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Abstract 

Organic Thin-Film Transistors are carbon-based semiconductor devices. Their simple fabrication makes 

them an ideal candidate for disposable, wearable technologies; an implementation being aptamer-

based biosensors. This project produces organic semiconductor aptamer-based biosensors for 

quantifying biomolecules in synthetic samples mimicking bio-fluids. 

There are two main effects in a field effect transistor; capacitance and resistance. The semiconductor 

between the source-drain electrodes is a transient resistor. Capacitance is created by voltage 

differences across the gate dielectric insulator. Charge buildup at the semiconductor-insulator interface 

induces a conducting channel through the semiconductor. Channel current can be increased by 

modulating the source-gate voltage until the current saturation point is reached. The transconductance, 

ratio of voltage to current change, is device-specific and based on resistance and capacitance. 

Electrolyte media incorporated within the OFET framework as part of the gate dielectric permits label-

free analyte sensing. The liquid-sample/solid-dielectric interface has an electric double layer capacitive 

effect that alters with biomolecule concentration change, causing the OFETs to experience 

transconductance change.  

These sensor devices were fabricated using simple, low-temperature processes. The semiconductor and 

dielectric stacks were spun on the source-drain electrodes to form the bottom surface, and the top gate 

was an in-house designed conductive polymer bilayer with a thin PMMA layer then functionalized with 

aptamers, DNA oligomers that specifically interact with a certain biomolecule. This produces label-free 

sensors with highly correlated current modulation due to changes in device transconductance. 

The characterized devices were used to create current vs concentration curves for biomolecule solutions 

of known concentration. The generated response curves were used to directly correlate device output 

current to biomolecule concentration.  
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The extensive material and processing optimization work conducted in the thesis yielded several 

performance outcomes comparable to high fabrication requirement OFETS, such as charge mobilities 

of ~ 0.1 – 0.2 cm2/V-s. The OFET on/off ratios is 1.3x104. The OEGFET device detects 1-2 orders of 

magnitude change in dosage with a limit of detection of 0.01 µM. An OFET device optimized with a novel 

dielectric stack demonstrated significant improvements in operating parameters and shelf life.
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Chapter 1 Introduction 

Organic Thin-Film Transistors are low cost, large area transistors [1], [2]. A transistor is an electronic 

switch capable of amplification and rectification of signals that when integrated into complex computing 

units perform advanced software tasks [3]. Traditional transistors have high fabrication requirements 

and rely on solid substrates and inflexible materials, making them expensive to produce and limiting 

potential applications [4]. These challenges could be solved by the Organic Transistor. Organic Field 

Effect thin film Transistors (OFETs), are significantly cheaper to produce than traditional transistors as 

they require low temperature and atmospheric condition processing [5]. Organic electronics have the 

potential to realize low cost, flexible, lightweight solutions to manufacturing limitations [6]–[8],[9]. The 

ease with which they can be manufactured, even on flexible substrates, indicates that the OFETs would 

be an ideal candidate for disposable, wearable technologies [4], [10], [11]. An area of OFET application 

for wearable transistor technologies is aptamer-based biosensors. 

1.1 History of Organic Transistors 

Organic transistors are a product of their history. The current architecture of the organic transistor is 

founded in the conventions begun for non-organic Field Effect Transistors (FETs), such as descriptions of 

the electrical characteristics, schematic design and minimum chemical characteristics for materials [9], 

[12]. A great deal of the fabrication techniques used in OFET productions were either originally used 

with non-organic FET, or based on those techniques [5]. Exploring the history of the Transistor reveals 

how these conventions came to be.  

1.1.1 Beginnings 

Transistor research began in the 1930s with research into field-effect controlled current. The underlying 

concept of the Field Effect Transistor (FET) first appeared in a 1928 patent application, but it was not 

until 1948 at the Bell Laboratories that the point-contact transistor was first demonstrated [5], [13]. The 
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work was inspired by a need to replace the vacuum tubes and mechanical relays that had been deemed 

ill suited for telephone transceiver applications, and though the point-contact transistor never found its 

way into commercial technology, it began a flurry of research into the so-called ‘transistor effect’ [12].  

1.1.2 The First Commercial Transistor 

The first form of the transistor to become commercially viable was proposed by Shockley in 1948 and 

produced in 1950, called the Bipolar Junction Transistor (BJT) [14]. This device is composed of a 

semiconductor material containing two adjacent diode junctions. The new BJT launched the transistor 

era and supplanted the point-contact transistor as the technology of the future [12].  

1.1.3 Field Effect Transistor Resurgence 

Despite the functionality of the BJT, research continued into the field effect transistor. A motivator for 

the enthusiasm for the FET over the BJT was the former’s similarity to the vacuum tube in functionality 

[12]. The BJT acts as a current-controlled device, making it a current amplifier. The FET is a voltage-

controlled device, much like the vacuum tubes that a generation of electrical engineers and physicists 

had trained with [1],[5]. However, the FETs suffered from irregularities in the semiconductor surfaces 

against which the BJTs were more resilient. It wasn’t until 1958 that a Bell Laboratories researcher 

developed a method to mitigate surface irragularities; too late for FETs to attract the general scientific 

community. It was the same year the first integrated circuit was proposed, featuring two BJTs which had 

been proven more reliable than FETs [13].  From 1958-1963 FETs were relegated to a small part of the 

market focussed on individual discrete transistor circuits for single application devices. The first example 

of the silicon surface passivation technique (Atalla et al.) was reported in 1960, and would become the 

basis for the first commercial Metal Oxide Silicon Field Effect Transistor (MOSFET) [15]. This technique 

was used by Wanlass and Sah of Fairchild in 1963 with the first reported Complimentary MOSFET 

(CMOS) transistor, an important step in reducing power usage in the MOSFET transistors [16]. The first 
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commercial discrete MOS transistors were produced in 1964 [12]. The produced MOSFETs did not 

perform as well as their BJT competitors, and were it not for the computer industry the importance of 

the MOSFET could have been lost [12]. The integrated chip concept was designed to reduce wiring, 

failure points, and transistor requirements. As digital computers became a common technology the 

demands on the transistors skyrocketed, along with computer power requirements. The MOSFET 

demonstrated two distinct advantages. MOSFETs require fewer processing steps than the BJT 

technology. This resulted in lower costs and higher fabrication yields[5]. The second is that the MOSFETs 

actually improve in speed and decrease power dissipation as they are scaled down, whilst the BJTs lose 

functionality [12]. MOSFETs allowed for increased devices per unit area, and operations per chip. 

In 1966, the IBM system 360 model 91 required five bipolar transistors for each bit, and 16-bit chips 

[17]. This was then followed in 1970 by IBM’s system 370, model 145 computer that featured the first 

commercial MOS dynamic random-access memory featuring three transistor cells and 1024 bits to a 

chip [18]. The advent of digital computer put the field back into the spotlight as the technology of the 

future. 

1.1.4 The First TFT 

Relentless miniaturization, material optimization, electrode design, and processing improvements have 

accelerated MOSFET advancement to the point where integrated chips hold thousands of reliable 

transistors [19]. However, the capital costs involved with producing such transistors makes low-cost or 

disposable applications economically unattractive, reducing interest into these potentially necessary 

areas of research [4]. The single-crystal silicon substrates used in the fabrication of the MOSFETs do not 

allow for large area transistors, flexible substrates or transparent substrates [4], [13]. The low-cost 

requirement transistor solutions was first demonstrated in 1961 by Weimer et al [20]. Using 

polycrystalline cadmium sulphide (CdS) as a semiconductor and an evaporated layer of silicon monoxide, 
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they created a Thin Film Transistor (TFT). This device solved the then prohibitive problem of the surface 

state sensitivity, but they were not a commercial success. The concept of a TFT went largely ignored 

until 1975 when Spear and Le Comber [21] demonstrated that the semiconducting properties of an 

amorphous silicon (a-Si) semiconductor deposited by glow discharge plasma Chemical Vapour 

Deposition (CVD) could be anticipated. The important advancement was that the electrical 

characteristics of a-Si could be predictably controlled by doping with boron or phosphorous. This led to 

the first hydrogenated a-Si (a-Si:H) TFT produced in 1979 [4], [13]. The a-Si:H is deposited through 

Plasma Enhanced Chemical Vapour Deposition (PECVD), in which an amorphous silicon grows on a 

heated substrate[21], [22]. The lack of crystallinity and high quantity of bonding defects results in the a-

Si:H having significantly less charge carriers than the single crystal silicon. The charge mobility is reduced 

due to the number of defects, making a-Si:H TFTs low switching speed transistors with lower maximum 

current [5]. 

Despite the reductions in performance, the TFT is suitable for certain applications such as liquid crystal 

displays where transistors are required on a transparent sheet [23]. TFT processing and architecture is 

suitable for lower temperature and atypical substrate applications. Despite the significant decrease in 

costs from Metal Oxide Devices, a-Si:H TFTs processing costs are still significant. Despite the reduction in 

temperature from 1000oC required by MOSFETs to only 300oC a-Si:H processing temperatures preclude 

the use of lightweight, flexible polymer substrates which usually have glass transition or degradation 

temperatures around 100-200oC  [5], [24]. This led to the interest in organic materials in TFT 

applications.  

