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ABSTRACT 

Inkjet-Printed In-Vitro Organic Electronic Devices  

Hussain Asghar 

 

In-vitro electronic devices are promising to dynamically monitor minute-changes in 

biological systems. Electronic devices based on conducting polymers such as poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) provide suitable and 

attractive substrates for biointerfacing. The soft polymer surface acts as a cushion for the 

living systems to interface while electronically detecting their properties. However, to this 

date, most bioelectronics devices have been fabricated via multi-step lithography 

techniques, which do not allow for mass fabrication and hence high throughput biosensing. 

Inkjet printing presents an alternative to fabricate organic bioelectronic devices. Besides 

being low-cost, inkjet printing allows to fabricate several devices in a short time with 

flexible design patterns and minimal material waste. Here, using inkjet printing, we 

fabricated PEDOT:PSS based organic electrochemical transistors (OECTs) for 

biomembrane interfacing. We optimized the deposition of various inks (silver 

nanoparticles (AgNPs), PEDOT:PSS, and the dielectric SU-8) used during the fabrication 

of these devices. We characterized the electrical characteristics of all-printed OECTs with 

various geometries and identified the high-performing ones. Due to the flexibility of ink 

optimization and design patterns, these all inkjet-printed electronic devices provide an 

alternative for mass production of biointerfacing platforms.  
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Chapter 1 

Introduction 

1.1 Objectives and Contributions 

Electronics have been widely used for biomedical applications. For example, 

electrocorticography (ECoG) electrodes record the brain's electrical activity when placed 

directly on the cerebral cortex63. Clinicians use such information to diagnose 

malfunctioning regions of the brain and map areas that lead to certain motor functions. 

Electronic devices can also be worn on the surface of our skin to monitor muscle activity, 

record heartbeats, blood flow, or detect biomarkers from sweat14. Bioelectronics is the field 

that intersects biology and electronics. The scope of bioelectronics goes beyond a direct 

electrode to record electrical activity in-situ or a wearable device that monitors our health. 

Bioelectronics can also be in-vitro systems that can detect biomolecules from bodily fluids 

or be used to interface living cells as well as parts of cells, such as native cell membranes64. 

Mammalian bilayer56, virus-like bilayer57, and bacterial bilayer58 are examples of cell 

membranes that can be made and formed on top of organic bioelectronics based on 

conducting polymers to capture the functionality of the mother cell. The lipid bilayer is the 

exterior part of every cell type which keeps it protected from external effects and regulates 

which species transport in and out of the cell via the function of its integrated proteins. The 

formation of a two-dimensional model of a lipid bilayer on top of electronic devices allows 

to monitor the cell function (e.g., transport) and how it interacts with its outer world. The 

in-vitro bioelectronic system is exciting as it allows us to replace animal models for drug 
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discovery or enriches our understanding of how our cells react to viruses and pathogens. 

This is particularly important as many drugs fail during clinical trials due to the differences 

between animals and humans. There is a need to shift to in-vitro models that use human 

cells and their cellular membranes to mimic the functionality and complexity of human 

organs, obtaining more physiologically relevant data about human physiology and the 

potential of new therapeutics via probing cell membranes with electroactive transducers59. 

In-vitro bioelectronic devices can provide real-time information by transducing biological 

signals from such cellular membranes into an optical and readable electronic output64.  

Recent trends show that organic electronic materials (mostly in the form of conjugated 

polymers) provide an excellent surface for cells and cell-like species. In particular, 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is an attractive 

conducting polymer for bio-interfacing due to its biocompatibility, mixed ionic/electronic 

conduction, electrochemical stability in aqueous electrolyte, soft mechanical properties, 

and transparency, allowing for optical readout62. Thus, PEDOT:PSS has been utilized with 

organic electronics such as organic electrochemical transistors (OECTs) applied at the 

interface with biological systems both for in vitro and in vivo systems. For example, 

PEDOT:PSS based OECT has been utilized for in vitro monitoring the formation of 

supported lipid bilayer55, in vitro monitoring cell coverage60, and in vivo recording 

electrophysiological activity61. 
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Lithography-based fabrication techniques are the norm to fabricate (organic) bioelectronic 

devices. Lithography-based fabrication, however, requires several tedious steps (such as 

mask alignment, etching, vapor deposition of metals), expensive instrumentation, and 

elaborate know-how. Printing techniques such as screen printing, aerosol printing, and 

inkjet printing offer an alternative for mass production of electronic devices. Among these 

techniques, inkjet printing is a versatile piezoelectric inkjet system that relies on jetting 

tiny droplets of inks on various substrates without making contact with nozzles. It is often 

used for research and development (R&D). It has fewer materials waste, a wide variety of 

inks, and is cost-effective compared to other printing techniques. Although it is currently 

limited with the size of the features it can make, inkjet printing can provide more freedom 

in printing on many types of substrates in a shorter time with minimal cost and material 

waste compared to standard lithography techniques25.  

In this thesis, we present the inkjet printing of one of the commonly used organic 

bioelectronic devices, that is, OECTs that have been used in interfacing cellular 

membranes55. We optimize the printing procedure (such as drop spacing, substrate coating, 

substrate treatment, materials thickness, and cure annealing) to achieve high 

transconductance transistors at low voltages. We evaluate how the channel geometry and 

the thickness of materials affect the device's performance. Finally, we utilized electrical 

characterization methods (such as current-voltage analysis of output curves, 

transconductance curves, bandwidth profile, and pulse time characteristics) for devices’ 

validation and identifying the best-performing ones. The electrical performance of the all-

printed OECTs promises the development of in vitro organic electronics platforms for 

biological interfacing.  
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1.2 Electronics for bio-sensing  

1.2.1 Conducting Polymers (CPs) 

(Semi) conducting polymers (CPs) have a π-conjugated backbone that allows for electronic 

charge generation and transport. They have been used in the fabrication of solar cells, light-

emitting diodes, and transistors ever since the discovery of metallic polyacetylene by 

Heeger, MacDiarmid, and Shirakawa in the 1970s. Later in 2000, they were awarded the 

Nobel Prize in Chemistry for the discovery and development of CPs. It was found that high 

electrical conductivity can be achieved in a broad range when using suitable counterions 

called dopant3. This discovery opened the door for the development of other conjugated 

backbones such as polypyrrole, polyaniline, and poly(3,4-ethylenedioxythiophene) 

(PEDOT). CPs have the advantage of being soft, flexible, and lightweight while showing 

electrical conductivity. The mechanical and electrical properties can be controlled through 

appropriate dopants, secondary dopants, additives, and treatments65. Currents are carried 

by both electrons (a negative charge carrier) and holes (a positive charge carrier). When a 

semiconducting polymer is doped with an acceptor, the number of holes carriers outweighs 

the number of electron carriers. As a result, we call it a p(positive)-type polymer. In 

contrast, if the polymer is doped with a donor, the majority of carriers are electrons; 

therefore, it is called an n(negative)-type polymer4. 

One of the most used CPs is PEDOT doped with poly(styrenesulfonate), PEDOT:PSS 

(Figure 1a). It is a p-type polymer that offers many advantages such as mechanical 

flexibility, stability against chemical and physical exposure, high conductivity, optical 

transparency, and ease of fabrication. PEDOT:PSS can be found as a commercially 
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available dispersion in water which can be processed using spin casting, drop-casting, or 

printing. Depending on the type of formulation and additives used, the conductivity and 

processability differ.  PEDOT:PSS has been widely used in many applications such as hole 

transport layer in organic solar cells (OSCs) 16,17 and very widely in bioelectronics18,19,20,21.  

In bioelectronics, PEDOT:PSS devices have been used for a variety of functions. For 

example, thin PEDOT:PSS films can be utilized to release drugs locally through 

iontophoresis22 and discover new drugs through models based on PEDOT:PSS that monitor 

the electrochemical changes on our cells in response to toxins and upon the addition of 

drugs64. Also, real-time measurement of vital signs is possible through wearable 

PEDOT:PSS electrodes that transduce the biochemical changes of biomarkers into 

readable signals14. Moreover, PEDOT:PSS based devices, especially OECTs, can be 

utilized in integrated circuits and work as amplifiers66 or inverters67. The wide range of use 

of PEDOT:PSS in bioelectronics mainly stems from its biocompatibility and 

electrochemical stability. The films can also be modified using additives to be stretchable, 

which makes them very useful for building wearables. Finally, stability in air and water is 

crucial for practical applications, which is successfully attained for PEDOT:PSS through 

cross-linkers and adhesion promoters. 

1.2.2 Organic Electrochemical Transistors (OECTs)  

A transistor is a device that regulates current or voltage flow by amplifying or switching 

electronic signals. A transistor that is based on CPs has been extensively used for 

bioelectronics. There are two main types of CP based transistors used in bioelectronic 

applications: the electrolyte gated organic field-effect transistor (EGOFET) and the organic 
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electrochemical transistor (OECT). OECT and EGOFET are similar to each other in terms 

of device architecture (Figure 1b-c). The device has three terminals: a gate (G) electrode 

and a conjugated (or conducting) polymer-based channel cast between source (S) and drain 

(D) electrodes. The CP is in direct contact with an (often aqueous) electrolyte. The gate 

electrode is either dipped into this electrolyte from the top or placed laterally to the channel. 

 

Figure 1. a) Chemical structure of PEDOT:PSS. A typical b) OECT and c) EGOFET 

architecture1 showing the source (S), drain (D), and gate (G) electrodes, conducting 

polymer (CP) in the channel, and the electrolyte.  
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The working principle of these electrolyte-gated transistors is as follows. A gate voltage 

(VG) is applied from the gate electrode (G) through the electrolyte, and a drain voltage (VD) 

is applied to the drain with the source being grounded. Upon application of a positive 

(negative) VG, cations (anions) in the electrolyte travel towards the channel. Depending on 

the permeability of the CP in the channel, these ions penetrate into the film. The ion 

penetration into the channel also distinguishes the OECT from the EGOFET since for the 

OECT, the CP is ion-permeable (it is a mixed ion/electron conductor), while the CPs used 

in EGOFETs do not allow for ion uptake. As the ions penetrate the CP channel, they 

electrostatically couple with the injected charges, hence changing the doping state of the 

polymer. The coupled ionic/electronic chargers change the magnitude of the current 

flowing in the channel (ID)2. Since in OECTs, the ions use the whole film volume to 

generate or deplete the electronic charges, the current modulation upon application of VG 

is much larger than EGOFETs. However, this type of operation also leads to devices that 

switch on significantly slower. Both types of devices operate at low voltages below 1 V, 

which is crucial when the device is interfacing with biological systems where oxidation of 

species is undesirable. Both devices convert ionic signals into electronic ones, but OECTs 

amplify more. Also, OECT transconductance (gm = ∂Id/∂Vg) is tunable through device 

geometry, allowing for high-performing devices by varying the dimensions of the channel. 

