment Supplier price (€) Estimate cost per device (€) 

Nitrocellulose 131 for 10 sheets 0.08 
Silver ink ~ 90 for 2 ml 0.09 

PEDOT:PSS ink ~ 300 for 100 g 0.02 
Printing nozzle 22 for 25 nozzles 0.01 

Permanent marker 1.5 per marker 0.03 
SSE 12.14 for 2.5 ml 0.015 

Kapton mask ~ 70 for 5 sheets 0.60 
Al2O3 layer ~ 65 per run 0.25 

Total cost per device ~ 1.10 
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4.4 Future perspective 

The proposed architecture represents a starting point for the development of 

low-cost electronic lateral-flow platforms that combine the simplicity of paper-

based assays with the analytical capabilities of organic transistors.  

Further improvements in selectivity and sensitivity could be achieved by 

both working on the fabrication and on the functionalization and characteriza-

tion of the devices. From the point of view of the fabrication process, laying a 

preparatory layer could help homogenizing the PEDOT:PSS layers printed on 

nitrocellulose, reducing the variability in channel properties among different 

devices and allowing to strive for high transconductance values. After the opti-

mization of the printing process, introducing specific biomolecules via physical 

adsorption on the gate electrode, coupling the system with nanoparticle-based 

signal amplification strategies, and decreasing the scan rate could contribute to 

enhance both the sensitivity and the selectivity of the device. In particular, the 

immobilization of antibodies, enzymes, aptamers, or other biorecognition ele-

ments on the gate surface could enable selective detection of target analytes 

through specific binding events occurring directly on the nitrocellulose strip. In 

this configuration, molecular recognition at the sensing interface could be 

transduced into measurable variations of the transistor response, paving the 

way for quantitative and application-specific diagnostic tests.  

Integration of nanomaterials like gold nanoparticles, commonly used in col-

orimetric LFAs, could contribute to the electrical signal amplification, as re-

ported in previous studies on OECT-based sensors262,263. Such strategy could al-

low the combination of the traditional colorimetric output, resulting from the 

20 µm 250 µm 

Figure 4.9 Microscopy image of silver dispense-printed source and drain, hav-

ing maxi-mum width of about 250 µm and nominal distance from one another 

of 50 µm. Scale bar is 70 µm. The effective resulting channel length was about 

20 µm, as shown in the inset of the inkjet-printed PEDOT:PSS channel.  
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agglomeration of nanoparticles, with an amplified electrical output, thus 

providing the user with a more immediate qualitative response, given by the 

colored control and test lines, together with the objective response from the 

transistor. 

Additional developments may also focus on expanding the range of detecta-

ble targets, including pathogens, metabolites, and environmental contaminants, 

as well as on the integration of portable readout electronics for fully autono-

mous point-of-care operation. The low operating voltage and relatively high 

output currents of the device make it well suited for coupling with compact and 

battery-powered acquisition systems. 

Future studies should also address the long-term stability and shelf life of the 

platform. Preliminary tests showed that the progressive evaporation of water 

from the solid-state electrolyte (SSE), together with its absorption by the cellu-

lose substrate, leads to a gradual reduction in device performance (Figure 4.10). 

Water is a crucial component of the SSE, as it acts as a mediator for ion transport 

from the ionic liquid through the PEDOT:PSS channel. Its loss therefore limits 

efficient electrochemical modulation of the transistor. Possible strategies to 

overcome this issue include the optimization of the electrolyte formulation, the 

introduction of encapsulation layers, the use of less volatile humectants, and the 

engineering of barrier layers in the dry region to reduce water uptake by the 

porous substrate. Addressing these aspects will be essential for translating the 

proposed concept into practical disposable devices with adequate storage sta-

bility and reproducible operation. 
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4.5 Appendix 1: inkjet printing on porous sub-
strates 

To evaluate the feasibility of inkjet deposition of PEDOT:PSS on cellulose, the 

PEDOT:PSS channel and gate were printed using the piezoelectric drop-on-de-

mand Jetlab®4 inkjet printer (Microfab Technologies) on previously dispense-

printed silver electrodes. The ink formulation for PEDOT:PSS inkjet printing, 

previously described in Chapter 3, consisted of 76% v/v Clevios PH1000, 19% 

v/v ethylene glycol, 4% v/v dodecylbenzenesulfonic acid (DBSA), and 1% v/v 

c) 

a) 

b) Day of fabrication After 24 hours 

Figure 4.10 . a) Schematic of a printed OECT on a LFA strip with antibodies im-

mobilized on the PEDOT:PSS gate. b, c) Transfer characteristics acquired over 

several cycles of measures of a printed OECT on cellulose on the day of fabrica-

tion (b) and after 24 hours (c). 
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GOPS. The resulting OECTs had a channel length of 500 µm, a channel width of 

300 µm, and gate dimensions of 4000 × 1500 µm² (Figure 4.11).  