1.1.5 Enter the Organics 

There is an enduring misconception that plastics and organic materials share a common feature: they do 

not conduct electricity. However, as early as 1906 Pochettino was reporting photoconductivity in solid 
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anthracene, a molecule with a three benzene-ring structure [25]. It was first thought that this 

phenomenon must be part of the external photo-electric effect, but Volmer showed that the anthracene 

conducts at 4000Å, whereas electron ejection is only observed below 2250Å [12]. The measurable but 

small dark conduction reported was noted to be higher in the molten Anthracene than in the solid 

anthracene. The spate of papers researching organic semiconductors petered out during the war and 

interwar years, with the focus of organic semiconductor research going into the ‘sensitization’ of 

photographic emulsions through photoconduction in organic dyestuffs.  

In 1941 Nobel Laureate Albert Szent-Gyorgyi proposed a method of electron transfer through the pi-

bands between molecules as a fundamental physical process of living organisms, spurring the study of 

organic semiconductors [26]. Szent-Gyorgyi supported his claims with evidence of conduction in dyed 

proteins.  

Throughout the years, many advances in the field of organic semiconductors appeared. The first 

compound to have a significant electrical conductivity of 1 S/cm is the perylene-bromine complex, 

reported in 1958 [27]. Kepler et all synthesized tetracyanoquinodimethane with an activation energy for 

conduction of less than 0.01 eV and 100 S/cm conductivity at room temperature. The first organic 

‘metal’ was reported in 1973 with the synthesis of tetrathiofulvalene-tetracyanoquinodimethane with 

electrical conductivities of around 8000 S/cm [28]. In 1977 a group of researchers accidentally 

discovered that by adding trace amounts of donor or receptor to a conjugated polymer polyacetylene 

the electrical conductivity could be varied over eleven orders of magnitude [29]. This practice is known 

as doping, and can be used to modulate the electrical characteristics of a semiconductor. The impurities 

in a doped semiconductor result in local energy changes, which can increase available charge carriers in 

the semiconductor [30]. There are two kinds of semiconductor; p-type and n-type. P-type 

semiconductors have positive charge carriers called ‘holes’ and n-type semiconductors have negative 

charge carriers called ‘electrons’ [1]. This concept of additional impurities in semiconductors though 
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known since the 1940s, but had not been proven in polymers or organic semiconductor materials. This 

breakthrough opened up the possible technological applications for conducting and semiconducting 

polymers that lead to their inclusion in organic transistors [24]. 

Organic semiconductors do not necessarily require doping to carry charge, but retain the convention of 

using p-type for positive charge carriers and n-type for negative [31]. Organic semiconductors get their 

conducting ability from long conjugated carbon chains. These allow for spreading charge carrier density 

across the molecule effectively stabilizing the charged molecule and allowing for transmission along 

conjugated carbon back bones [5], [25]. Some commonly used p-type organic semiconductors are 

pentacene, 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) and sexithiophene [32], [33]. 

Pentacene is the industry gold standard for a p-type organic semiconductor due to its favorable 5 

benzene ring conjugated structure and high charge mobility of 6 cm2/ V·s [34]. Sexithiophene has a 

highly conjugated structure that can be easily substituted for tuning charge carrier properties, the 

highest reported mobilities of which have been 1 cm2/ V·s [32], [35]. Both Pentacene and Sexithiphene 

are deposited using vacuum deposition [4]. In order to reduce the fabrication costs, a solution 

processable form of substituted pentacene is often used, called TIPS-pentacene [36]. When solution 

processed with chlorobenzene demonstrates charge mobilities of up to 1.5 cm2/ V·s [37], [38]. At 

present, the highest reported charge mobility for an n-type organic transistor uses buckminsterfullerene 

OFETS with carrier mobilities approaching 0.3 cm2/ V·s [25], [31]. However, these molecules are not 

stable in ambient air. There are some air stable n-type organic semiconductors such as 

hexadecafluorocopperphthalocyanine which has a reported carrier mobility of 0.03 cm2/ V·s, deposited 

by evaporation [5], [31], [36]. The best performance for small molecule solution processed n-type 

transistors is 0.1 cm2/ V·s, for Bis(2,2,3,3,4,4,4-heptafluorobutyl)-perylene tetracarboxylic 

diimide(PTCDI-CH2C3F7) processed with fluorocarbon substituents at the conjugated core [25], [31]. 
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1.1.6 Use of TFTs with Organic Transistors  

The charge mobilities found in organic semiconductors are about 1000 times lower than that of the 

traditional semiconductors such as Si, Ge, GaAs, GaN etc [38], [39]. In order to create usable transistors, 

the charge carrier density must be maximised. In order to achieve the maximum charge mobility from 

the semiconductors, Thin Film Transistors (TFTs) are employed [4].  

In a semiconductor, the distribution of charge carriers continually decreases the further into the bulk 

from the semiconductor-insulator interface [13], [40]. The effective thickness of the semiconductor is 

the ‘depth’ where there are effective charge carriers. This can be explained using the gradual channel 

approximation for MOSFETs[40]. This approximation does not depend on device architecture or 

geometry [40], [41].  

If a device is set up as a capacitor with a semiconductor and a dielectric material, there will be charge 

accumulation under the injection electrode; for p-type this is the drain electrode [1]. As a negative gate 

bias is applied to the ‘gate’ charge injection is seen occurring into the conduction band of the 

semiconductor. Charges accumulate at the semiconductor-dielectric interface. This charge can be 

approximated as charge per unit area, and calculated as Equation 1 [41].  

𝑄 = 𝐶𝑜𝑥𝑉𝐺                  (1) 

Not all charge contributes to transport, as some of the injected charge fills traps and can be rendered 

immobile [38], [42]. Another confounding factor is that the dielectric interface may not be neutral at VG. 

Only the mobile charges at the interface contribute to transport. Trapped charges shift voltage 

characteristics and act as if a constant bias is always applied [40]. Therefore, as the mobile charge is 

related to this shifted gate bias the mobile charge can be calculated as Equation 2, where 𝑉𝑡 is the 

threshold voltage, shifted from zero by trapped charges.  

𝑄𝑚𝑜𝑏 = 𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑡)                        (2) 
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This is applicable to a FET with no applied source bias [41]. When the source is connected, there is a 

variation in charge density (as a function of position moving through the semiconductor) from source to 

drain. To account for this, another voltage term V(x) is incorporated as in Equation 3.  

𝑄𝑚𝑜𝑏(𝑥) = 𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑡 − 𝑉(𝑥))                                 (3) 

Where V(x) is voltage dependent on position of the channel [40]. Charge density therefore changes as a 

function of the position within the channel. This indicates that conductivity is also dependent on voltage 

and position in the channel. Evaluating the conductivity for a homogeneity of carrier distribution the 

conductivity is evaluated as Equation 4 [1], [40]. 

𝜎 = 𝑒(𝜇𝑒𝑛 + 𝜇ℎ𝑝)                         (4) 

Where 𝜎 is conductivity, 𝑒 is the fundamental unit of charge magnitude, 𝜇𝑒 and 𝜇ℎ are mobilities and 𝑛 

and 𝑝 are carrier densities. In p-type transistors this simplifies to Equation 5. 

𝜎 = 𝑒𝜇𝑝,              𝜇ℎ = 𝜇                  (5) 

If there was a uniform channel, it would be a rectangular prism with thickness D, with W the width of 

the transistor channel and L the length [40], [41]. The carrier density is not uniform, but as 𝛿𝑥 → 0 it can 

be approximated as uniform. If p is carrier density, and N is Number of carriers, and 𝜎(𝑥) = 𝑒𝜇𝑝(𝑥) is 

valid, within the volume V, Equation 5 is the carrier density, and the carrier density can be calculated 

with Equation 6.  

𝑝(𝑥) =
𝑁(𝑥)

𝑉
=

𝑁(𝑥)

𝑊𝐷𝛿𝑥
,         𝜎(𝑥) = 𝜇

𝑒𝑁(𝑥)

𝑊𝐷𝛿𝑥
                  (6)   

By identifying the fundamental charge multiplied by the number of charge carriers to be the total charge 

involved with conduction, the charge mobility becomes 𝑄′
𝑚𝑜𝑏(𝑥) = 𝑒𝑁(𝑥) and the conductivity 

becomes Equation 7.  
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𝜎(𝑥) = 𝜇
𝑄′

𝑚𝑜𝑏
(𝑥)

𝑊𝐷𝛿𝑥
                            (7) 

As there is a defined Equation for a 2-dimensional charge density as a function of position, Equation 3, 

the two-dimensional charge density can be written in terms of total charge 𝑄′
𝑚𝑜𝑏 as Equation 8.  

𝑄𝑚𝑜𝑏(𝑥) =
𝑄′

𝑚𝑜𝑏
(𝑥)

𝑊𝛿𝑥
                             (8) 

By substituting this into Equation 7, the conductivity becomes Equation 9.  