For these reasons, in this work, we will concentrate on OECTs. 

There are two modes of operations for OECTs fabricated with CPs: depletion mode and 

enhancement mode. In the depletion mode, the transistor is in the ON state, meaning that 

a current flows in the channel. The typical CP used in depletion mode OECTs is the 

PEDOT:PSS. PEDOT:PSS is conducting in its pristine state as the anions of PSS 
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compensate for the holes of PEDOT. Upon applying a positive VG, cations (M+) from the 

electrolyte diffuse and penetrate the polymer channel, and the PSS anions are compensated. 

As a result, holes current is reduced at the channel and the transistor is switched OFF2. That 

causes a dedoping of highly conducting PEDOT+ in an oxidized state to less conducting 

PEDOT0 in a neutral state. The following reversible reaction occurs during the operation 

of the PEDOT:PSS OECT48: PEDOT
+

: PSS
− 

+ M
+

 + e
−

↔PEDOT
0

 + M
+

:PSS
−

. In 

contrast, an enhancement mode transistor is in an OFF state in the absence of a gate bias 

due to the lack of holes or electrons in the channel. Upon applying a negative (positive) 

VG, anions (cations) penetrate the channel, resulting in accumulation of holes (electrons) 

in the channel, and the transistor reaches the ON state14. The majority of the OECT devices 

have been fabricated with the commercially available PEDOT:PSS and they operate in 

depletion mode15. In this thesis, we will also use PEDOT:PSS based depletion mode 

devices. 

 

1.3 Fabrication of electronic devices  

Scaling down biosensors to the micro/nanoscale level has unique advantages such as low 

weight, low power consumption, high resolution, and sensitivity. These miniaturized 

devices are fabricated on substrates with different textures and mechanical flexibility such 

as silicon wafers, glass wafers, and flexible plastic or textile-based substrates. The 

fabrication of such devices is typically achieved using photolithography. This technique 

requires a cleanroom and is a layer-by-layer process that involves adding and removing 

materials from the same substrate by the same amount. As a result, the required structural 
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geometries are obtained after multiple steps. The high demand for mass production of 

bioelectronic devices has made alternative fabrication techniques which allow for easier 

and faster processing necessary9. Printing technologies, such as screen printing, aerosol 

printing, and inkjet printing, present an excellent opportunity for advanced manufacturing. 

Each method has its advantages and disadvantages, which we will summarize below. 

1.3.1 Lithography  

The traditional method to fabricate biosensors is photolithography. This method relies on 

ultraviolet (UV) light to make a pattern transfer. An essential element in photolithography 

is a resist which is a photosensitive polymer. The resist can be positive in which upon the 

exposure of UV, the layer will be removed. It can also be a negative resist in which the 

layer remains upon the exposure of UV light. First, the substrate needs to be prepared and 

cleaned by first spin coating of a resist and pre-baking (Figure 2). Then, adhesion 

promoters can be used before aligning the mask to the substrate. The use of masks is 

significant to define the pattern of the biosensor. A developer is used after that to wash 

away the resist. Finally, etching and deposition techniques are used in this stage. In general, 

to have a patterned layer in a substrate, the process requires 5-7 steps in an immaculate 

condition. Lithography technique results in high resolution, accuracy, and repeatability and 

yet requires a long process and high costs.  
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Figure 2. Photolithography process5. Reproduced with permission from Merck KGaA, 

Darmstadt, Germany. 
 

1.3.2 Additive manufacturing technologies  

Additive manufacturing (AM) are technologies that are known for rapid prototyping. They 

are traditionally known as the methods that result in 3D physical objects designed using 

computer-aided design programs and transferred promptly into physical prototyped 

objects. However, AM technologies are utilized to make functional electronics such as 

integrated circuits, batteries, transistors, diodes, and other components that make active 

electronics. AM technologies are classified into two categories: contact printing techniques 

Substrate 

UV-light 
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such as screen printing and non-contact printing techniques such as aerosol printing and 

inkjet printing.  

1.3.2.1 Screen Printing  

Screen printing is a contact printing method that requires direct contact between printing 

pads and substrates in which ink is transferred from the pads to a substrate. The schematic 

of the screen printing technique is shown in Figure 3. The use of screen printing requires 

a stencil with openings that form the desired pattern to be printed onto the substrate. A 

squeegee is then utilized to press the ink within the openings forming the desired pattern. 

One of the advantages of using this technique is for low-cost mass production of 

bioelectronics in large surface areas of substrates7. A drawback of the screen printing 

method is that it requires high viscosity inks between the ranges 1-50 Pa∙S as low viscosity 

inks run through the mesh excessively, resulting in undesired spreading onto the substrate. 

This raises an issue in terms of the electrical conductivity of semiconducting polymer inks 

as more binders are required to make them more viscous, yet resulting in lower 

conductivity8.  

 

Figure 3. Schematic of flatbed screen printing technique77. The main components are the 

substrate, ink, mesh, and squeegee. Adapted with permission from American Chemical 

Society. 
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1.3.2.2 Aerosol Printing  

Aerosol printing is a non-contact printing method in which there is a space of 2 to 5 mm 

distance between the nozzles and substrate. It is based on droplet deposition, and even 

though this technique makes OECTs with high resolution10, it is still very much underused. 

Aerosol printing, as shown in Figure 4, relies on an aerodynamic process that starts by 

placing the ink in an atomizer. The atomizer creates ink droplets in the form of mists that 

flow through the tubing to the deposition head. In the deposition head, there is a sheath gas 

that has two main functions. It works as an accelerator of mist's velocity, makes the droplets 

onto the central streamline, and avoids unwanted spreading. Also, it insulates the contact 

between nozzles and materials, which prevents clogging. This system makes devices with 

fine details with high precision and high resolution that can print line widths as small as 10 

μm6. However, one of the drawbacks is that it is an expensive system which limits its use 

widely compared to inkjet printing.    
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Figure 4. Schematic of aerosol-jet printing which involves the main components: atomizer, 

ink, and sheath gas9. By Shweta Agarwala is licensed under CC BY 3.0. 

1.3.2.3 Inkjet Printing  

Inkjet printing is another non-contact printing technique that relies on droplets from 

nozzles to substrates. Inkjet printing is a commonly used technique in many sectors because 

of its simplicity. This type of printer can be as simple as printers available in homes. People 

have been using these printers for years to print digital files as documents and photos 

because of their affordability and availability for both personal and industrial levels. 

Furthermore, inkjet printers are utilized for more complicated applications as in electronics 

and pharmaceuticals. Solar cells, circuit boards, and organic light-emitting diodes are 

examples of some of the devices that can be printed using this method23. Inkjet printers are 

a cost-effective option for making bioelectronic devices with promising capabilities. Also, 

there are different types of commercially available inks for inkjet printers. Most 

https://creativecommons.org/licenses/by/3.0/


27 
 

importantly, inkjet printing causes less material waste compared to lithography and screen 

printing techniques.  

There are two operating methods of inkjet printers: continuous inkjet (CIJ) and drop on 

demand (DOD). They are the same in terms of the ink flow in a small hole called a nozzle, 

but they differ in the nature of the flow as the continuous inkjet printing eject inks drops 

continuously through the nozzles of the inkjet printhead, and the drop size can be as small 

as 100 μm. In contrast, DOD technology is impulsive and only ejects inks drops when 

required, and the drop size can reach as low as 20 μm. CIJ became the standard equipment 

in factories and started to be commercially applied to code and mark products during the 

1970s and 1980s23. From the 1990s and after, DOD has been rapidly developing, and it 

offered much higher resolution and low cost and the capability to manipulate the small 

drops of inks23.  

There are three different methods of DOD inkjet printing which are piezoelectric, thermal, 

and electrostatic mechanisms, as shown in comparison in Figure 5. They are necessary to 

generate a pressure pulse required to eject a drop among DOD inkjet printers. In the thermal 

mechanism (Figure 5a), a heater is placed inside the fluid chamber of ink, and the ink is 

heated to create bubbles, which generates a pressure pulse that results in ink ejection6. In 

the piezoelectric mechanism (Figure 5b), the pressure pulse that causes ink ejection is 

generated due to the piezoelectric transducer that changes shape and volume6. Finally, the 

electrostatic mechanism (Figure 5c) works by creating electrostatic forces that induce the 

pressure to generate the ink ejection. The potential difference applied between the 

conductive ink, and the electrode plate makes the electrostatic force24. However, the most 
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common DOD inkjet printers are thermal and piezoelectric. Even though the piezoelectric 

printheads are more expensive than the thermal ones, the piezoelectric printhead is 

favorable for printing bioelectronic devices due to its ability to handle a wide range of inks. 

The thermal printhead requires inks that withstand high temperatures and satisfactorily 

vaporize without losing functionality23.  

 

Figure 5. Three different mechanisms of a DOD inkjet printer78: a) thermal, b) 

piezoelectric, and c) electrostatic. Adapted from Springer with permission. 

 

In this thesis, FujiFilm Dimatix-DMP-2831, a DOD inkjet printer that uses a piezoelectric 

transducer, is used to print OECTs with conductive inks and insulators. The inkjet printer 

is able to eject inks, including nanoparticle suspensions, solvent‐based, aqueous‐based, 

UV‐curable fluids, and biological solutions. Since the nozzles of the cartridges are arranged 

in a single row, the printing resolution can be adjusted by changing the cartridge angle 

from 1.1° to 90°. As a result, the spacing between each drop from center to center to the 

next in X and Y is adjustable, and that is called drop spacing. Drop spacing is adjustable 

from 5 μm to 254 μm in one-micron increment (Dimatix Fujifilm, 2008).  

 

1.4 Inkjet-printed materials for electronic bio-sensing devices  
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There are many types of materials that can be printed using the inkjet printer. The types of 

materials can be metallic and non-metallic. The most commonly used metallic inks for 

printed electronics are silver26, gold25, and copper68. Non-metallic inks include polymers29 

and carbon-based inks (such as graphene30). The diverse library of printed inks has made 

it possible to obtain all-printed devices from conductive tracks, CPs as channels and hosts 

for biological sensing, and insulators to define the areas of printed electronics. 