Figure 4.11a reports the effect of the number of inkjet-printed PEDOT:PSS 

layers on the performance of devices fabricated on nitrocellulose. While the 

two-layer and three-layer devices show similar performance, the one-layer de-

vice exhibits sensibly lower in modulus ON current (ID at VGS=-1V).  

However, the ON current obtained with three layers of inkjet-printed PE-

DOT:PSS is approximately six times lower in absolute value than that achieved 

with three layers of dispense-printed PEDOT:PSS (Figure 4.7a). When compar-

ing the performance of a two-layer device on nitrocellulose with that of an anal-

ogous device printed on poly(methyl methacrylate) (PMMA), it becomes evi-

dent that a significantly higher number of printed layers is required on nitro-

cellulose to reach performances comparable to those obtained on a smooth sub-

strate (Figure 4.11b). 

Overall, dispense printing of PEDOT:PSS proves to be more effective on po-

rous substrates than inkjet printing. This can be attributed to the higher viscos-

ity and higher ink volume delivered per deposition step, which help compensate 

for material dispersion within the branched pore network of the cellulose ma-

trix. This dispersion effect observed with low viscosity, inkjet-printable inks is 

particularly evident when comparing the performance of films deposited on po-

rous substrates with those fabricated on smooth surfaces. 
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4.6 Appendix 2: materials for hydrophobic barri-

ers on paper 

 

In the development of hydrophobic barriers for the separation of wet and dry 

regions and for the protection of silver electrodes from liquid media, alternative 

materials were explored prior to adopting a permanent marker as the final so-

lution. Among these, beeswax and with parylene C were initially considered as 

a potential preparatory coating layer.  
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Figure 4.11 a) Forward transfer curves of printed OECTs on nitrocellulose hav-

ing channel and gate constituted by 1, 2, or 3 layers of inkjet-printed PE-

DOT:PSS. b) Forward transfer curves of printed OECTs on nitrocellulose and on 

PMMA having channel and gate constituted by 2 or 3 layers of inkjet-printed 

PEDOT:PSS. c) Picture of the measure setup for the printed OECTs on nitrocel-

lulose. d) Schematic of the printed OECTs architecture. e) Picture of the measure 

setup for the printed OECTs on PMMA. 
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4.6.1 Experimental 

The materials barrier function was tested after inkjet printing silver tracks, 

PEDOT:PSS channel and gate and SSE layer on top of the preparatory layers, 

using the Dimatix Materials Printer DMP-2800 with a standard Samba car-

tridge. The inkjet-printable silver ink was acquired by Novacentrix, and it was 

used as received. The ink formulation for PEDOT:PSS inkjet printing, previously 

described in Chapter 3, consisted of 76% v/v Clevios PH1000, 19% v/v ethylene 

glycol, 4% v/v dodecylbenzenesulfonic acid (DBSA), and 1% v/v GOPS. The re-

sulting OECTs had a channel length of 300 µm, a channel width of 600 µm, and 

gate dimensions of 1500 × 1500 µm². The ink formulation for the SSE, previ-

ously described in Chapter 3, consisted of 1.0 mL of deionized water, 750.0 mg 

of N-isopropylacrylamide, 20.0 mg of crosslinker, 200.0 mg of photo-initiator, 

and 1.5 mL of ionic liquid, stirred overnight at room temperature. 

 

4.6.2 Beeswax deposition 

Beeswax is a natural, renewable material composed mainly of long-chain al-

kanes, fatty acids, and esters, widely used in coatings due to its hydrophobicity, 

biocompatibility, and low toxicity. In these experiments, beeswax was locally 

deposited to form a preparatory layer beneath inkjet-printed silver tracks by 

briefly heating it at approximately 60 °C using the tip of tweezers. However, the 

rapid solidification at room temperature made controlled and homogeneous 

deposition challenging, often resulting in non-uniform layers. Moreover, subse-

quent fabrication steps involving thermal curing of the silver and PEDOT:PSS 

inks led to partial remelting of the wax, introducing variability in the final de-

vice structure and posing a risk of interference with the conductive pathways.  

Overall, the beeswax allowed to properly exploit the nitrocellulose capillar-

ity for the transport of the liquid sample to the sensing gate, also providing good 

insulation of the channel and gate from the extended gate. Beeswax could be 

effectively employed as a hydrophobic barrier in dispense-printed devices ra-

ther than as a preparatory coating layer underneath inkjet-printed devices. 