𝜎(𝑥) = 𝜇
𝑄𝑚𝑜𝑏(𝑥)

𝐷
                        (9) 

This indicates that the thicker the thickness D of the conducting channel, the higher the overall 

conductivity of the system becomes. The thin-film constrains the shape of the channel and maximises 

the conductivity. This is important for organic semiconductors that have a naturally lower channel 

mobility.  

The operation of organic transistors at low gate bias is essential for creating low-power devices and for a 

range of functional applications [43], [44]. To maximise the conductivity, organic field effect transistors 

are now almost exclusively thin film transistors [4], [12]. This is reflected in the term OFET, which 

indicates that it is an Organic Field Effect Transistor, but in reality, all OFETs will be organic field effect 

Thin Film transistors. The term OFET is also reminiscent of MOSFET, the device architecture that the 

gradual channel approximation for examining the electrical characteristics was originally developed with 

[40],[41]. The approximation also applies to Thin Film transistors with long channels where contact 

resistance can be rejected, such as in organic thin film transistors with significant aspect ratios, hence 

the term Organic Field Effect Transistor [41].   



10 
 

1.1.7 The First OTFTs 

The first example of field effect phenomena in Organic TFTs (OFETs) was reported by Ebisawa in 1983, 

using a polyacetylene thin film as the semiconductor layer [45]. Despite observing current modulation 

with gate bias there was minimal change due to large impurity and defect densities. It wasn’t until 

Tsumura et al in 1986 produced an OFET with high purity synthesized polythiophene that a significant 

current modulation was observed [46]. Charge carrier mobility of these transistors was reported to be 

10-5 cm2/ V·s, significantly lower than those reported for MOSFETs. From 1986-1991, thiophene based 

organic materials were producing the highest reported charge carrier mobilities every year whether 

from solution processing or vacuum deposition. Then in 1992, a pentacene OFET was reported with the 

second highest charge mobility [24] of 10-3 cm2/ V·s [25]. Pentacene is small molecule consisting of 5 

benzene rings, and it has been demonstrated that the crystal growth of pentacene produces highly 

organized herringbone-shaped crystals with low impurity inclusion. Soon pentacene became the 

industry gold standard for the p-type organic semiconductor with reported charge mobilities of up to 1.5 

cm2/ V·s [33] in 1997 [5], [9]. This was the first instance in which an organic TFT had matched the a-Si:H 

TFT performance[34], [47]. The method of deposition for pentacene was vapour deposition, which had a 

significant associated cost. The improvement in performance of solution-processed semiconductors 

during this time led to significant advances in low temperature fabrication processes with Sirringhaus et 

al reporting spin-coated poly(3-hexylthiphene) TFTs with carrier mobilities of 0.1 cm2/ V·s [48]. Whilst 

some of the research into organic transistors focussed on ever-improving the electrical characteristics, it 

was recognized that OFETs will have a dramatic impact on the cost of transistor devices[4], [5], [11]. 

OFETs not only have simpler fabrication requirements, but are versatile in their area, have cheaper 

material costs and can be made disposably and on flexible substrates [4], [11], [39]. This revolutionizes 

the way that transistors are applied, from traditional hardware to novel, device-based applications such 

as electrolyte gated biosensor systems. In 2002, Hegmann et al produced a study on a substituted form 
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of pentacene that should have charge mobilities equal to that of unsubstituted pentacene, as long as 

appropriate film morphology is achieved [49]. This substituted form of pentacene is called 6,13-

Bis(triisoprypylsilyletheynyl)pentacene, or TIPS-pentacene. The main benefit of the TIPS-pentacene 

material is that while Pentacene must be vacuum deposited, TIPS-pentacene can be spin coated [33], 

[50]. This reduces the fabrication costs and requirements [5], [51]. In addition, while pentacene is 

unstable in oxygen and subject to photodimerization, TIPS-pentacene is stable at room temperature and 

less susceptible to environmental doping [8], [25], [51]. A transistor produced with a solution processed 

TIPS-pentacene film has reported charge mobilities of 1.5 cm2/ V·s, the same as those reported for 

pentacene in 1997 [52]. The investigations into TIPS-pentacene OFETS has focussed on increasing the 

charge mobilities of the transistors whilst also improving current flow, reducing power requirements, 

and reducing fabrication costs.  

Applications for the OFET have evolved with the OFET [43]. The first commercial application of the OFET 

is in liquid-crystal displays (LCDs) [23]. These devices meet low carrier mobility requirements of 0.1 cm2/ 

V·s and on/off ratios of 106. These were the first demonstrated devices using the OFET [4]. Since then, 

the OFET has become the focus of many low-cost and disposable technologies such as the OFET 

biosensor[53], [54]. The first OFET sensor was theorized in 1987, and was proposed as a method for 

multi-parametric sensing capable of operating at room temperature. This setup exposed the 

semiconductor film to a gaseous sample and attempted to correlate the changes in electrical 

characteristics to gaseous analytes. This approach was first demonstrated in 2000 with changes in 

mobility, on/off ratio and bulk conductivity observed [5]. The interest in highly specific biorecognition 

sensors led to the development of the Organic Electrolyte Gated Field Effect Transistor (OEGFET) [55]. 

These systems use a dielectric gate created through the formation of a Debye-Helmholtz double layer at 

the gate-solution interface and the solution-semiconductor interface [56]–[58]. These systems become 

label-free biosensors through the immobilization of recognition elements at the gate-solution interface, 



12 
 

which change the capacitance properties of the system as the recognition elements bind to analytes of 

interest [59], [60]. The most common biorecognition elements of interest used in OEGFETs are enzymes, 

naturally occurring recognition elements that are highly specific to the molecule in question [43], [53]. 

However, enzymes require multistep grafting procedures, are highly temperature and pH sensitive and 

must be kept in an aqueous environment [61]. Current areas of research involve the use of aptamers, a 

less specific form of recognition element, but one that does not require storage in a pH and temperature 

controlled aqueous environment and simpler grafting process [62], [63].  

1.2 Motivation 

Current OFETs struggle with low charge mobilities and short shelf life [36]. This has prevented these 

devices from becoming a viable option for commercial devices. The focus of this thesis was to produce 

effective, working transistors for the lowest cost and solve these problems. These solutions can be 

applied to OEGFET devices and demonstrate a potential application as OEGFET biosensors. 

There is the need for non-invasive biofluid testing that returns accurate, repeatable, real-time molecule 

quantification at the point of care. The current standard for bio-analyte testing is Enzyme-Linked 

ImmunoSorbent Assay (ELISA) testing, a multistep lab-bench procedure that takes up to four hours, 

costs hundreds of dollars, and must be performed by a trained professional [61]. In constrast, the label-

free OEGFET will make it possible to run the process in minutes with simple testing interfaces that can 

be operated with minimal training requirements [64]. Current label-free OEGFET technology has yet to 

be commercialized due to highly involved, low yield fabrication processes resulting in devices with short 

shelf-life. 

 Electrolyte gated transistor sensors can be used for any molecule that has a highly selective, specific 

recognition molecule [57], [65]. Through transistor optimization and determinization of clinical 

therapeutic ranges or intoxication limits, the characteristics of the transistor can be tailored for useful 
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limits of detection [60]. A characteristic current response curve for a set source-drain voltage and source 

gate voltage can be created for each molecule of interest. These predictive devices can be placed in the 

multiplexed system and used for quantification. The benefit of the electrolyte gated transistor is the 

gate with the functionalized molecules can be kept in a buffer solution, which would allow them to have 

a significant shelf life to allow for storage and transportation [63], [66], [67]. These give real time 

readouts, and in a fully operational system will not require lab bench technologies or knowledge to use 

[68], [69]. These systems can be fully automated for sample to analysis quantification of a magnificent 

variety of biomolecules, and will be key in identifying drug intoxication from saliva samples. These 

devices would be applicable to process control, water quality, wearable technologies using sweat 

analysis, personal drink testing, food allergen testing, home amine testing for food freshness, and more. 

The work reported in this thesis is aimed at producing low-cost, simple fabrication process devices that 

have extended shelf lives. This will be achieved through the implementation of TIPS-pentacene 

transistors with a novel dielectric insulator stack and immobilized aptamers producing a label-free 

OEGFET that can rapidly, accurately, and repeatably detect biomolecules.   

The impact of the collected works is to demonstrate that these devices can be made with a low-cost, 

less involved process that lays the ground work for a viable commercial product for large area bio-

analyte analysis. The proposed architecture — demonstrated with dopamine — is applicable to a huge 

selection of biomolecules, and the development of this technology on flexible substrates allows for 

wearable technology potential. The demonstrated fast response times allow for this technology to be 

applied as a ‘real-time’ analysis technique, with reusable devices allowing for semi-continuous analysis. 

The collected works provide a solid foundation for continuing with the work into a low-cost, label-free 

OEGFET biosensing device.  
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Chapter 2 Literature Review 

The OFET device research community has made significant advances towards improving the shelf-life, 

longevity and range of applications for OFET devices. The main areas of improvement are in fabrication 

techniques, and the incorporation of novel materials. The goal of new materials can be to improve 

electrical characteristics, or to reduce costs and fabrication requirements.   