1.4.1 Metallic Inks  

Metals are most widely used for printing the conductive tracks and pads for printed 

electronics. Metallic nanoparticles are zero-dimensional materials on their dimensional 

nanostructure size. At the nanoscale level, the size of the nanoparticle is less than 100 nm. 

Nanoparticles inks have high conductivity, good shelf-life, and high loadings of 

nanoparticles that reach up to 40%27. Zero-dimensional materials such as nanoparticles are 

preferred compared to one-dimensional materials (nanowires) for jetting printheads as they 

are less likely to get clogged27. This issue can be mitigated by making metal solutions such 

as metal-organic decomposition (MOD), a metallic salt dissolved in a suitable solvent for 

better inkjet jettability, and reduced nozzles clogging.  

The choice of metal is based on cost, bulk resistivity (or conductivity), and ease of 

handling. In terms of conductivity, silver nanoparticles have the highest conductivity as the 

bulk resistivity is the lowest with 1.59 × 10−8 Ω∙m compared to copper 1.72 × 10−8 Ω∙m 

and gold 2.44 × 10−8 Ω∙m28. In terms of cost, gold is the most expensive, and copper is the 

least costly. In terms of handling, copper seems to be the most difficult as its nanoparticles 
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oxidize in air. Thus, silver nanoparticles are the ideal choice for inkjet printing, and it has 

been the most reported for printed electronics28.  

1.4.2 PEDOT Inks  

Conductive inks are not limited to inks with a metallic component. Alternative conducting 

inks based on polymers are commercially available such as PEDOT:PSS aqueous 

dispersions that can be deposited using inkjet printing or screen printing. It offers some 

advantages over metallic inks. PEDOT inks are suitable for biomedical applications 

because of their biocompatibility and electronic and ionic transport properties. The films 

are also chemically stable and have typically a certain degree of elasticity and softness. 

Thus, the ink is printed on flexible substrates such as polydimethylsiloxane (PDMS) and 

polyurethane and the resulting devices are intended for wearable bioelectronics29,30. In this 

thesis, we inkjet-printed PEDOT:PSS on glass substrates. The rigid substrate has been 

widely reported for the fabrication of in vitro biosensors31,32. 

The printing quality of PEDOT:PSS can be tuned through additives and surfactants that 

enhance the wettability and stability of printed films on rigid substrates. 

Glycidoxypropyltrimethoxysilane (GOPS) is a cross-linking agent; when it is added to the 

PEDOT:PSS ink, it prevents the delamination of the film from the substrate when it is 

immersed in water33. It is wise to use a small amount of GOPS, which is 1 wt%, to ensure 

a dense network of dispersion but keeping a high conductivity of the film since increasing 

the amount of GOPS above 1 wt% reduces the conductivity of PEDOT:PSS34. Dodecyl 

benzene sulfonic acid (DBSA) is a surfactant that is typically added to the PEDOT:PSS 

dispersions to facilitate the printing process and enhance the wettability of the ink during 
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printing. Moreover, even though a higher percentage of DBSA that is 0.6 v/v% and higher 

in the formulation results in a more conducting PEDOT:PSS film, it causes phase 

separation of the mixture and results in a poor film quality35. Thus, it is essential to keep 

the percentage of DBSA at 0.5% v/v and below. Another surfactant used with PEDOT:PSS 

formulation is Dynol 604 which increases wettability, reduces surface tension, and 

enhances the print quality36.  In this thesis, we use for our PEDOT ink PEDOT:PSS 

dispersions with 0.4% v/v of DBSA, 1 wt% of GOPS, and 0.3% v/v of Dynol 604. 

1.4.3 Dielectrics  

Dielectrics are required in electronic devices as insulators or separation layers. Dielectrics 

can be printed for multilayer printed electronics37 to separate different layers of conductive 

inks. Also, they can be printed on the top of the conductive traces and leaving openings to 

define the sensing (active) area38. There are many printable insulators such as SU-8 (epoxy-

based resins), PDMS (silicon-based polymer), and aluminum oxide-resin composite27. In 

this thesis, a commercially available inkjet printable SU-8 is used and optimized.  

Chapter 2 

Results and Discussion 

In this chapter, we will detail the optimization process of the printability of inks in glass 

substrate for OECTs. The final schematic of OECTs is shown in Figure 6. The 

optimization journey for this final schematic includes a series of experiments. We 

investigate glass treatments and coatings and how it affects the printing resolution, 

conductivity, and adhesion of AgNPs and PEDOT:PSS in glass. We also investigate the 
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effects of oxygen and argon plasma treatments on the conductivity and printing quality of 

two commercially available AgNPs and the printing quality of SU-8. We also vary the key 

printing parameters of inkjet printing such as drop spacing, bed temperature(during 

printing), curing temperature, and layer thickness. We observe how these changes in 

parameters affect the quality of printed layers of AgNPs and SU-8.  

 

Figure 6. Schematic of a cross-sectional structure of OECTs devices printing process 

showing the substrate and the printed materials. 

Printing Optimization  

2.1 Substrate Choice and Optimization 

The substrate on which the electronic device is printed is chosen considering the end-use 

of the device as well as its compatibility with the fabrication methods, solvents used etc.. 

Suppose the intended use of the printed device is a wearable sensor that monitors 

physiological activity continuously. In that case, the suitable choice is a flexible and 

stretchable substrate that is conformable with the body movement. Also, suppose the 
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intended use is a disposable sensor such as a glucose sensor. A paper substrate is a suitable 

choice due to the low-cost, eco-friendly, and recyclability of paper strips33.  

In our work, we chose glass as the substrate considering that the handling of cellular 

membranes such as lipid bilayers is less challenging using such a rigid substrate. Glass is 

a low-cost substrate and is also transparent, allowing to visualize the printed inks from top 

and bottom. Furthermore, it withstands high temperatures, which is essential for post-

processing methods such as heat treatment and chemical washing. Most functional inks 

require a high temperature for sintering between 200-300 Co, and glass withstands a 

temperature up to 513 Co before it begins to strain27. After choosing the optimal substrate 

for a device, further optimization is vital to enhance the printing quality. One of the 

parameters that define the printing quality is the surface energy of the substrate. Wetting is 

one term that describes how well the ink spreads on the surface. To enhance the surface 

wettability, surface activation with plasma treatments such as oxygen or argon can be used. 

To enhance the printing stability of inks on the substrates, adhesion promoters are also used 

as an inter-layer on top of the substrate. Thus, inks can be printed easily and withstand 

water and air without delamination from the substrate. Below, we will detail how we 

optimized the printable of inks on the glass substrate. 

2.1.1 Substrate coating  

Functional inks do not adhere efficiently to an uncoated glass substrate. For a reusable and 

robust sensor, printed inks must withstand air and water. Some coatings enhance the 

adhesion of functional inks on a glass substrate and provide good printing quality at the 

same time. Parylene C (PaC) is a polymer that has been used as a coating, especially for 
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cell-based electrodes, due to its biocompatibility, chemical inertness, and optical 

transparency39. PaC (see Figure 7a for its chemical structure) was used as a coating for our 

devices and Silane A-174 is used as an adhesion promoter during the PaC deposition 

process. This is because Silane A-174 contains silyl end that chemically binds to the glass 

substrate which has a hydroxyl (OH) group. The methacrylate end of this adhesion 

promoter binds chemically with PaC via a free radical mechanism. Another coating that 

contains silyl end in its chemical structure is GOPS (Figure 7b) which is not well-known 

as a coating for printed electronics. Gao-Wa Xing et al however used GOPS as a coating 

on glass underneath poly-L-lysine (PLL) for cell adhesion40. 

Coatings Preparation: We prepared PaC via a chemical vapor deposition (CVD) system 

at room temperature. We use a Specialty Coating Systems PDS 2010 CVD coater to deposit 

2.7g of PaC on the substrates. The glasses are cleaned thoroughly with acetone/isopropyl 

alcohol (IPA) before deposition and the surface is then activated with oxygen plasma 

treatment at 10 watts for 15 seconds. Then, the surface is activated with Silane A-174 

before PaC coating. We also compared the adhesion and printing resolution of AgNPs on 

glasses coated with GOPS. For the preparation of GOPS, we treated cleaned glass wafers 

with Oxygen plasma at 10 watts for 15 seconds. We spin coated 1 mL of different 

concentrations of GOPS, 100% v/v, and other diluted with deionized (DI) water at the 

following ratios: 10% v/v, 1% v/v, and 0.1% v/v on glass wafers. We spin coated the wafer 

for 30 seconds at 3000 rpm with an acceleration of 500 rpm. We heated the substrate at a 

hot plate for 3 minutes at 110 oC for the complete evaporation of the remaining GOPS.  
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Figure 7. Chemical Structure of a) Parylene C  and b) GOPS 

2.1.2 Substrate treatment  

Oxygen plasma treatment  

Oxygen plasma treatment is a method used to change the status of the substrate from 

hydrophobic to hydrophilic by introducing polar functional groups to the hydrophilic 

surface, mostly Silanol group (SiOH)12. There are two ways to make sure that the glass 

substrate is activated via oxygen plasma treatment. One way is visualizing by the naked 

eye how the drop of water forms at the surface of the glass after the plasma treatment. If 

the glass is activated, the drop of water will spread throughout the glass substrate, and if it 

is not activated, the drop of water will remain at the surface, forming a convex shape. A 

more accurate method is the assessment of water contact angle, as shown in Figure 8. It is 

a method used to testify the wettability of the substrate upon adding a drop of water or 

liquid to the treated substrate. A low contact angle (θ) lower than 90o corresponds to a 

hydrophilic substrate, while a larger contact angle is considered hydrophobic11,13. In this 

study, we used PIE scientific Tergo-plus plasma cleaner for all plasma treatment 

experiments. Tergo-plus plasma cleaner provides a power range from 1 to 150 watts and 
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gas flow rates from 0.1 to 100.0 standard cubic centimeters per minute (sccm). It operates 

in two modes which are direct mode or remote mode. A direct mode is usually used for 

high-power etching. For our studies, we aimed for a soft plasma treatment with a delicate 

cleaning to achieve hydrophilicity, thus, we used the remote mode.  

 

Figure 8. Contact angle of a liquid droplet on a hydrophobic substrate which becomes 

hydrophilic after oxygen plasma treatment.  