However, its performance did not match that of the permanent marker in terms 

of reproducibility, stability, and ease of processing.  

 

4.6.3 Parylene C deposition 

Parylene C was also investigated as an alternative preparatory layer prior to 

inkjet printing of silver tracks. Parylene C, a poly(chloro-para-xylylene), is a 
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chemically inert, pinhole-free polymer commonly deposited via chemical vapor 

deposition (CVD) to form conformal thin films. It is widely used in microelec-

tronics and biomedical applications as a dielectric layer, moisture barrier, and 

protective coating, as well as in photolithographic processes as a masking ma-

terial due to its uniform coverage and chemical resistance. In this context, 

parylene C was considered for its potential to infiltrate and seal the pores of the 

nitrocellulose substrate, thereby reducing the dispersion of water-based silver 

inks and preventing direct contact between the conductive tracks and the liquid 

sample. However, practical limitations arose as the fragile and porous nature of 

nitrocellulose was incompatible with conventional masking approaches, based 

on adhesive tapes or films, for the regions intended to remain uncoated. As a 

result, the whole nitrocellulose strip became hydrophobic and lost its capability 

to adsorb and transport liquids by capillarity. This hindered selective deposi-

tion and limited the applicability of parylene C within the fabrication workflow.  
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Figure 4.12 a) Picture and b) transfer curves of an OECT on nitrocellulose, fully 

inkjet-printed on a beeswax preparatory layer. c) Transfer curves and d) picture 

of an OECT on nitrocellulose, fully inkjet-printed on a parylene C preparatory 

layer.  
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4.7 Appendix 3: inter-device variability 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. a) Drain current at VGS=-0.5 V of 4 different devices. b) Maximum trans-
conductance of the four devices in a), obtained from their forward transfer curves. 
c) Sensing response to DA (Device1 and Device2) and to UA (Device3 and Device4), 

calculated as 𝑦 =  
𝑔𝑚,𝑚𝑎𝑥

𝑐𝑜𝑛𝑐 −𝑔𝑚,𝑚𝑎𝑥
𝑏𝑙𝑎𝑛𝑘

𝑔𝑚,𝑚𝑎𝑥
𝑏𝑙𝑎𝑛𝑘 . 

UA sensing 

DA sensing 
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Chapter 5 

 

5 Conclusions  

This thesis focused on the fabrication and characterization of PEDOT:PSS 

films, and on their integration in OECTs for point-of-care sensing applications. 

The relationship between processing, morphology, and electrochemical be-

havior in inkjet-printed and aerosol-jet-printed PEDOT:PSS films integrated 

into OECTs was investigated in Chapter 3.  

First, in situ Raman spectroscopy was used to monitor structural changes in 

inkjet-printed PEDOT:PSS during OECT operation. In the device with a bare gold 

gate, the PEDOT:PSS channel exhibited a progressive red shift of the C=C sym-

metric stretching band under positive gate bias, consistent with channel dedop-

ing induced by cation injection from the electrolyte. When the gate bias was re-

versed, the band returned to its initial position, confirming the reversibility of 

the electrochemical process and in agreement with the expected operation of 

PEDOT:PSS-based OECTs. 

In the device with PEDOT:PSS also deposited on the gate electrode, the Ra-

man spectrum recorded under a 0.5 V gate bias exhibited a larger red shift of 

the C=C symmetric stretching band than that observed for the bare-gate device 

under the same conditions, providing direct evidence of the effect of higher gate 

capacitance on channel modulation. The Raman spectra acquired on the source 

and drain regions of the channel showed that the pristine material was already 

in an intermediate state, with coexistence of oxidized and neutral PEDOT frac-

tions. Upon negative gate bias, the C=C stretching band shifted toward higher 

wavenumbers, indicating an increase in the oxidized PEDOT population, 

whereas positive gate bias produced a shift toward lower wavenumbers, asso-

ciated with a larger contribution of reduced PEDOT species. Raman spectra ac-

quired directly on the PEDOT:PSS-coated gate showed the opposite trend with 

respect to the channel, consistent with the fact that the conducting polymer gate 

is itself electrochemically active and undergoes redox modulation during gate 

bias application.  

The Raman measurements performed on inkjet-printed PEDOT:PSS channels 

on nitrocellulose highlighted the potential influence of the substrate on the elec-

trochemical behavior of the conducting polymer. While the pristine spectrum 

before measure was comparable to that recorded on glass, the spectrum 
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acquired after repeated operation cycles exhibited a red shift of the main C=C 

stretching band together with a reduction in intensity. These features suggest 

the presence of residual dedoping and possibly the onset of structural disorder 

or degradation. The porous cellulose matrix may promote ion retention and in-

complete recovery of the initial oxidation state, which could hinder the revers-

ibility of the film electrochemical modulation.  