Organic electronics use organic materials to create devices with specific operating goals [43]. Presently, 

research in this field is focussed on creating transistors that meet design specifications that traditional 

MOSFETs cannot. Often the goals are aimed at reducing costs and fabrication requirements, or printing 

on substrates other than silicon and using transistor functionality in novel applications [36], [70]. OFET 

devices are currently used in the production of AMOLEDs, Active Matrix Organic Light Emitting Diodes 

for use in flexible screens and displays [23]. OFETs are used in ultra low-cost RFID tags and logic 

elements as passive elements [70]. OFETs are being investigated as novel biosensor devices, with uses 

such as wearable sensor applications due to production on flexible materials [35]. Significant challenges 

remain in areas such as low channel mobility, low capacitance and short shelf-life.  

Early work into the improvement of the OFET focussed on the semiconductor materials and processes, 

often using the same heavily doped silicon wafers and thin layers of silicon oxide as gate dielectrics as in 

MOSFET devices, with the organic semiconductor deposited as the very last step in the process [13]. 

However, this ignores some of the significant advantages of organic semiconducting devices, such as 

flexible substrates and creating large area devices. Therefore, OFET researchers have developed new 

and effective methods for device fabrication [5]. There has also been advances in the materials used in 

OFET production [71]. The end goal of the transistor influences the materials and processes involved in 

the fabrication of the devices.  
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2.1 Device Architecture 
The device set up and design has an impact on the fabrication techniques used. There are four main 

types of device architecture; there is the bottom gate, top gate, side gate and electrolyte gate 

architectures [12], [15].  

Figure 1: Device architectures. Semiconductor in blue, dielectrics are yellow and metals in grey.  a) Bottom gate b) Top gate c) 
side gate d) Two-surface electrolyte gated e) Bottom contact f) Top contact 

Of the four architectures, the first, Figure 1a is the bottom gate architecture. The original FET devices 

used highly doped silicon wafers as the gates for their devices, making them bottom gate devices. The 

Metal Oxides usually used in the MOSFET configurations are highly stable, not susceptible to 

environmental doping, nor to degradation during the electrode fabrication step [5], [12]. The top gate 

electrodes pictured in Figure 1b are favoured when producing devices with oxidative 

semiconductors[33], [38]. The semiconductor can be completely encapsulated by the dielectric, which 

reduces exposure to environmental factors. In Figure 1c, the side gate transistor, is most frequently used 

architecture in carbon nanotube semiconductors [72], [73]. The nanotubes are unable to sustain their 

chemical properties after any form of deposition, and so the three electrodes are printed prior to the 

placement of the nanotubes [73]. The electrolyte gate pictured in Figure 1d is a two-surface device 
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sandwiching an electrolyte. One surface is the source-drain electrodes and the semiconductor, and the 

other is the gate. This architecture is commonly used as a specific device application for short term 

transistor testing [74]. Often there will be additional dielectrics between the semiconductor and the 

electrolyte. 

 With each of the four device architectures, the contact point between the semiconductor and the 

electrodes can be described as top or bottom contact [36]. The differences in device response when 

fabricated with top or bottom contact can be attributed to slight differences in voltage requirements to 

form the channel. Often the decision of which orientation to use is determined by compatibility with 

subsequent processing materials. For example, in the top gate, bottom contact configuration pictured in 

Figure 2a the source-drain electrodes are patterned first, and the materials spun on top. This is the 

preferable orientation when the semiconductor will interact with the electrode fabrication step. The top 

contact is preferable when the semiconductor deposition could damage printed electrodes. These 

device architectures are the most commonly reported, with the main differentiation between which is 

selected resulting from the materials [75].  

2.2 Fabrication Techniques 

The first demonstrated method for large area device printing used a process called screen-printing. 

Stainless steel mechanical masks were used to pattern major elements from solutions, but with poor 

resolutions of 35-100 μm [13]; quickly becoming impractical for integrated circuits and nanodevices. As 

research into OFETs advanced the channel widths and aspect ratios required in for device fabrication 

shrank to the order of μm and channel widths were as small as 10 μm [5]. Screen printing was 

considered obsolete and was replaced with other deposition and pattern techniques. Screen-printing 

has recently had a revisitation since it was demonstrated to be useful with carbon nanotube devices 

[76].  
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The most common method for source-drain patterning for both MOSFET and OFET devices is deposition 

of a thin film though a physical vapour deposition (PVD) combined with a patterning step [77]. PVD 

leverages sputter deposition where a plasma discharge bombards a solid target, causing a molecule 

vapour to form and deposit onto a substrate. There are two common methods of sputtering: direct 

current magnetron sputtering and electron beam evaporation. Direct current magnetron sputtering uses 

an ionized gas to bombard a target causing atoms to be “Sputtered” off to be deposited. This method of 

sputtering is used with both conductive and insulating targets. Electron beam evaporation causes atoms 

in a bombarded target to transform into a gaseous phase. Electron beam evaporation can have varied 

deposition rates, as low as 1 nm per minute to as high as a few micrometres per minute. The tunability  

allows for the structural and morphological control of films. Both methods of thin film deposition are 

commonly used with metal deposition for electrode patterning.  

Photolithography is a common patterning method that uses photoactive polymer materials called resists 

and specific wavelength UV light to produce a patterned material layer [78]. There are two main 

fabrication techniques that use photolithography to produce patterned electrodes; etching and lift off 

[5]. The photolithography process exposes only certain to UV resulting in a patterned resist. This process 

can use a photomask or a dedicated photolithography machine. Dedicated machines do not require the 

use of shadow masks, which are expensive to produce, but have the downside of reduced resolution and 

long fabrication times.  

A high resolution (down to 2 μm) printing method called microcontact printing uses elastomeric stamps 

to print self-assembled monolayers (SAMs) that can be used in lift-off or etching processes — similar 

results to the photopatterned resists — or to promote adhesion during subsequent deposition [79]. This 

method of printing can be extended to use in reel-to-reel fabrication though the use of cylindrical 

stamps. Microcontact printing can be used with organic conductive materials to produce patterned 

electrodes or to grow graphene layers.  
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Ink jet printing is commonly used for fabricating larger printed devices such as organic light emitting 

diodes. Ink Jet printing struggles with resolution limits of 20-50 μm due to droplet spreading on 

substrates [80]. One method for overcoming this limitation is to confine water-based inks with 

hydrophobic patterned regions. This set up requires top-gate configuration TFTs as oxygen plasma 

etching can damage dielectric materials. An innovation of the inkjet printing technique is aerosol jet 

printing [72]. The aerosol jet is capable of producing features as small as 10 μm and is compatible with 

conductive metals, conductive polymers such as PEDOT and Carbon nanotubes, semiconductors, 

resistors and dielectrics. The inks require post-processing such as a sintering or crystallization to achieve 

the desired final properties [72]. This system is capable of handling variations in height up to 2 mm, 

which would allow it to print on rougher substrates such as polymer substrates. This system has a high 

capital investment for the device and the inks, and requires post-processing steps such as sintering and  

laser sintering for rough surfaces.  

The three most common methods of depositing solution processable materials are spin coating, dip 

coating, and drop casting [7]. The process of spin coating uses high revolution per minute (rpm) 

movement to spread layers of solutions to a desired thickness. Well characterized relations between 

spin speed, spin time and solution viscosities [48]. Well documented correlations between spin speed 

and nanoscale thicknesses of materials are used for depositing specific material thicknesses. Dip coating 

is much less controlled, as the thickness of the resultant layer is dependent on the adhesion of the 

solution to the dipped surface [22]. This system is appropriate for use with polymer semiconductors as it 

helps to orient the lamella of the structures in the most appropriate orientation. Drop casting is 

commonly used when attempting to layer hydrophobic and hydrophilic substances together. As it has an 

unreliable resulting thickness, it is not commonly used for materials with thickness dependent electrical 

properties such as semiconductors and dielectric materials.  The thickness of the resultant layer is 

dependent on the relationship between the surface and the solution.  
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Sublimation deposition of materials differs from sputtering in that the deposited molecules are not 

‘chipped’ from a solid target but are rather present in a gaseous form [50]. Thermal sublimation, or 

evaporation deposition, is the process through which a material of interest is heated in a vacuum to 

reach the evaporation point, and then allowed to cool to condense onto the surface of interest [81]. In 

organic vapour phase deposition volatile precursors are carried as a vapour to a hot-wall reaction 

chamber by independently controlled streams of carrier gas. The components react to form 

polycrystalline thin films on the substrates of interest.  This method has been demonstrated to produce 

purities of greater than 95%.  

2.3 Semiconductor Materials  

Atomic structure dictates chemical characteristics. Atoms are organized around positively charged 

nucleus composed of neutrons and protons, with electrons satellite electrons circling the centre in 

concentric rings called orbitals [31], [83]. Electrons follow the Pauli exclusion principle, where each of 

these orbitals can only hold two satellite electrons. Electrons can move between rings if they receive an 

energy boost and there is space in the orbital above them. At any given temperature, atoms will have a 

Highest Occupied Molecular Orbital (HOMO), which is the concentric ring the furthest from the nucleus 

which contains electrons. This is also called the Valence orbital, and it is this orbital which determines 

the chemical nature of the atom; highly reactive, unreactive, forms negative ions or positive ions. The 

orbital above it is called the Lowest Unoccupied Molecular Orbital (LUMO), or the conduction band. This 

is because conduction is possible when an electron moves from the HOMO into the LUMO. This is 

achieved through thermal or electrical excitations energizing the valence electrons enough for them to 

jump from the HOMO to the LUMO.  