 

2.2 Printing PEDOT:PSS  

2.2.1 Resolution test of printed PEDOT:PSS 

PEDOT:PSS Ink Preparation: We pippeted 5 mL of commercially available PEDOT:PSS 

dispersions CLEVIOS™ F HC Solar from Heraeus into a small glass vial. We then added 

the following solutions in order: one drop of DBSA equals 20 μl, a 15 μl of the surfactant 

Dynol 604, and 32.4 μl of cross-linker GOPS. We put the glass vial into sonication at room 

temperature for 30 minutes. We transferred into a new Dimatix 10 pL ink cartridge using 

a syringe and a fiberglass filter of 0.45 μm. We wrapped the cartridge with parafilm, 

making sure the nozzles are wet and tightly wrapped. We left the PEDOT:PSS ink in the 

fridge for 4 hours for degassing before using.  

The resolution test of PEDOT:PSS defines the smallest line thickness with acceptable 

printing qualities without bulging or discontinuous drops and the smallest distance between 
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two lines before merging. We tested the resolution of PEDOT:PSS on glass substrate by 

testing two orientations of glass substrates on the platen of inkjet printer and printing lines 

of PEDOT:PSS on the glass, aiming to figure out the best resolution we can achieve. This 

test helps us design the patterns of OECTs via computer-aided design (CAD) DraftSight 

software. We investigate two glass substrate orientations at the platen of the inkjet printer, 

as shown in Figure 9a-b. The DOD printing direction of the Dimatix inkjet printing is 

always from left to right. We fixed a glass substrate at the platen of the inkjet printer by 

putting it between two taped glass substrates to hold the central glass substrate fixed to 

inhibit substrate motion during printing. We tested two orientations, horizontal and 

vertical, of the central glass substrate with printing vertical lines and horizontal lines of 

PEDOT:PSS in order. The printing parameters of PEDOT:PSS were as follows: drop 

spacing of 15 μm, the bed temperature of 50 °C during printing, and the curing time of 10 

minutes at 140 oC on a hot plate. We fixed these printing parameters for all PEDOT:PSS  

samples in our thesis.  
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Figure 9. Schematic of the orientation of the substrate in the platen of inkjet printer 

sandwiched between two substrate holders. a) Horizontal substrate orientation with vertical 

PEDOT lines and b) Vertical substrate orientation with horizontal PEDOT lines.  

 

Coalescence defines the formation of continuous drops and forming a larger drop due to 

the overlapping of droplets. For optimized printing quality, ink drops must form and 

coalesce in a controllable and continuous straight line23. We compared the line thickness 

of printed PEDOT:PSS lines to the actual line width we designed via CAD DraftSight 

software. Printing on a horizontal substrate with vertical lines results in straight lines and 

printing smaller line thicknesses around 185±9.8 μm, which we designed as 80 μm in CAD 

software (Figure 10a). We then compared it to a vertical substrate with horizontal lines, 

which resulted in a line thickness of 300±18.6 μm, which we designed as 100 μm in CAD 

software (Figure 10b). The measured line thickness is larger than the actual line thickness 

in both cases, which is expected due to the coalescence effect and the spreading of droplets 

on the glass surface due to wettability. In addition, the quality of lines for the horizontal 

orientation is better as it forms in a straight line compared to irregular droplets for the 

vertical orientation.  
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Figure 10. Line width resolution of printed PEDOT lines in the range of 1 mm-10 μm with 

a) horizontal substrate and vertical PEDOT lines, and b) vertical substrate and horizontal 

PEDOT lines. 

Once we understood that substrate horizontal orientation type printing gives the best line 

resolution of PEDOT:PSS, we further evaluated which type provides the smallest distance 

between two lines before they merge. The horizontal orientation with vertical lines results 

in the smallest distance between lines before merging with a distance of 150±9.6 μm, which 

we designed as 200 μm in CAD software (Figure 11a). We compared it to vertical 

orientation with horizontal lines which showed a distance of 250±21.1 μm, which we 

designed as 400 μm (Figure 11b).  At last, horizontal orientation with vertical printing 

lines showed better printing resolution in line thickness as small as 200 μm and smallest 
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distance between two lines as small as 150 μm. In addition, we observed continuous 

straight lines and better droplets formation for the horizontal orientation.  

 

 

Figure 11. The distance between two printed lines of two different substrate and lines 

orientations a) horizontal substrate and vertical PEDOT lines and b) vertical substrate and 

horizontal PEDOT lines. 

2.2.2 Sheet Resistance  of Printed PEDOT:PSS layers   

We inkjet-printed squares of PEDOT:PSS with different layers from 1 to 5 on glass 

substrates with four different glass conditions: untreated, oxygen plasma treated for 15 
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seconds and 30 seconds, and PaC coated substrates. We evaluated the electrical 

conductivity of the films printed on these substrates by measuring their sheet resistance. 

Sheet or surface resistance is found by measuring the lateral resistance between two sides 

of a square. We used a four-point probe technique to measure the resistance of the printed 

thin layers of PEDOT:PSS. As shown in Figure 12a, the working mechanism of the four-

point probe technique involves the application of a current to the outer probes 1 to 4, and 

the voltage is then measured between the two inner probes 2 and 3. We fixed the applied 

current to the thin films for all sheet resistance measurements at 500 μA. We used the 

RM3000 test unit with a multi-height probe from Jandel Engineering. The four-point probe 

technique relies on Ohm’s law (V=IR) by applying current (I) and measuring voltage (V) 

to get the sheet resistance (Rs). This method assumes that the materials’ thickness and 

conductivity are uniform. Thus, Rs can be calculated using the following modified Ohm’s 

law equation41. 

Rs(Ω/□) = 
𝜋

𝑙𝑛(2)

∆𝑉

𝐼
= 4.53236

∆𝑉

𝐼
    Equation 1 

Figure 12b shows a photograph of printed PEDOT:PSS layers. We printed four squares 

for each number of layers and took three measurements in the same square. We then 

calculated the mean values with standard deviation. Figure 12c shows that as PEDOT film 

thickness increases, the sheet resistance decreases for all films. Conductivity enhancement 

is minimal after printing three layers. We also see an effect of the substrate treatment on 

sheet resistance. The plasma-treated substrates result in lower conductivities, while 

untreated and PaC coated substrates lead to PEODOT:PSS films with similar sheet 

resistances. 
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Figure 12. a) A diagram of a four-point probe measurement showing four probes 1-4 with 

equal distance (D) and ejecting current (I) from probe 1 to 4 and voltage (V) measured 

between probes 2 and 3 b) 1-5 layers of inkjet-printed PEDOT:PSS film on the glass 

substrate c) Sheet resistance of 1-5 layers of printed PEDOT:PSS on glass substrates with 

various treatments (untreated, PaC coated, O2 plasma-treated 15 or 30 sec). 

2.3 Printing Silver Nanoparticle Inks  

AgNPs is a significant material in our OECTs. We used AgNPs as a source and drain for 

OECTs. We tested the quality of two commercially available silver nanoparticles ink, 

namely, DGP HR silver ink from ANP Co. and Smart'Ink S-CS01130 from Genesink. The 

main differences between the two inks are nanoparticles contents, solvents, and the specific 

resistivity. DGP HR AgNPs contain silver nanoparticles content between 25-35% in a 

solvent triethylene glycol monomethyl ether (TGME) and have a specific resistivity of 12 
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μΩ∙cm. Smart’Ink AgNPs contain silver nanoparticles content between 20-25% in 

alkane/alcohol mix and have a specific resistivity of 6 μΩ∙cm. Silver nanoparticle ink must 

be printed with good printing quality and a perfect adhesion. Silver must not oxidize since 

oxidation will lead to a loss in electrical conductivity. In this study, we optimized the silver 

film by changing the printing parameters such as drop spacing, bed temperature, and post-

treatment. We varied the drop spacing based on the glass’s coating or treatment and the ink 

type. Adhesion of silver on the glass was a significant factor as the printed ink should 

withstand air and water for having a stable and reusable device.  

Printing Parameters (AgNPs DGP HR-ANP Co): We printed simple squares of the 

commercially available ink on glass substrates that were exposed to different conditions. 

The conditions of glass substrates were untreated, oxygen plasma-treated, GOPS coated, 

and PaC coated. For untreated glass substrates, we set the drop spacing at 50 μm, the 

inkjet’s platen temperature at room temperature, and curing time at the hot plate at 180 oC 

with various annealing times between 0.5 - 2 hours. For oxygen plasma-treated glass 

substrates, we fixed a drop spacing of 50 μm, platen temperature at room temperature. We 

varied the curing temperatures and times from low at 120 °C to high at 180 °C, times 

between 30 minutes – 1 hour. For substrates activation, we used different powers of the 

oxygen plasma treatment between 5W-100W for various activation times between 15-30 

seconds. For substrates coated with GOPS, we set drop spacing of 50 μm, the printer’s 

platen temperature at room temperature. We tested two curing conditions at 120 oC for 1 

hour and at 170 oC for 30 minutes. For PaC coated glass substrates, we tested various drop 

spacing from 45 μm to 75 μm. We tested two printer’s platen temperatures: at room 

temperature, and at 50 ºC. We tested 1-2 layers of printed AgNPs. We investigated the 
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printing quality of AgNPs on non-treated PaC coated glass substrate and compared it to 

oxygen plasma-treated PaC coated glass substrate. We fixed the power of oxygen plasma 

treatment at 10W and varied the activation times from 10 to 30 seconds. 

Preparation and Printing Parameters (AgNPs Smart’Ink): We used a highly conductive 

commercially available silver nanoparticle ink to observe the difference the silver 

nanoparticle ink can make on our devices. This ink was created for printing on flexible 

hydrophobic substrates. In our devices, we use rigid substrates, but the PaC coating makes 

glass hydrophobic. We printed simple electrode structures using the Smart’Ink silver 

nanoparticles with varying printing parameters of drop spacing, bed temperature, plasma 

treatment, and multiple layers. We prepared the ink by first leaving the ink at room 

temperature for 10 minutes to warm after taking it from the fridge. Then, we put the ink 

into an ultrasonic bath for 10 minutes to get rid of any aggregates. Then, we transferred the 

ink into a new cartridge using a 0.45um PTFE filter. We inkjet-printed patterns of AgNPs 

on PaC coated glass substrates. We varied the drop spacing of printing from 35 μm to 90 

μm, and we investigated the printing while the platen temperature was at two conditions: 

at room temperature and at 50 °C. We investigated the printing quality of 1-2 layers of 

AgNPs.  In addition, we compared the quality of printed AgNPs patterns on non-treated 

PaC glass substrates to oxygen plasma-treated PaC glass substrates. We varied the power 

of activation from 5W to 30 W at a duration of 15 seconds. 