Overall, the Raman investigation confirmed that printed PEDOT:PSS films 

preserve the characteristic spectroscopic signatures reported in the literature 

for electrochemically modulated conducting polymers, while also revealing the 

important role of device architecture and substrate in determining the struc-

tural evolution of the material under bias. The results also emphasize that the 

interpretation of PEDOT:PSS Raman spectra remains complex and not univocal, 

since the observed shifts are influenced not only by benzoid-quinoid transitions 

but also by measure conditions and resonance effects. 

 

Atomic force microscopy was employed to study the relationship between 

morphology and device performance of PEDOT:PSS channels deposited by 

inkjet printing, aerosol jet printing, and spin coating.  

Electrical measurements showed that the deposition technique has a strong 

impact on OECT performance. Aerosol-jet-printed devices exhibited the fastest 

switching behavior, the highest Ion/Ioff ratio, and the largest normalized trans-

conductance, despite spin-coated devices showing the highest absolute ON cur-

rent. Inkjet-printed devices displayed the lowest amplification capability 

among the three fabrication routes.  

AFM analysis provided a structural explanation for these trends. Aerosol-jet-

printed films showed a much higher surface roughness than inkjet-printed 

films, indicating a larger effective surface area. Phase images and dissipated en-

ergy maps further revealed that AJP films undergo a more pronounced phase 

segregation between PEDOT-rich and PSS-rich regions. In the AJP samples, 

elongated and oriented less dissipative domains, assigned to PEDOT-rich re-

gions, were embedded in a more dissipative PSS-rich matrix. In contrast, the IJP 

films displayed a finer and more interconnected distribution of the insulating 

and the conducting phase. These observations suggest that aerosol jet printing 

promotes a redistribution of PEDOT and PSS during drying and annealing, fa-

voring the formation of larger conductive domains. In AJP channel OECTs, the 

rougher morphology and enhanced phase segregation can facilitate ion access 

to the bulk of the channel while simultaneously providing more efficient elec-

tronic pathways through the PEDOT-rich phase. In this way, aerosol jet printing 

appears to optimize the balance between ionic and electronic transport, result-

ing in more efficient electrochemical modulation of the channel. 
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In Chapter 4, the design of a printable OECT on paper for integration into sin-

gle-use LFAs was presented. For this sensing platform, the selection of materi-

als, including a cellulose substrate, printed silver electrodes, and polymer-

based gate architectures, together with a cost-effective fabrication technique, 

contributed to reducing fabrication costs while maintaining adequate device 

performance, leading to an estimated cost per device on the order of a few eu-

ros.  

Among the explored fabrication techniques, dispense printing enabled the 

rapid prototyping and high-throughput manufacturing of low cost devices with-

out the need for complex infrastructure. Although the passivation of the elec-

trodes was achieved through a relatively expensive Al2O3 deposition via e-beam 

evaporation, its impact on costs can be mitigated in large-scale production, 

where fixed costs are distributed over a high number of devices. 

The use of a solid-state electrolyte in the active area in combination with a 

hydrophobic barrier allowed a reliable separation between wet and dry regions 

of the device, essential to preserve channel stability, prevent undesired interac-

tions with the analyte, and avoid contamination. While the use of hand-drawn 

barriers proved effective for prototyping, it introduces limitations in terms of 

industrialization and automation of the process. This could be addressed in fu-

ture developments through automated patterning approaches and by optimiz-

ing specific inks for the definition of insulating regions. 

The electrical characterization of the devices highlights their suitability for 

portable applications, thanks to low operating voltages and current levels in the 

milliampere range, which simplify signal acquisition and processing. When in-

tegrated into a capillary-driven nitrocellulose strip, the device exhibited stable 

operation and a Limit Of Detection of 0.01 mM for dopamine. Although this sen-

sitivity does not yet reach the levels required for certain biomedical applica-

tions, the results validate the proposed architecture as a promising platform for 

the integration of OECTs into simple microfluidic systems. Improving device re-

producibility upon fabrication optimization, striving for high maximum trans-

conductance, reducing measurements scan rate, functionalizing the sensing 

gate with biomolecules, and coupling the device with nanoparticle-based am-

plification strategies could all contribute to lower the detection limit and 

achieve selectivity. Owing to its high surface area and direct exposure to the 

analyte, the extended gate offers a suitable interface for targeted sensing strat-

egies. 

Overall, the presented approach supports the development of scalable and 

affordable biosensing platforms based on printed electronics on paper sub-

strates. The integration of OECTs into capillary-driven systems represents a 

promising direction toward the realization of fully integrated, low-cost point-

of-care diagnostic devices. 
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