Semiconductors are materials with resistivities higher than metals, and lower than insulators [31]. The 

energy requirements for conduction are low enough that thermal excitations will occasionally provide 
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the necessary energization for the spontaneous conduction of electrons. This varies from the insulators 

where the energy gap between the LUMO and the HOMO is too large for thermal excitations to 

spontaneously move electrons from one to the other. It differs from conductors where the valence 

electrons are so loosely bound, they move freely around the conductor crystals.  

Organic Semiconductors are traditionally classified into two categories, organic charge transfer 

complexes and linear carbon backbone conductive polymers [5],[25]. Another way of describing these 

categories small conjugated molecules, and conjugated polymers. Charge transfer complexes exhibit 

conduction mechanisms similar to inorganic semiconductors, arising from band gap separation of 

conduction and valence layers. Other significant contributions to conduction are tunneling, localized 

states, mobility gaps, and phonon assisted hopping [42]. However, the main conduction contributor is 

conjugation, the alternation of single and double bonds [33]. The conjugated structure creates a 

situation where every atom shares electron density with a neighbour. This creates a propagation of 

electrons as the addition of al electron to one end of the molecule creates a domino effect of charge 

transfer. These confer rigid shapes to the molecules, usually long shapes, which cause compact stacking 

and alignment. Compact stacking increases the order and the charge carrier mobility. 

THe first iterations of organic thin film transistors were fabricated using polymers. They were applied 

using dip coating, spin coating, or through polymerization directly on the transistor surface from a 

precursor solution [12]. The most common semiconducting polymer is polythiophene, a p-type 

semiconductor which can be functionalized into poly(3-alkylthiophene) (P3AT) to allow it to be dissolved 

in organic solvents [48]. After the pioneering work performed by Sirringhaus et al on solution processed 

P3AT it has been established that polymer OFET performance critically depends on molecular weight, 

deposition conditions and degree of regioregularity [84],[13]. These factors influence the formation and 

orientation of lamellar domains, the ordered formation of polymers leading to significant overlap of 

delocalized molecular orbitals of other molecules, resulting in pi-pi stacking that increases charge 
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mobility. As this stacking occurs perpendicular to the plane of the lamella, higher mobilities (0.1 cm2/V·s) 

occur with the thiophene rings stacking rather than lying flat on the surface [85]. If the polymer lies flat 

on the surface, the pi-stacking occurs perpendicular to the direction of current flow in the 

semiconductor and produces poor charge mobility. This pi-stacking of the lamella in the correct 

orientation can be induced by selecting a polymer with a high degree of regioregularity, which explains 

why P3AT has had such success as a semiconductor. High order in polymer semiconductors is defined as 

high percentage of regioregularity in the attachment of the alkyl side chains to beta position of the 

thiophene rings [31]. However, with the increased pi-stacking comes increased photoinduced oxidation, 

resulting in shorter shelf life.   

The first small molecule organic semiconductor demonstrating useful current modulation was 

demonstrated by Clarisse et all in 1988. Using thermally evaporated scandium diphthalocyanine and 

nickel phthalocyanine the group measured a carrier mobility of 10-3 cm2/ V·s, an order or magnitude 

larger than any produced by organic polymers at that time [86]. Small molecule organic semiconductors 

have a greater affinity for creating highly ordered geometric arrangements than polymers, which results 

in a higher carrier mobility. Small molecule semiconductors are deposited from solutions using spin and 

dip coating, or through evaporation techniques [31]. The three most commonly studied small molecule 

organic semiconductors are pentacene, sexithiophene and copper phthalocyanine [2]. These molecules 

require either thermal sublimation in vacuums or organic vapour phase deposition. With these materials 

and processing techniques it is common to see self-organized, highly ordered polycrystalline films 

develop [5], [81]. It has been shown that to induce effective crystallinity, low energy substrates are 

required. Under these conditions, peak charge carrier mobilities for p-type OFETs, acenes such as 

pentacene have charge mobilities of 6 cm2/ V·s and oligothiophenes produce charge mobilities of up to 

1 cm2/ V·s [44],[87].  Pentacene is the industry gold standard for a p-type organic semiconductor due to 

its favorable crystal structure and excellent pi-stacking abilities. However, it is easily oxidised when 
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exposed to air, and it requires high cost evaporation deposition. For  low-cost fabrication processes such 

as spin and dip coating, the highest charge carrier mobility for a p-type organic semiconductor is 

demonstrated with TIPS-pentacene[33]. TIPS-pentacene combines the highly ordered structure required 

for large charge mobilities with the conjugated structure that promotes charge spreading and 

semiconductor properties [33]. The bulky constituent groups help the pentacene to dissolve in organic 

solvents, producing low molecular weight solutions that can be spun and drop cast.  

To develop integrated circuits both p- and n-type transistors are required. At present, the highest 

reported charge mobility for an n-type organic transistor uses buckminsterfullerene OFETS with carrier 

mobilities approaching 0.3 cm2/ V·s [2], [5], [88]. However, these molecules are not stable in ambient 

air. Air stable n-type organic semiconductors such as hexadecafluorocopperphthalocyanine have 

reported carrier mobilities of 0.03 cm2/ V·s, deposited by evaporation[89], [90], [91]. The best 

performance for small molecule solution processed n-type transistors is 0.1 cm2/ V·s, for 

Bis(2,2,3,3,4,4,4-heptafluorobutyl)-perylene tetracarboxylic diimide(PTCDI-CH2C3F7) processed with 

fluorocarbon substituents at the conjugated core [4], [81], [88].  

Inducing crystal formation in semiconductors is desirable for increasing the charge carrier mobility in the 

OFET. The method for increasing crystal formation in solution processed semiconductors is to induce the 

highest order. An example of this is for TIPS-Pentacene, where Choi et al demonstrated that for a 1 wt % 

solution the final charge mobility increases with the boiling point of the solvent, with chlorobenzene 

(boiling point 131.72ͦC) producing a final charge mobility of 0.01 cm2/V·s, and chloroform (boiling point 

61.17ͦC) with a charge mobility of 5.8x10-7 cm2/ V·s [82]. The higher boiling point results in a slower 

evaporation of the organic solvent allowing larger crystals to form.  

Evaporation deposition of organic semiconductors on high energy surfaces leads to 2-dimensional 

crystal formation [77]. These two-dimensional crystals are posited to have large voids between layers 
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created by imperfect stacking. In order to increase the crystallinity of the evaporation deposited small 

molecules the surface on which they are deposited must be altered to reduce the energy level. One 

method is to induce a Self Assembled Monolayer that reduces the surface energy, or to passivate the 

surface of the structure. This will result in three dimensional crystals that improve the charge carrier 

mobility of the system.  

2.4 Electrode Materials  

Desirable traits in electrode materials are high conductivity and a small Schottky barrier at the interface 

with semiconducting layers. Another description would be similar work functions or HOMO/LUMO level 

to the inorganic semiconductors [45], [92]. Traditionally these materials are metals, with aluminum, 

gold, silver, titanium, chrome, nickel, tungsten, molybdenum, palladium and platinum used as common 

gate electrodes [72],[4]. With the advent of organic electronics, research into ‘organic metals’ and other 

conducting materials has led to the interest in using substrates other than metals as electrode materials 

[93], [94]. Materials such as conductive polymers, conductive graphene and graphene-based materials 

such as carbon nanotubes have shown promise as alternative electrodes [95]. A common conducting 

material is Poly(3,4-ethylenedioxythiophene) (PEDOT) [96]. This highly conductive p-type polymer can 

be embedded in poly(4-styrenesulfonic acid), or PSS, through the Baytron-P process to produce a water 

and PEDOT:PSS complex [97], [98] . The PEDOT oligomers adhere to the PSS backbone which forms a 

coiled tertiary structure of the polymer salt. In water this micro dispersion is stable, and ideal for spin 

coating conductive films [97]. Literature values for the sheet resistance of these films has been reported 

as low as 65 Ω/m2 and conductivities as high as 230 ms /Ω [93], [99]. The conductivity of the solution is 

approximately four factors of ten lower than that of a metal, meaning that substituting a metal for this 

solution will result in efficacy reduction [95].  
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Indium Tin Oxide (ITO) is a commonly reported top gate in transistor production. It has low sheet 

resistivities of up to 40 Ω/m2 [100]. This material is of interest due to its transparent nature. This 

material is deposited though Sputter deposition and high temperature sintering steps to produce 

crystalline structures capable of high conductivities [81].  

Metallic inks demonstrate good conductivity, with Park et al demonstrating a copper ink with 

resistivities as low as 17.2 μΩ cm after sintering their ink at 365oC for an hour [101]. This method would 

not be compatible with a polymer substrate, as the sintering temperature would result in breakdown. 

Woo et al demonstrated a Copper-Silver ink that they sintered at lower temperature, 175-200oC, that 

would be compatible with polymer substrates [102]. Their resistivities were significantly higher, at 

around 100 μΩ cm in this range. These metallic inks are an interesting alternative to pure metals, as they 

can be directly printed using aerosol or ink jet printing.  