2.3.1 Testing the Quality of the Printed Silver Nanoparticle Inks  

AgNPs DGP HR-ANP Co.: There are two ways of assessing the adhesion of silver 

nanoparticle inks to a glass substrate. Since we aim to have robust devices that withstand 
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air and water, we applied a tape test or a cross-cut test following the ISO-standardized 

method (ISO 2409)42, which is used in industry to test the resistance of coating separation 

from a substrate. The steps of the tape test are shown in Figure 13a. After printing the 

squares of silver ink, we formed a cross-cut using a sharp tool such as a surgical scalpel. 

Then, we carefully placed an adhesive tape on the top of the printed samples. After waiting 

for 2 minutes, we removed the adhesive tape at a 60° angle. We then evaluated the silver 

visually in both the glass substrate and adhesive tape. Failing the tape test will result in the 

sample delamination from glass to adhesive tape, as shown in Figure 13c. Using another 

method, we further assessed the adhesion of silver with a water test by simply incubating 

the samples for 24 hours in DI water, as shown in Figure 13b. Failing the water test results 

in the silver nanoparticles ink removed and present in the water after 24 hours, as seen in 

Figure 13d.  
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Figure 13. a) Steps of tape test or cross-cut test27. By Vimanyu Beedasy and Patrick J. 

Smith is licensed under CC BY 4.0. b) Water test, c) tape test failure, and d) water test 

failure. 

 

Untreated glass substrate and plasma-treated glass substrate passed the tape test but only 

when the substrate is baked at a short annealing time of 30 minutes at 180 ºC. One hour 

and more at a high temperature of 180 ºC seem to cause cracks to the silver layer resulting 

in failing the tape test43. However, moving forward with the water test, both the untreated 

and plasma-treated substrates failed the water test. Moreover, a higher power of oxygen 

plasma treatment at a more extended time does not seem to enhance the adhesion nor the 

printing quality of silver as the samples failed the water test. The printing resolution of the 

plasma-treated samples was excellent. For samples that were oxygen plasma-treated for 15 

seconds at 10 W showed tline thickness of 90 μm and a space width between two lines of 

80 μm. Nevertheless, withstanding water was more significant for more robust and reusable 

devices, so we had to look for coating alternatives. All substrates comprising GOPS with 

different concentrations (100% v/v, 10 v/v, 1 v/v, and 0.1 v/v) passed the tape test and 

water test. The reason of the good adhesion of silver nanoparticles to GOPS-coated glass 

is the silane covalent bond with silver (Ag-O-Si)75.  However, the printing resolution was 

way off the desired result, and the spreading of the ink was getting worse after baking. In 

the future, chemical vapor deposition can be utilized for GOPS for depositing a thinner 

layer, and resolution can be tested after that. PaC coating was the optimal choice since it 

passed the tape test and water test. One of the attributions of good adhesion of AgNPs on 

PaC-coated glass is the low surface energy of PaC-coated glass compared to untreated 

glass73. Another attribution is the soft oxygen plasma treatment of PaC-coated glass before 

https://creativecommons.org/licenses/by/4.0/
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printing AgNPs increases the roughness of PaC layer resulting in stronger adhesion of 

AgNPs74.  In addition to adhesion, the printing resolution was acceptable with printing lines 

with a thickness of 140 μm and a space width between two lines of 135 μm. Higher drop 

spacing of 75 μm showed better resolution for silver on PaC coated glasses. One chooses 

the platen temperature of the inkjet printer during printing depending on the nature of the 

ink and the desired thickness of the printed layers. A material such as silver is affected by 

the accelerated evaporation of the solvent, which results in a thicker layer. Thus, the bed 

temperature is set at 50 ºC for a thicker layer44. For a thinner silver layer, the substrate 

temperature is set at room temperature during printing. In our study, two layers of printed 

silver showed more robust films and better performance for AgNPs DGP HR-ANP.  

Table 1. Silver film adhesion tests and the resolution of silver Nanoparticle DGP HR-ANP 

Co. 

Method Tape Test Water test Resolution  

Untreated ✔(only for short annealing time) X - 

Plasma 

treatment 

✔(only for short annealing time) X Space Width: 80 μm  

 

Line Thickness: 90 μm 
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GOPS 

coating 

✔ ✔ 

 

Parylene 

coating 

✔ ✔ Space Width: 135 μm 

 

Line Thickness: 140 μm  

 

 

AgNPs Smart'Ink S-CS01130- Genesink Printing Quality: drop spacing of 45 μm resulted 

in the best resolution of printed structure with bed temperature set at 50 ºC and with PaC 

coated glasses treated with oxygen plasma treatment at 10 W for 15 seconds before printing 

(Figure 14e). Squares printed on PaC coated glasses pre-treated with O2 plasma treatment 

looked more uniform from edges than no plasma-treated samples (Figure 14a). Higher 

oxygen plasma treatment power larger than 10 W showed holes in the  silver traces (Figure 
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14c), while drop spacing higher than 75 μm showed more holes spaces between printed 

lines (Figure 14d). Printing at 50 ºC bed temperature speeds up the evaporation of solvents. 

As a result, we formed thicker films, fewer to no holes, and better line resolution. Two 

layers of silver showed inconsistent resolution, and one layer was optimal due to better and 

controlled resolution. However, in the future we need to sonicate the AgNPs for a longer 

sonication time before transferring the ink into a cartridge as we observed agglomeration 

of nanoparticles in the prints and we had issues with nozzles clogging (Figure 14b). Also, 

to avoid film cracks as shown in (Figure 14e), a lower post-baking temperature can be 

utilized at 120 ºC for 60 minutes instead of 150 ºC for 30 minutes. 

 

Figure 14. a-e) Printing quality of Silver Nanoparticles Smart'Ink S-CS01130- Genesink 

using different parameters such as drop spacing (µm), oxygen plasma treatment (W), and 

bed(plate) temperature (°C) during printing.  
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2.4 Printing the Dielectric 

We used the commercially available dielectric XP PriElex® SU-8 1.0 from Kayaku 

Advanced Materials as the dielectric ink. SU-8 is an epoxy-based material commonly used 

to insulate electrical contacts. The printing optimization of the dielectric on glass substrate 

over the silver nanoparticles involved many challenges. Printing the dielectric required the 

use of pre-treatments such as Oxygen-Argon plasma treatments before printing the 

dielectric. The treatments affected the already printed silver films. Thus, affecting the 

stability and the performance of OECTs. In this section, we investigate the effects of two 

plasma treatments methods on the performance of silver and the printing quality of SU-8. 

We tested the effects of Oxygen plasma treatment on printed silver films via first 

attempting to decompose the silver oxide resulted from the plasma treatment and secondly 

testing the electrical resistance of silver films. We also tested the effects of the combination 

of Argon/Oxygen plasma treatment on printed silver films by analyzing color change, 

hydrophilicity, and electrical resistance of silver films. Then, to test the printing quality of 

SU-8 after treatments, we varied the printing parameters such as drop spacing, printing 

height, and printer’s platen temperature during printing. In addition, we investigated 

several curing methods such as UV curing, thermal reflow, and varying curing 

time/temperature.  

SU-8 Ink Preparation: The preparation of the ink is straightforward. We immersed a 5 ml 

syringe attached to a fill needle into the SU-8 bottle and filled the syringe with the fluid. 

Carefully, we transferred the ink into a new cartridge fully covered with aluminum foil to 

avoid exposure to light since the SU-8 ink is sensitive to light. Moreover, we took the ink 
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from the fridge right before starting the print since it is susceptible to temperature as it may 

lose functionality if left outside for a long time. 

SU-8 Printing Parameters- O2 Plasma: We printed simple lines to test space width and 

simple squares with openings at the center of squares of sizes from 500 μm to 100 μm to 

test how small the openings can get. We printed one layer of SU-8 for all samples. We put 

glass samples in oxygen plasma treatment for 15 seconds, and we varied the power between 

5 W and 10 W. We varied drop spacing between 30 μm and 50 μm, and we set the printer’s 

platen temperature at 50 °C for all samples. After printing, we placed the samples in a hot 

plate for 5 minutes at 135 °C to remove excess solvents.  

SU-8 Printing Parameters - Ar/O2 Plasma: We printed simple squares of SU-8 with an 

opening of 300 μm on samples with printed silver traces. We treated the samples with 

various ratios of gas flow rates of Ar/O2 within the range (3-70/0-5) sccm. We varied 

plasma treatment power between 10 W - 30 W with times between 10-30 seconds. We 

attempted printing on different platen temperatures between room temperature and 55 ºC. 

Printing height varied between 0.350 mm-0.700 mm. We utilized two post-treatment 

methods as follows: baking at a hot plate between 120 ºC-150 ºC for 5 or 15 minutes and 

UV curing for 45-60 seconds.  

2.4.1 Testing Results and Discussion: Oxygen Plasma Treatment  

After printing silver and PEDOT:PSS, the surface must be treated with oxygen plasma 

treatment to make the surface more hydrophilic for the dielectric to print above the printed 

patterns. The dielectric insulates the areas that will not be used in biosensing or cellular 

interface while exposing only the PEDOT:PSS channel in OECTs. However, an issue 
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arises when treating the film with oxygen plasma treatment as the silver oxidizes and its 

electrical conductivity reduces, which is undesirable for the device's overall performance. 

Color also changes to dark brown, confirming the presence of a silver oxidation layer. We 

used a simple technique to decompose silver oxide thermally as the following redox 

reaction would occur: 

2Ag2O(s) → 4Ag (s) +O2 (g)     

As shown in Figure 15, we placed the samples treated with oxygen plasma treatment on a 

hot plate for several minutes at 135 ºC, which decomposes silver oxide into silver and 

oxygen gas. Silver retained its color after heating. The resistance decreased after exposing 

the film to heat for several minutes. However, we observed variations in the electrical 

performance of the printed devices after we characterize OECTs, results are shown later in 

Chapter 3. One of the attributions to this variation is the oxygen plasma treatment of 

samples. Upon oxygen exposure, silver nanoparticles tend to aggregate and change in size 

due to Ostwald ripening45. Changes in the nanoparticles' microstructure affect the electrical 

conductivity of the material. Silver nanoparticles tend to have a high surface-area-to-

volume ratio, and physical properties of the material, such as stability, are dominated by 

the nature of the nanoparticles at the surface. Due to Ostwald ripening, a large number of 

small silver nanoparticles agglomerate to form a small number of large particles, making a 

smaller surface area46. A combination of random well-dispersed nanoparticles and 

aggregates after oxygen plasma treatment could affect the conductivity of the silver thin 

films resulting in device-to-device variations.  
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Figure 15. Silver oxide formation with correspondence electrical resistance and the effect 

of post-heating a) no post-heating, the resistance of films 75-80 Ω  b) post-heating in hot 

plate for 5 min at 135 C, the resistance of films 47-53 Ω  c) post-heating for 10 min at 135 

C, the resistance of films 43-52 Ω.  