Selecting an electrode material is based on the final application, cost and fabrication processes that the 

materials can withstand. Metals are best used on solid substrates and show strong resistance to damage 

in aggressive fabrication steps such as high temperature, high pressure, or with aggressive organic 

solvents. Organic conductors are good materials for uses where flexibility and lightweight materials are 

desirable. However, they reduce the maximal temperatures that can be used in further processing steps.    

2.5 Dielectric Materials  

The gate insulator in the OFET is just as important as the semiconductor materials [1], [103]. Historically, 

and for ease of use, a great deal of the OFETs have used inorganic materials as gate dielectrics, such as 

the most common silicon oxide [13]. More recent discoveries show that the insulator-semiconductor 

interface quality has a significant effect on the performance of the OFET device. Inorganic dielectrics 

have inferior semiconductor-insulator layers when compared to organic semiconductor-insulator layers 

[25], [75]. A reason for the importance of the interface is the reliance of the electrical qualities on 
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capacitive effects, with proper surface contact allowing the entirety of the capacitive effect to be felt [4]. 

Traditionally inorganic and organic materials have poor interface properties.  

The choice of dielectric influences electrical properties through differences in dielectric robustness, and 

capacitive variations [9]. Capacitance is charge buildup from electrical potentials across an insulator 

preventing charge transfer. The capacitance effect is created by a voltage difference between the source 

electrode and the gate electrodes [1], [90]. The insulating dielectric between the gate and 

semiconductor facilitates a buildup of charge. The effect of dielectrics is to increase the amount of 

charge available across the insulator.  

One of the most commonly reported dielectric insulators is poly(methylmethacrylate) (PMMA) [22], 

[51]. This polymer has a low trap density (less interference with the charge carrier mobility at the 

insulator-semiconductor interface) and has a dielectric constant of approximately 2.8 and resistivity of 

over 2 x 1015 Ω/cm [104], [105]. This makes it comparable to silicon oxide as a gate dielectric. However, 

PMMA is susceptible to environmental degradation and possesses a low breakdown voltage which 

reduces the range of potential applications and the shelf life. Literature values for the PMMA of a 400-

600 nm thickness are in the 5.5 nF/cm2 range [46], [106].  

Thee capacitance of the dielectric directly effects the electrical characteristics of the OFET by changing 

the effective electric field experienced by the semiconductor [44], [107]. Increased capacitance creates 

greater charge availability at the insulator semiconductor interface resulting in increased field effect for 

the same gate bias. This increases the on/off ratio, increases the change in current response to small 

voltage increases, and reduces the power requirements of the final transistor devices [75], [108]. 

Increasing the capacitance of the system is a key area of research for the improvement of OFET devices.  
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2.6 Existing Challenges  

There are three main challenge areas in OFET; increasing charge mobility, increasing gate capacitance 

and increasing shelf life [5], [43]. Solving these challenges would allow OFETs to be implemented in a 

broader range of applications and commercial devices for which they presently do not fulfill 

requirements. 

2.6.1 Increased Charge Mobility  

Increasing the charge mobility of OFETs improves the current-voltage characteristics resulting in greater 

sensitivity and lower power requirements. One reported method for increasing the charge mobility of 

TIPS-pentacene is to process the semiconductor with insulating polymers. [109] The final morphological 

and structural characteristics of the blended films are significantly influenced by processing conditions 

like the spin coating time. Vertical phase separation occurs regardless of spin time, but the spin time 

influences the 2-dimensional growth mode of TIPS-pentacene crystals. By increasing the spin time 2d 

spherulites are developed and are exceedingly advantageous for improving the field-effect mobility of 

FETs compared to needle-like 1D structures.  

2.6.2 Increased Capacitance  

There are two methods for increasing the capacitance of an OFET; reduction of gate insulator thickness 

and increasing the dielectric properties of the gate insulator. Reducing the thickness of the gate 

insulator increases capacitance as demonstrated by the capacitance equation, equation 10. Capacitance 

is equal to the permittivity multiplied by the area of the capacitor divided by the thickness of the 

insulator [110]. This indicates that the capacitive effect can be increased dramatically by reducing the 

thickness of the gate insulator. To achieve this effect, high-cost processing steps are employed to either 

remove layers from deposited insulators or deposit nanoscale layers of insulator. This method has a 

finite limit of effect before it negatively impacts device performance. Charge tunnelling from gate to 
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source negate transistor characteristics and increases gate leakage current. The delicate films also 

impose operating voltage constraints due to breakdown voltages.  

The second method for increasing capacitance is to introduce highly engineered dielectric materials. 

Literature examples are the introduction of nanocomposite films or cross-linked materials [111]. Roberts 

et al report on cross linked materials with capacitance values up to 400 nF/cm2, but with the negative 

attributes of being costly and requiring highly involved fabrication [103]. An alternative to the cross-

linked materials is to introduce self-organized PECVD deposited graphene oxide monolayers, with high 

dielectric constants correlated to the level of organization in the monolayer. However, these systems 

require high annealing temperatures and involved cleanroom fabrications. An alternative is to include a 

material with a naturally high dielectric constant such as fluoropolymer complexes [112]. Due to their 

high dielectric constants inclusion of these materials increases the capacitance. However, these 

materials require specialized fabrication processes and can be environmentally unstable.  

2.6.3 Increased Shelf Life  

Long term stability is a requirement in commercial devices. Research has shown that preprocessing the 

TIPS-pentacene semiconductor with tetrahydrofuran (THF) or with styrene can improve the long-term 

stability of the final transistor [113], [114]. Creating a solution with THF rather than with chlorobenzene 

helps to improve the electrical characteristics by increasing the crystallinity of the semiconductor. There 

is a direct correlation between charge mobility and crystallinity, explained by shared electron density in 

crystal structures [44]. The introduction of styrene into the semiconductor complex protects the TIPS-

Pentacene by helping to stabilize the TIPS-pentacene molecules and breakup the consistent chemical 

characteristics, helping to reduce numbers of deep trap states [97]. However, the processing required 

with these steps is involved, and also affects the type of the substrates that can be used these 

processing methods. Another method for producing stable transistor devices is to artificially age the 
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transistor devices for stable, dependable electrical characteristics [115]. Benefits of this process are that 

the aging process is low cost, and a two-step process making it a fast, dependable method of achieving a 

stable transistor device. However, it requires a significant loss of transistor function making it a 

suboptimal solution to the problem of degrading transistor properties.  

2.7 Emerging applications 

OFET technology has been applied to different areas of research. Some intriguing uses of OFET 

technology are devices is for gas sensing, OEGFETs for biosensing, as OLEDS, as OFET SRAM, and OFET 

phototransistors.  

Gas sensing for the identification and detection of gases can be achieved through a range of highly 

selective and sensitive techniques. However, they’re limited not only by the level of expertise required 

to operate the devices successfully, but also by real time diagnostic requirements. The OFET gas sensors 

is real time, low-cost, and simple to use. An architecture proposed by Yang et al investigated the direct 

response of p- and n-type transistors with weak binding and tight binding analytes [116]. The devices are 

bottom gate, with the semiconductor exposed to the gases. When exposed to analytes changes in the 

semiconductor occur in a fashion that can be leveraged for gas detection.  They found that the analytes 

delocalized carrier density and/or altered trap energies, resulting in predictable output characteristic 

change.  

Quantifying biomolecules in solution has applications in the food, health and waste industries. Presently, 

in healthcare applications sensing proteins is desirable for diagnostic applications. Palazzo et al 

demonstrate an OEGFET device for the detection of C-Reactive Protein based on antigen/antibody 

interactions [56]. This two-surface device uses P3HT as active sensing and semiconducting materials. 

These devices were demonstrated to be specific for streptavidin over human serum albumin. The 
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changes in transconductance of the device is based on the changes at the electrolyte/OSC interface 

rather than electrostatic effects.  

Static Random Access Memory (SRAM) stores data bits in memory without the requirement of being 

periodically refreshed. It is more expensive and faster than Dynamic RAM, and so a low-cost alternative 

would be optimal. Takamiya et al produced a five transistor SRAM cell to hide the slow transitions of 

their slow organic actuators [117]. Their SRAM cell was 20% smaller, and reduced the write time by 69%. 

In order to compensate for the chemical degradation of OFETS after 15 days, threshold voltage control 

increased static noise margin of the SRAM. The OFET SRAM was able to reduce the transition time of the 

actuators from 34s to 2 s.  

Display technology surrounds us on a daily basis, with everything from cars to coffee shops a barrage of 

unescapable screens. Recently, Organic Light Emitting Diodes, a form of OTFT, have been gaining 

interest due to their emissive state allowing for a wider range of colours, a true black off state and thin 

profile making flexible screens possible. Forrest et al present an organic light emitting diode in p-i-n 

structure where organic blocking layers confine charge carriers to produce a very low voltage, high 

efficiency phosphorescent OLED [118].  

Light detection is a crucial portion of applications such as imaging. This process is achieved through 

charge generation resulting from the separation of electron-hole pairs generated through the 

absorption of photons. Phototransistors provide intrinsic amplification and allows external quantum 

efficiencies beyond 100%. Chow et al describe a dual gate organic phototransistor thin film which allows 

for the fast separation of photogenerated charge carriers for efficient transport and creates a linear 

photoresistive response with high gain and reduction of electrical noise [119]. This is a promising 

starting point for producing high-performance, scalable photodetectors with a tunable dynamic range.  
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Chapter 3 Theory 

The transistor is composed of three kinds of solid-state materials; conductors, semiconductors, and 

insulators [1]. Each of these has a key role to play in the functionality of the transistor, from bringing the 

charge into the transistor, creating a capacitive effect and a resistive effect. The combination of these 

two effects creates a switch out of the semiconductor, where the capacitive effect produced by the 

induced electric field of the gate determines whether current can flow through the transistor.  

3.1 Solid-State Mechanics 

The leverageable aspects of electrical characteristics of the materials is created by the atomic level 

interactions and geometries of the atoms in each material. The atomic structure determines whether a 

material is an insulator, conductive, or a shares characteristic of both such as semiconductor. The field 

of solid-state mechanics is the study of quantum physics governing the fundamental interactions of 

materials at the atomic level.  

3.1.1 Atomic Structure 

The atom is the smallest quantity of a material that retains the material properties. First proposed by 

John Dalton in 1808, modern atomic theory consists of three core concepts. The first is that all matter is 

composed of atoms. Secondly, all atoms of an element are the same (with certain latitude to isotopes); 

thirdly, atoms can combine to form compounds, but must do so in whole-number ratios. Atoms are 

comprised of three subatomic particles called electrons, protons and neutrons. Electrons are negatively 

charged with one coulomb of charge [83]. The mass of the electron is negligible when compared to the 

protons and neutrons of an atom. Protons have one coulomb of positive charge, and neutrons are 

neutral. These three subatomic particles are organized as a positively charged nucleus comprised of the 

protons and neutrons surrounded by dispersed electrons with discrete energy levels. These electrons 

are Fermions and meet the Pauli exclusion principle meaning that electrons cannot inhabit the same 
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energy level as another of the same spin orientation. As there are two spin orientations, there can only 

be two electrons at each energy levels. According to the Fermi energy theorem, the energy levels at 

which electrons can exist are discrete and alternate with disallowed energy bands. This results in atoms 

having a central nucleus surrounded by rings of negative charge.  

These rings of negative charge are called orbitals, and contain subdivisions allowing more than two 

transistors into a band. The general structure for electron numbers in atoms is shown in Figure 2.  

 

Figure 2: Generalized structure of the atom showing suborbital types present in each orbital.  

Electrons will fill the orbitals closest to the nucleus first, and thermal and electrical energy available, may 

jump from one orbital to anther. The orbitals are most stable with a full complement of electrons, which 

correlates electron number to full electron shells and the noble gases. For example, the first two noble 

gasses are Helium, atomic number two, and Neon, atomic number 10. The most reactive elements will 

be those only one electron too many or too few from the fully filled shell. This corresponds to the alkali 

metals and the halogens. These examples of valence shell, or outermost shell, effect on the atom 

reactivities demonstrates the myriad effects of the electron orbital structure effects on  chemical 

properties.  

The valence shell properties of an atom come into effect in the binding and intramolecular interactions. 

If electron clouds of neighbouring atoms are overlapped, the extreme orbitals must interact and split to 

ensure the Pauli exclusion principle is satisfied; as there cannot be two electrons of the same spin 

existing at the same energy level. This leads to further breakdown of the orbitals into sub bands. At zero 

kelvin, the highest occupied molecular orbital (HOMO) is the Fermi Level, and also the valence shell. The 
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band above that is called the conduction band, the Lowest Unoccupied Molecular Orbital (LUMO). These 

are separated by the energy gap. The magnitude of the energy or band gap between the HOMO and 

LUMO govern many of the fundamental properties of solids.  

One method of approximating the orbital structure of crystal lattices is to use the tight binding method, 

a complimentary method to the free electron theory [92]. The basic concept is that when the orbitals of 

two adjacent atoms overlap, an acceptable assumption for most solids, the bonding and antibonding 

orbitals are broadened into bands. This is because by combining – or hybridizing – orbitals, the overall 

energies are lessened. This will be examined by examining a water molecule. 

The valence electron configuration of oxygen is [HE]2s22p4. For hydrogen it is 1s1. Therefore, if water 

were not to hybridize, one would expect the hydrogens to create pi bonds with the oxygen to create 

120-degree angles. However, not only is the 2s orbital overlapping enough to cause steric forces to act 

on these molecules, but these P orbitals are higher in energy than a hybridized orbital. Therefore, the 

molecule reduces it’s internal energy and avoids steric hinderances by hybridized the s and p orbitals 

into four sp3 orbitals at 105-degrees from each other. This results in a more stable molecule. In the 

tightly bound theorem, a similar approximation is applied, that as the atoms bind together into a solid 

the energy levels of the bands can combine and shift to reduce the overall energy of interactions.  

By examining a conductor such as graphene, the effects of this orbital combination can be seen. The 

hybridization of the carbon atoms in graphene is sp2, leading to an orbital shape and valence electron 

configuration seen in Figure 3. This is a 3D k space, with a carbon atom existing at each one of the 

points. Here the HOMO, the blue surface, and the LUMO, meet at the atoms.  
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Figure 3:  MATLAB rendering of Dirac cones in the EK space of a graphene ring 

Here we can qualitatively see that there is a pi orbital in the z plane that is shared across the carbon 

lattice. This shared electron density indicates that this system will conduct electrons, as it is already 

sharing electron density with its neighbouring atoms.  By mapping the 3D E-k space of graphene in the 

first Brillouin zone, mapping the HOMO and LUMO bands, the qualitative analysis of the molecular 

structure is supported by the quantitative result of there being no bandgap between the HOMO and 

LUMO. This makes this material a conductor.   

3.1.2 Classifications of Solids 

One method of classifying solids is based on their resistivity; an example can be seen in Figure 4. 

 

Figure 4: Resistivity classifications for materials: left to right metal, semiconductor, insulator 

Solid state materials are classified into two broad categories; conductors and non-conductors. This is 

entirely based on the presence of overlapping valence and conducting bands. Those solids with 
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overlapping HOMO and LUMO — metals and semi metals — are conductors. It is the Fermi energy in 

these solids that separate the occupied states from the non-occupied states. This in turn indicates that 

the shape of the Fermi surface in metals define the metal properties. Those with a band gap, 

semiconductors and insulators, are non-conductors.  Due to the divided nature of the HOMO and LUMO 

the electrons must spend significant energy jumping from one to the other. The energy gap of 

semiconductors is usually around 1eV, allowing normal thermal excitations to cause electrons to span 

the electron gap to produce mobile charge carriers. The shape of the energy band diagrams near the 

bottom of the conduction band and valence band determine the properties of a semiconductor. 

Insulators tend to have band gaps of around 5eV, insurmountable with regular thermal excitations, and 

so are complete insulators under normal working conditions.  

The defining difference between insulator and semiconductor structure is the spatial extension of 

frontier orbitals. These being the HOMO and LUMO, for hole and electron transport respectively. In an 

insulator, these frontier orbitals are centrally localized just to their atom, reducing chances of 

interactions between atoms to vanishing. In semiconductors, there is an amount of frontier orbital 

delocalization. This is caused by interactions between partially filled orbitals on adjacent atoms, leading 

to higher chances of charge transfer. The coupling strength between frontier orbitals determines the 

mechanism and rate of molecule charge transfer. Shared electron density through strongly coupled 

orbitals leads to a much greater rate of charge transfer than more localized frontier orbitals resulting in 

thermally assisted hopping [42]. 

3.1.2.1 Conductors 

A material is called a conductor when it has zero band gap between the HOMO and LUMO. This allows 

for electrical conduction at low resistivities [99]. Typical ranges for the resistivities of metals are 10-9 – 

3x10-6 Ω·m [101]. Metals are conductors due to their atomic makeup predisposing them to good 

resistivities and structural qualities. The orbitals of metals are diffused, resulting in poorly bound 
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valence electrons due to poor attraction to the distant positively charged nucleus and high repulsion 

effects from the electrons in lower orbitals. They readily lose the electrons in their valence shell. 

Chromium metal has one electron in the valence shell, which makes it highly reactive. Having unfilled 

orbitals is unstable, and chromium is predisposed to losing the one atom in the valence orbital in order 

to be a positively charged cation and a free electron. Chromium has a Body-Centered Cubic structure in 

which only 32% of the crystal will be unoccupied by the atoms of the Chromium. Each of the atoms in 

the chromium structure contact 8 other atoms, resulting in a great number of potential conduction 

pathways than in a less structured material. This is reflected in chromium having a resistivity of 1.3x10-8, 

indicating that it is a highly efficient conductor [95].  

In addition to metals, some organic materials can be considered conductors. A well-defined version of 

this concept is the salt of poly(ethylene-dioxythiophene) (PEDOT) and polystyrene sulfonate (PSS). 