 

We then investigated the quality of SU-8 printing on samples pre-treated with Oxygen 

plasma treatment. Table 2 summarizes our results which show that higher drop spacing 

results in thinner films with holes. Drop spacing of 30 μm showed thicker films with 

homogenous lines and minimal pinholes. Moreover, a higher power of 10 W for oxygen 

plasma treatment showed better forming squares at the middle that can be as small as 200 

μm. We can reach an exposed squared openings smaller than 200 μm, but we observe 

inconsistent square openings among several prints. Thus, for more repeatable and 

consistent results, 200-300 μm is best. The space width between two lines can get as small 

as 40 μm, but lines’ edges are not as uniform and as producible when the space width is 

150um and larger. After printing SU-8 with this method and testing electrical 

characterization, some issues emerged and are discussed in Chapter 3.  

Table 2. The quality of printed SU-8 films achieved with various drop spacing and oxygen 

plasma parameters. 
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2.4.2 Testing Results and Discussion: Argon/Oxygen Plasma Treatment  

After facing issues with oxygen plasma treatment on our devices. We considered an 

alternative method to oxygen plasma treatment to achieve both hydrophilicity of the glass 

substrate and protect the silver layer from oxidation. Argon gas is an oxidation-preventing 

gas that is used with metals that oxidize easily, such as copper and silver. Oxygen is an 

ideal gas that is highly reactive, and high oxygen amounts etch the surface of the thin films, 

and metals are prone to oxidation. Argon gas is safe to use even with high amounts as it 

cleans the surface and does not etch the material's surface. Argon breaks the oxygen bonds 

with the metal surface and removes it away through the chamber. We tested a combination 
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of oxygen and argon mixture flow rates on printed silver samples to observe the changes 

in the film in terms of color, hydrophilicity, and electrical resistance. We kept the mode of 

operation at the remote mode with a power of 10 W for 15 seconds. The ideal case is a 

protected silver layer with remaining the same gray color of silver, activating the surface 

to become hydrophilic, and keeping the same electrical resistance before and after the 

treatment. We tested the color change with the naked eye, and we evaluated the 

hydrophilicity of the surface by adding a drop of water and observing the spreading of 

water at the surface. We then measured the Electrical resistance using an ohmmeter. The 

oxygen gas flow rate ranged between 0-5 sccm, while the flow rate of argon varied between 

3-70 sccm. Results showed that the ratio combination of 50-60/2 sccm (Ar/O2) was optimal 

to protect the silver and achieve the hydrophilicity required to print the dielectric ink. Also, 

using this ratio conserved the electrical conductivity of silver before and after the plasma 

treatment. Table 3 shows all results for different combinations of argon/oxygen ratios.  

Table 3. The effect of Argon and Oxygen plasma treatment on printed silver films. We 

evaluated the color change, hydrophilicity, and the electrical resistance change of the films 

upon treatment with different volumetric flow rates of Argon/Oxygen mixture.  

Argon/Oxygen Ratio 

(sccm) 

Color Change 

(Yes/No) 

Hydrophilicity 

(Yes/No) 

Electrical 

Resistance  

3/5  Yes  Yes - 

5/5 Yes No - 

7/3 Yes Yes - 
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30/2 Yes No Before: 16.5 Ω 

After: 3K Ω 

50/0 No No Before: 14.9 Ω 

After: 14.5 Ω 

50/2 No Yes Before: 22.5 Ω 

After: 20 Ω 

50/3 Yes Yes Before: 17.5 Ω 

After: 1.5K Ω 

50/5 Yes No - 

60/2 No Yes Before: 17 Ω 

After: 13 Ω 

70/3 Yes Yes Before: 13 Ω 

After: 85 Ω 

 

While the conductivity of silver nanoparticle coating was adversely affected by the oxygen 

plasma treatment, some problems emerged with the printed SU-8 which showed inability 

in insulating silver properly and exposing only PEDOT:PSS (results discussed in Chapter 

3). Using the argon/oxygen combination plasma treatment, we tested more parameters and 
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post-treatment techniques to enhance the printing quality of dielectric.  We inkjet-printed 

square shapes of SU-8 with an exposed square opening in the middle. We evaluated the 

lines formed, and the square opening after printing. From the results shown in Table 4, 

drop spacing of 25 μm resulted in more connected lines with reduced spaces. Higher drop 

spacing introduces more pinholes and separated lines due to both the high viscous nature 

of SU-8 and higher drop spacing from the x and y center of a drop to the next drop (Table 

4 b,d). Since the SU-8 depends on viscosity change during printing and baking, lower bed 

temperature resulted in thicker films with reduced pinholes44, which we observed in printed 

SU-8 as shown in m) and n) from Table 4 yet, the exposed square shape does not form a 

perfect square. We mitigated this issue by printing another layer of SU-8 while increasing 

the bed temperature to 40 °C. As a result, we reduced pinholes through printing two layers 

and keeping the exposed square shape uniform as seen in w). Printing height was best at 

0.500 mm. Moreover, UV curing caused a bumpy surface, as shown in t).  We applied a 

thermal reflow process for 2-layers of printed SU-8 to ensure the post-treatment process 

results in thick and stable layers. Thermal reflow works by putting the sample in a soft bake 

at 120 ºC for 10 minutes, followed by a thermal ramp increasing the temperature to 150 ºC 

for another 10 minutes. This technique improves the profile uniformity between the first 

and second layers if there are any spaces between them47. Finally, for an optimal printed 

dielectric and optimal performance of printed OECTs, we printed SU-8 on Ar/O2 pre-

treated samples with drop spacing of 25 μm, platen temperature of 40 °C, printing height 

of 0.5 mm, and a thermal reflow step for curing. 

Table 4. The images of the SU-8 layers printed on Argon/Oxygen plasma-treated 

substrates using various parameters 
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Layers Drop 

Spacing 

(μm) 

Platen 

Temperature 

(°C) 

Post 

Treatment 

(°C– minutes) 

Print 

Height 

(mm) 

AR/O2 

Plasma 

(sccm) 

Microscope 

Image 

a)  1 30 50 135 °C– 5 min. 0.500 60/2 

10W,10 

sec 
 

b)  1 55 55 135 °C– 5 min. 0.500 60/2 

10W,10 

sec  

c)  1 25 55 135 °C– 5 min. 0.500 60/2 

10W,20 

sec  

d)  1 40 55 135 °C– 5 min. 0.500 60/2 

10W,30 

sec 
 

e)  1 20 30 150 °C– 15 

min. 

0.400 60/2 

10W,30 

sec 
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f)  1 30 30 150 °C– 15 

min. 

0.400 60/2 

10W,30 

sec  

g)  1 35 30 150 °C– 15 

min. 

0.400 60/2 

10W,30 

sec  

h)  1 35 30 150 °C– 15 

min. 

0.350 60/2 

10W,30 

sec  

i)  1 25 40 150 °C– 15 

min. 

0.550 60/2 

10W,30 

sec 
 

j)  1 25 40 150 °C– 15 

min. 

0.600 60/2 

10W,30 

sec  

k)  1 25 45 150 °C– 15 

min. 

0.600 60/2 

30W,30 

sec 
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l)  1 20 Room 

Temperature 

(RT) 

150 °C– 15 

min. 

0.500 60/2 

15W,30 

sec  

m)  1 25 RT 150 °C– 15 

min. 

0.500 60/2 

15W,30 

sec 
 

n)  1 25 RT 130 °C– 15 

min. 

0.500 60/2 

15W,30 

sec 
 

o)  1 30 RT 150 °C– 15 

min. 

0.500 60/2 

15W,30 

sec 
 

p)  1 35 RT 150 °C– 15 

min. 

0.500 60/2 

15W,30 

sec  
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q)  1 40 RT 150 °C– 15 

min. 

0.500 60/2 

15W,30 

sec  

r)  1 25 RT 150 °C– 15 

min. 

0.550 60/2 

15W,30 

sec 
 

s)  1 25 40 130 °C– 15 

min. 

0.500 60/2 

15W,30 

sec  

t)  1 25 40 1) UV curing: 

45 sec. 

2) 130 °C– 10 

min. 

0.500 60/2 

15W,30 

sec 
 

u)  2 20 RT Thermal 

Reflow: 

1)120 °C– 10 

min. 

0.700 60/2 

15W,30 

sec 
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Chapter 3 

Fabrication and Characteristics of Printed Electronic Devices  

2)150  °C– 5 

min. 

v)  2 25 40 1) UV curing: 

1 min. 

2) 110 °C– 10 

min. 

0.500 60/2 

15W,30 

sec 
 

w)  2 25 40 120 °C– 15 

min. 

0.500 60/2 

15W,30 

sec  

x)  2 25 40 Thermal 

Reflow: 

1)120 °C– 10 

min. 

2)150  °C– 5 

min. 

0.500 60/2 

15W,30 

sec  



63 
 

After extensive optimization of inks printability, we finally started printing the final device 

architectures using the optimized ink-jet printing conditions detailed above in Chapter 2. 

In this chapter, we will show the characteristics of OECTs printed on glass substrates. 

3.1 Printing process and device structure  

We designed all printed layers of OECTs devices via DraftSight software. The first step of 

the printing process is to pre-clean glass substrates with 20% IPA and 80% acetone and put 

in sonication for 30 minutes. After another rinse with IPA and drying the glass substrates, 

we coated the cleaned glasses with PaC via CVD because PaC enhances the printing of 

silver as it provides better adhesion and uniform printing, resulting in more robust and 

stable devices. The first inkjet-printed ink is silver nanoparticles ink, one or two layers 

based on the choice of ink. Before printing silver nanoparticles, we rinsed the substrates 

with DI water and dried them with air blowing. We then put the samples for oxygen plasma 

treatment to make the surface hydrophilic to enhance the printability of silver. After 

printing AgNPs, we baked the samples on a hot plate for 30 minutes at 180 °C for AgNPs 

DGP HR-ANP, for 60 minutes at 120 °C for AgNPs Smart’Ink. The second inkjet-printed 

ink is PEDOT:PSS. We printed PEDOT:PSS channels directly without any pre-treatment 

except soft cleaning with air blowing to remove any dust or contaminates at the surface. 

After printing, we baked the samples on a hot plate for 10 minutes at 140 °C. The dielectric 

SU-8 is the third and last printed ink. We cleaned samples with DI water and dried them 

with air blowing. We then put samples in Ar/O2 plasma treatment to protect the silver from 

oxidation and make the surface hydrophilic to enhance the wetting of SU-8. We printed 

two layers of SU-8, leaving an exposed channel for OECT (Figure 16). We left samples in 

a hot plate for 10 minutes at 120 °C, followed by another 10 minutes at 150 °C.  
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Figure 16. Top-view Photograph and microscope images of the printed PEDOT:PSS based 

OECTs. 

3.2 Electrical Characteristics of Printed OECTs 

We tested the electrical characterization of our final all-inkjet printed OECTs. This section 

compares our devices to all PEDOT:PSS OECTs, which basically have a source, a drain, 

and a channel all printed with PEDOT:PSS. In addition, we examined OECTs with various 

channel lengths and investigated the issues we faced during inks’ optimization. Electrical 

characterization included analyzing output curves, transconductance curves and recording 

the bandwidth profile, and pulse time characteristics. 

3.2.1 Output Curves and Transconductance Characterization 

We obtained output curves (current-voltage) of OECTs using a Keithley 2636A Source 

Measure Unit. We applied a series of gate and drain voltages sweeps while monitoring the 

drain current. We performed ECT measurements in phosphate buffer saline (PBS), and the 

gate electrode was Ag/AgCl pellet, which is a non-polarizable electrode in which current 

flows freely and the electrode-electrolyte interface acts as a resistor. We applied a gate-to-

source voltage or voltage gate (VG) ranging from 0 - 0.7 V with an increment step of 0.1V. 
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We swept a drain-to-source voltage or drain voltages (VD) from 0 – (-0.6) with a step of 

0.1V. We recorded the output curves, that is, a plot of a drain current (ID) as a function of 

VD for a range of various VG. We also measure the transconductance (gm), obtained from 

the slope of the transfer curve (ID vs. VG), and transconductance efficiency (gm/ID). 

We evaluated the performance of OECT devices that comprise only PEDOT:PSS and those 

that also contain silver nanoparticles traces. Using a fixed geometry OECT channel as 

follows: 1 mm x 300 μm x 1.6 μm (width × length × thickness) respectively, output curves 

show that both devices operated at low gate voltages and showed a decrease in channel 

current as the magnitude of the positive VG increased, confirming the expected OECT 

behavior. However, OECT printed with silver/PEDOT:PSS offers a higher maximum ID 

magnitude of 5 mA (Figure 17b) than all-PEDOT:PSS devices of 2 mA (Figure 17a). 

Moreover, gm curves confirm the better performance of silver/PEDOT:PSS devices as it 

shows higher maximum gm of 12 mS (Figure 17d) compared to 4.5 mS of all PEDOT:PSS 

devices (Figure 17c). We also observed increased device-to-device performance 

variability in the case of silver/PEDOT:PSS devices compared to all-PEDOT:PSS, mainly 

due to silver instability due to oxidation from oxygen plasma treatment. However, 

silver/PEDOT:SS showed better performance, and mitigating the silver oxidation issue 

decreases the device variability. 
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Figure 17. Output curves and transconductance vs VG curves of a, c) all PEDOT:PSS 

OECT and b, d) PEDOT:PSS with silver traces.  

We next investigated the channel sizes possible by our printing method and evaluated its 

effect on device performance. Multiple OECTs with different channel lengths (L) of 1 mm, 

500 μm, and 300 μm were all inkjet-printed with silver nanoparticles as traces. The width 

(W) of the channel was 1 mm and we printed one layer of PEDOT:PSS, which corresponds 

to a thickness (d) of 649 nm ±42. Since these tests were performed before the final 

optimization of our devices, we printed one layer of PEDOT:PSS on the top of the silver 

traces (source and drain) to protect them from oxidation before oxygen plasma treatment. 

This issue was later solved with Ar/O2 plasma treatment. We decomposed silver on a hot 

plate for 5 minutes after silver oxidation formed due to oxygen plasma treatment. Finally, 

we printed one layer of SU-8 to define the channel. Output curves show that as channel 

length decreases, the maximum ID increases (Figure 18a-c). The 300 μm channel showed 
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the highest modulation with a maximum of 5 mA compared to the 1000 μm channel, which 

showed the lowest drain current magnitude around 3 mA. Moreover, results were 

confirmed for gm curves as the maximum gm was demonstrated for the smallest length 

(Figure 18d-f). Even though there is a slight difference in maximum gm between 300 μm 

and 500 μm, the difference is considerable between 1 mm and 300 μm. This behavior is 

expected as gm of OECTs is directly proportional to the ratio of 
𝑊𝑑

𝐿
 49,50.  

 

Figure 18. Output curves of OECTs with different channel lengths a) 300 μm b) 500 μm 

c) 1000 μm. Transconductance curves of OECTs with different channel lengths of d) 300 

μm e) 500 μm f) 1000 μm. 

gm/ID, the ratio of gm to ID, provides useful information especially when designing an OECT 

amplifier in an integrated circuit. A high gm/ID ratio is preferable for power-efficient 

electronics76. We calculated the mean gm and ID of three OECTs at a single voltage VG= 

0.1 V and VD= -0.6 V, in which max gm was achieved. Results show that OECTs with 1000 

μm channel length exhibit the highest gm/ID ratio, which is expected due to the smaller ID 
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needed to achieve high gm (Figure 19a). We plotted the average max gm of three OECTs 

of various length and we can clearly see the large variability in the devices indicating the 

effect of silver instability (Figure 19b).   

 

Figure 19. Mean values of a) gm/ID ratio and b) max gm of different OECTs devices of 

various channel length 1000 μm, 500 μm, and 300 μm.  

Furthermore, we evaluated even smaller channel lengths 200 μm and 150 μm and compared 

them to 300 μm. Results show similar behavior for the three sizes with a negligible increase 

in maximum ID of 200 μm devices compared to 150 μm and 300 μm (Figure 20a-c). 

However, it can be seen that 300 μm devices illustrate more reproducible results among 

different devices for both IV and gm. This is attributed to the silver printing resolution of 

space width between source and drain as reproducibility decreases when the channel length 

decreases. Maximum gm values varied in the same range for the three sizes (Figure 20d-

f). In this case, no silver decomposition was performed after oxygen plasma treatment 

which explains the lower performance difference in the overall performance of OECTs 

devices of the same channel length size 300 μm (Figure 20c,f) to OECTs with silver 

decomposition step (Figure 18a,d). gm/ID ratios of OECTs with silver oxide step is lower 
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than the ones that were silver decomposed (Figure 21a) and mean gm values of OECTs of 

various length shows reduced performance when silver is oxidized (Figure 21b) 

 

Figure 20. Output curves of OECTs with different channel lengths a) 150 μm b) 200 μm 

c) 300 μm. Transconductance curves of OECTs with different channel lengths of d) 150 

μm e) 200 μm f) 300 μm. 

 

Figure 21. Mean values of a) gm/ID ratio and b) max gm of different OECTs devices of 

various channel lengths 300 μm, 200 μm, and 150 μm. 

We evaluated the effect of channel thickness for OECT devices by comparing devices 

printed with one layer of PEDOT:PSS at the channel to two layers of PEDOT:PSS. One 
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layer of PEDOT:PSS thickness corresponds to 0.650 μm while two layers thickness is 

around 1.1 μm. Unexpectedly, thinner PEDOT:PSS films devices showed slightly higher 

maximum ID and higher gm than two-layers devices (Figure 22a-d). That does not agree 

with expected behavior from the ratio of gm ∝
𝑊𝑑

𝐿
 . As it suggests that thicker layers result 

in higher gm values. However, that could be attributed to issues during the printing of the 

PEDOT:PSS layers such as the misalignment of the first printed layer of PEDOT:PSS and 

the subsequent layers. This test can be investigated in the future with final optimized 

devices.  

 

Figure 22.  Output curves of OECTs with different PEDOT:PSS channel thickness a) 2 

layers printed PEDOT:PSS b) 1 layer printed PEDOT:PSS. Transconductance curves of 

OECTs with different PEDOT:PSS channel thickness of  c) 2 layers of printed PEDOT:PSS 

d) 1 layer of printed PEDOT:PSS. 
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3.2.2 Bandwidth and Pulsed-Time Characterizations 

We performed bandwidth measurements on our devices to investigate how fast the current 

changes in the system upon a VG application. A sinusoidal VG modulation is applied with 

an amplitude of 10 mV (peak-to-peak) and at varying frequencies (1 Hz < f <20 kHz). We 

kept VD constant at -0.4 V, and monitored ID. We then plotted gm as a function of frequency. 

Bandwidth measurement allows us to estimate the cut-off frequency of our devices. Cut-

off frequency corresponds to the frequency on which energy in the system starts to be 

reduced. The cut-off frequency can be measured from the following equation, in which 

half-power point occurs when output voltage drops to 
1

√2
  = 0.707, which is a voltage ratio 

fall of the passband voltage which corresponds to -3dB. 

Fcut-off=0.707 ×  max gm                                                                 Equation 2                

 

 Figure 23 below shows the bandwidth profile of all PEDOT:PSS vs PEDOT/silver 

devices. The silver enhanced the devices' performance and speed. 
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Figure 23. Bandwidth measurement of all PEDOT OECT vs. PEDOT with silver OECT.  

 

We also recorded the profiles of OECTs comprising channels of different lengths of 1 mm, 

500 μm, and 300 μm. Devices with 300 μm show slightly faster devices than 500 μm and 

1000 μm as the cut-off frequency of OECT with 300 μm was around 20 Hz compared to 

1000 μm, which was approximately 10 Hz and 500 μm was about 15-17 Hz (Figure 24a-

c).  
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Figure 24. Bandwidth measurement of OECT with different channel length sizes a) 300 

μm, b) 500 μm, and c) 1000 μm.  

 

An important property of OECTs is their stability. We investigated the stability of OECTs 

devices through pulse time characteristics. We monitored Id when square voltage pulses are 

applied through the gate electrode. We applied VG pulses at 0.4 V for 5 seconds, with an 

off-duty time of 5 seconds while keeping the VD at -0.4 V. The sequential square shaped 

VG pulses ran for 1.5 hours. Figure 25c shows that OECTs printed with silver are more 

stable over time compared to all PEDOT:PSS OECTs (Figure 25b). Id for OECT printed 

with all PEDOT:PSS shows a reduction by almost 40% after 1.5 hours while it is 10% for 

the silver-containing devices. 
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Figure 25. a) The square wave gate voltage pulse applied. Pulsed-response time 

characteristics (stability test) of b) all PEDOT:PSS devices c) PEDOT:PSS devices with 

silver traces. VG pulse is applied at 0.4 V for 5 seconds while VD=-0.4 V. The whole 

experiment lasted 1.5 h. 

 

We explored the effect of geometry and channel thickness on ID due to VG pulses. Thus, 

we investigated PTC of OECT devices with different channel lengths 1000 μm, 500 μm, 

and 300 μm. Figure 26a shows higher current modulation for the 300 μm channel length 

after five cycles. Moreover, we kept the channel length fixed at 300 μm and varied the 

channel thickness by printing 1-2 layers of PEDOT:PSS. Figure 26b shows higher current 

modulation for OECTs with 1 layer of PEDOT:PSS after five cycles. 
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Figure 26. Pulsed-response time characteristics of OECTs prepared with different channel 

lengths a) 300 μm, 500 μm, and 1000 μm. VG pulse is applied at 0.4 V for 5 seconds while  

VD=-0.4 V. b) The characteristics of a device with fixed length (300 μm) while varying 

channel thickness. VG pulse is applied at 0.4 V for 15 seconds while  VD=-0.4 V. 

 

3.3 Discussion 

We printed several OECT devices with different channel length sizes of 1000 μm, 500 μm, 

and 300 μm to test reproducibility and device yield. To mass-produce organic electronics 

via inkjet printing, it is essential to have all devices with the same performance. Device 

yield is the number of devices that work as expected out of all printed devices. In each 

glass slide (25 mm × 75 mm), we printed 18 OECTs. We inkjet-printed in 6 glass slides 

for each OECT channel length. We excluded the devices with poor quality printing during 

the printing process for reasons, such as nozzles clogging during printing. After printing 

many OECT devices, we selected random channels to test electrical performance from each 

glass slide. Output curves show a considerable device-to-device variation, especially for 

smaller channels 300 μm and 500 μm (Figure 27a-c). Also, bandwidth measurements show 

devices varying in speed and gm values. PEDOT:PSS is known for its stable mechanical 

and electrical properties, and it withstands water and air51. However, we attributed this 
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variation in the performance of our devices to silver nanoparticles affected by the 

treatments during the printing process. Oxygen plasma treatment oxidized the silver 

nanoparticles ink and caused a reduction in its conductivity, altering the overall OECTs 

performance with many variations between devices. Alternatively, we used another 

commercially available AgNPs ink, Smart’Ink, given its higher conductivity compared to 

ANP ink. We worked simultaneously on optimizing the printability of the two AgNPs inks, 

ANP and Smart’Ink.  

Moreover, we tested the printing quality of SU-8 by performing cyclic voltammetry (CV) 

measurement in PBS to study the redox characteristics of PEDOT:PSS electrode with 

AgNPs trace. The PEDOT:PSS electrode has square electrodes geometry of 500 μm.  

Ag/AgCl is the reference electrode, and Platinum (Pt) is the counter electrode. SU-8 is 

supposed to insulate AgNPs and expose only PEDOT:PSS electrode. One layer of SU-8 

printed with oxygen plasma treatment step showed broad faradic redox peaks for 

PEDOT:PSS electrode at -0.4 - -0.2 V and 0.05-0.1 V (Figure 28a). CV of PEDOT:PSS 

electrodes were comparable to CV of printed squares of silver nanoparticles of the size 500 

μm ,and redox peaks were observed as expected at -0.3 V and 0.1 V (Figure 28b). We 

printed another layer of SU-8 to the PEDOT:PSS electrode, and we observed a reduction 

in redox peaks compared to one layer of SU-8, which suggests that the dielectric printing 

needed to be further optimized (Figure 28a). Results indicate that the printed SU-8 is not 

well-insulating the silver traces due to the redox reaction of silver nanoparticles during the 

CV. We then optimized the printing of dielectric. We added another layer of SU-8 and 

changed pre-treatment and post-treatment of printed layers. We tested SU-8 by printing 

two layers over printed square of silver nanoparticles. The CV measurement shows the 
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complete insulation of silver nanoparticles as a straight line was observed, and no faradaic 

peaks were observed (Figure28b).  

After optimizing the printing quality of silver nanoparticles ink and SU-8 that were used 

for printing the initial OECTs, we printed another set of OECTs. We performed electrical 

characterization on random devices from the same glass sample and others. Devices show 

significant reproducibility in Id and gm values for both devices from the same sample 

(Figure 29a-b) and other samples (Figure29c-d). Compared to the OECT devices printed 

before optimization, optimized devices show increased maximum Id from 4.5 mA before 

optimization to 6.5 mA after optimization (Figure 30a). The maximum gm value was 

doubled after optimization from 9 mS to 18 mS (Figure 30b). This enhancement on device 

performance resulted from increasing the thickness of silver traces film by printing an 

additional layer and controlling the printing quality during printing, such as controlling the 

temperature of the substrate during printing and increasing the print height. Devices printed 

with alternative silver nanoparticles ink, Smart’Ink show a promising device electrical 

performance as maximum gm values at low gate voltage was around 31 mS and the 

maximum ID is 11.5 mA. In addition, it shows good reproducibility for devices in the same 

glass sample (Figure 31a-b) and devices from other samples (Figure 31c-d). This high gm 

value outweighs the gm values of silver/PEDOT:PSS OECT devices fabricated via 

lithography technique52. We applied bandwidth measurement for both devices and 

calculated cut-off frequency and response time. The cut-off frequency for OECTs printed 

with Smart’Ink was estimated to be 14.46± 1.73 Hz and response time of 69.74± 7.79 ms 

(Figure 32a). In contrast, OECTs printed with optimized ANP ink showed slightly faster 

devices with a cut-off frequency of 17.90± 3.83 Hz and response time of 57.9± 14.15 ms 
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(Figure 32b). The slow response of PEDOT:PSS OECTs is attributed to the limitation of 

ion migration from the electrolyte to the channel53. The speed response can be enhanced 

by increasing ion migration speed or decreasing the traveling distance of ions2,52. Besides 

this limitation, the slow response in our devices is attributed to the thick layer of printed 

PEDOT:PSS that is 0.650 μm. It is shown that fast response PEDOT:PSS devices has 

channel thickness as thin as 50 nm69. The transient curves show a stable ID response to VG 

pulses over time (Figure 32c-d), and we observed higher current modulation for OECT 

printed with the alternative silver nanoparticle ink (Smart’Ink) (Figure 32c). The drain 

current response of our devices is comparable to a drain current response on a glass 

substrate of the previous studies70,54. 

 

 

Figure 27. Device variation of OECT devices shown in IV output curves of different 

channel length sizes a) 300 μm, b) 500 μm, and c) 1000 μm. Bandwidth measurement of 

d) 300 μm , e) 500 μm, and f) 1000 μm.  
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Figure 28. a) CV comparison of PEDOT:PSS electrode with 1 layer and 2 layers of SU-8 

printed with oxygen plasma treatment step b) CV of silver nanoparticles showing the 

faradic redox peaks compared to CV of well-insulated silver nanoparticles with optimized 

SU-8 with argon/oxygen plasma treatment step. The potential was swept from −0.8 V to 

+0.8 V at a scan rate of 50 mV s−1. 
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Figure 29. OECT printed with ANP silver ink after optimization showing a) IV output 

curve for devices in one print and c) IV of different devices. Transconductance curves of 

b) one OECT device and d) different OECT devices.  

 

Figure 30. Comparison of OECT performance before and after ANP ink optimization 

showing a) output curve and b) transconductance curve.  
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Figure 31. OECT printed with Smart’Ink silver ink showing a) IV output curve for devices 

in one print and c) IV output curve of different devices. Transconductance curves of b) one 

OECT device and d) different OECT devices. 

 

Figure 32. Bandwidth measurement of OECT printed with a) 1 layer of Smart’Ink silver 

nanoparticles and b) 2 layers of ANP silver nanoparticles. Transient curve of OECT printed 

with c) Smart’Ink silver nanoparticles, d) ANP silver nanoparticles ink. 5 cycles of VG=0.4 

V for 55 seconds.  

 

Chapter 4 

Conclusions and Prospects 

In-vitro organic electronics are becoming more significant for advancing in important 

fields such as biology, neuroscience, pharmacology, and toxicology. These devices provide 

the ultimate interface between organic conducting polymers such as PEDOT:PSS and 
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cellular membranes due to the soft mechanical properties and mixed ionic-electronic 

conductivity of PEDOT:PSS. OECTs have been widely fabricated with high gm, ID, and 

fast response by tuning device architecture and tailoring the performance of the conducting 

polymer to monitor cellular activity. Lithography fabrication has been the dominant 

technique used to make in-vitro organic electronics. However, there is a lack of inkjet 

printed OECTs for cellular interfacing. Inkjet printing provides the ability to mass-produce 

devices in a short time compared to standard lithography techniques. We live in an era in 

which time is important, and many diseases are emerging and need to be cured and 

understood. The need for mass production of high-quality printed organic electronics is 

rising. 

Here we report optimized in-vitro OECTs printed on glass which is promising for 

biointerfacing with living systems. We optimized the printing of PEDOT:PSS, silver 

nanoparticles, and dielectric to obtain the highest performance device possible. 

Optimization involved enhancing resolution, adhesion, printing parameters, post-

treatments, and pre-treatments, resulting in OECTs with high performance. Printed OECTs 

based on AgNPs/PEDOT:PSS provides a high gm of 31 mS and maximum ID of 11.5 mA. 

Printed OECTs with high gm can be used to transduce and monitor barrier-tissue formation 

and activity. In addition to its use as an in-vitro device, OECTs can be used as an amplifier 

or an inverter due to its high gm at low voltage, such as handheld ECG and printed logic 

circuits. 

Even though we obtained devices that have the potential to be used with a cellular interface, 

there are some limitations with our OECTs. OECTs showed slow speed, which limits their 
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use in cellular interface studies. Most OECTs found in literature offer faster devices which 

are more advantageous for monitoring more types of cells including non-barrier cells as 

fast devices have high gm at higher frequencies55,71. However, slow devices can be still used 

with barrier tissues that induce slow current variation such as tightly packed epithelial 

cells72. The device's speed can be improved in the future by changing the thickness of 

printed PEDOT:PSS to a thinner one via tailoring the formulation of PEDOT:PSS and 

changing the wettability of substrates. Our devices show a promising all-printed platform 

for in-vitro diagnostics and integrated circuits. 
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