PEDOT is a conjugated polymer with a low energy gap and low oxidation potential [97]. Due to its 

conjugated structure and ability to share electron density, the chain of PEDOT molecules has positive 

radical cations that can carry charge. PSS has negatively charged sulfonate groups that are fairly stable 

due to the presence of a benzene ring, a suitable structure for charge sharing. The chemical structures 

of these materials allow them to remain fairly stable, and in fact the presence of the counter ion PSS 

stabilizes the PEDOT producing an overall neutral material. The conduction mechanism is the 

displacement of electrons along the conjugated PEDOT backbone, moving between molecules. The 

resistivities given for PEDOT:PSS range from 0.01-9  Ω·m [97], [98].  

3.1.2.2 Semiconductors 

The key to the organic transistor is the semiconductor. These materials are non-conductive until 

subjected to external electric potential [24], [25]. The power of these materials is that they can work as 

both switches and modulators within the circuit. Their unique qualities are a result of their subatomic 

makeup, which can be used to predict the properties of a solid.  
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Organic Semiconductors  

Organic molecules are carbon based molecules which can be further functionalized with ligand groups 

[9],[30]. In the earlier examination of graphene, the conductivity due to the pi orbitals sharing electron 

density was discussed. The pi-bond electron density sharing is the same principle that can cause some 

organic polymer material to be conductive. These pi-orbitals are unstable and higher energy, making 

them subject to attack from available electrons. This reduces the symmetry and conductivity of the 

system. The resulting band gap will be somewhere around 2.5eV [24]. This puts organic semiconductors 

in the wide-band-gap semiconductors.  

The two major classes of organic semiconductors are organic charge transfer complexes (small 

conjugated molecules) and linear carbon backbone conjugated conductive polymers. Significant 

contributions to conduction are mechanisms of tunneling, localized states, mobility gaps, and phonon 

assisted hopping. However, the main conduction contributor is conjugation, the alternation of single and 

double bonds. In conjugated structures every atom shares electron density with a neighbour. This allows 

fast electron propagation of electrons between adjacent atoms of the molecule. These confer rigid 

shapes to the molecule predisposing them to compact stacking and alignment.  

 

Figure 5: Chemical structure of TIPS-pentacene, with a conjugated backbone of 5 benzene rings 

TIPS-pentacene is a small molecule semiconductor with a conjugated carbon backbone (Figure 5). The 

crystal molecular structure of TIPS-pentacene is a two-dimensional columnar array. The carbon-carbon 

triple bonds of the substituent groups have high energy, and create steric hinderances forcing molecules 
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to interact in a face to face manner and disrupt aromatic edge to edge interactions. The pi-stacking of 

the face-to-face orientation creates oriented lamella with causes pi-orbital electron density sharing 

between molecules and potentially increases carrier mobility[120]. The other effect of the bulky 

substituent groups is to significantly increase the stability of the pentacene chromophore, and to 

increase the solubility of the molecules. 

TIPS-pentacene is soluble in certain organic solvents[8], [50]. These solutions are suitable for spin 

coating, drip coating and spin casting. For 1 wt% solutions of TIPS-pentacene with solvents spin coated 

onto glass and gold electrodes Choi et al demonstrated that the final charge mobility increases with the 

boiling point of the solvent, with chlorobenzene (boiling point 131.72ͦC) demonstrating a charge 

mobility of 0.01 cm2/V.s, and chloroform (boiling point 61.17ͦC) a charge mobility of 5.8x10-7 

cm2/V.s[82]. The variation in charge mobility is related to the degree of order achieved by processing 

with each solvent. Ergo, the solvent which promotes the slowest rate of crystallization, in this case 

through the slowest rate of evaporation, will allow for the most ordered crystal and highest charge 

mobility. The maximum literature value found for a 1 wt% solution of TIPS-pentacene and 

chlorobenzene is 2.07 cm2/V.s [23].  

Charge Carrier Mobility 

S emiconductor charge mobility is a factor of the molecule and crystal structure. The molecule structure 

influences charge mobility within the molecule, and the crystal molecule structure governs the charge 

mobility between molecules. The conjugated structure of TIPS-Pentacene promotes high charge mobility 

within the molecule. In the crystal structure the charge mobility is correlated to the magnitude of order 

[121], [122]. The greater the order, the higher the charge mobility.  

Disordered organic semiconductors have a charge density dependence which is essentially the root for 

the gate voltage dependence [99]. Charge mobility in a semiconductor is postulated to be due to two 
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mechanisms; Variable Range Hopping (VRH) and the multiple trap and release (MTR) model. VRH was 

proposed by Vissenberg and Matters and considers the hopping percolation of charge carriers between 

localized states. The general explanation for the mechanism is still under investigation, but the relation 

is obeyed by a great number of systems. The MTR proposed by Shur and Hack is based on orbital 

analysis. The latter has been the centre of debate, with acolytes concluding the mechanism is 

delocalized states despite indications that free mean path is less than the intermolecular distance, 

physically unacceptable for diffusion limited transport. 

VHR works well in a limited range of temperatures, with low temperature operation, including ambient 

temperatures, the model produces a mobility almost independent of temperature, with decreasing 

temperature predicted mobility increases [42]. As the transistors would be used in the ambient 

temperature range, VHR is not an appropriate model due to the over-estimation of mobility at low 

temperatures.  

MTR is the more effective at lower temperatures, making it a more appropriate model for the discussion 

of the materials. MTR model assumes transport occurs in a delocalization band, but is limited by ‘trap 

bands’ near the LUMO [38]. Though no assumptions are made about the form of transport mechanism 

within the band, the main observations are similar to the hopping model in that it is thermally activated 

and follows a power law dependence to the applied external voltage, agreeing with the selected 

transistor model[38], [39]. By mapping the exponential distribution of trap bands, the charge transport 

model and therefore the gate voltage dependence can be theoretically predicted. 

3.1.2.3 Insulators 

Materials which have high resistances to transmitting electrical and thermal energy are called insulators. 

Unlike the electrons in the conductors that dissociate easily from their atoms either through valence 

electron movement or the presence of charge carriers within polymer molecules, in insulators the 
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electron density is rigidly held close to the atom. Solid phase non-metals are often insulators, due to 

their valence shells being near-complete. Removing an electron requires a significant amount of energy 

as it increases the energy state of the non-metal atom. This creates a high band gap for conduction in 

many non-metals. 

An insulator is a material which has an energy band of greater than 5 eV. These materials will not have 

conduction from thermal energy at room temperature and will not conduct electrical energy under 

normal conditions. A great deal of plastics and organic materials such as glass, wood, and poly(methyl-

methacrylate) are insulators due to their stability, and high resistivities, up to 7.5x1017 Ω.mV [71].  

Dielectrics 

Certain insulators can be polarized, materials called dielectrics[106], [110]. These materials do not carry 

charge, but the dipoles present in the material align to induced electrical fields. This minute movement 

of charge slightly lessens the electric field within the material, whilst increasing the charge available on 

the opposite surface of the dielectric. These materials find use in capacitors, as dielectrics induce higher 

charge accumulation than if the capacitor was filled with a vacuum.  

One of the most common polymer dielectrics is Poly (methyl methacrylate) (PMMA). This polymer has 

low trap density, a dielectric constant of around 2.8, and a resistivity of over 2x10^15 Ω.cm. These 

properties are similar to those of silicon dioxide, the traditional dielectric used in MOSFET devices, 

indicating that PMMA is a suitable organic substitute. Literature values for the PMMA of a 400-600 nm 

thickness are in the 5.5 nF/cm2 range. This factor will be important in calculating charge mobility. 

However, PMMA is subject to environmental degradation and has a low break down voltage, which 

decreases device shelf life, limits electrical characteristics produces mediocre mobility characteristics 

and reduces the voltage ranges over which the devices can be safely used [37], [123].  
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Using a hydrophobic surface such as AF1200 Teflon allows for reduced interactions with non-organic 

solvents. This material can be deposited through spin coating and has a low temperature hard curing 

step. Teflon has a dielectric constant of 2.1, which is similar to PMMA making it a suitable hydrophobic 

substitute, and has resistivity ratings of 10x1022 Ω.m, making it a good insulator [124].  

An interesting high dielectric material is Barium Strontium Titanate [125]. This sol gel processed 

microscopic composited ceramic has an empirical formula of is BaxSt1-xTiO3, where x is determined by 

curie temperature at which the dielectric crystal is maximized. BST has shown very high dielectric 

constants, a base dielectric constant of 30-185 compared to the dielectric constant of ~ 3 for PMMA 

[111], [125]. 

An experimental system of BST-COC composite was incorporated into a set of transistor substrate 

design. The BST-COC solution was a 950:45:20 BST:COC:4-tert-Butylcatechol. The benefits of this system 

is that the BST-COC mixture in toluene can be spun rather than processed through the solgel process. 

The result is a room temperature system that does not rely on high pressures or aggressive chemicals.  

These materials can all be polarized. There are four mechanisms of polarization, three of which will 

contribute to the dielectric constant of the dielectric in question. These are atomic, ionic, dipole and 

interfacial polarization[126].  

Atomic polarization 

The first mechanism is atomic polarization. All dielectric materials exhibit atomic polarization, which is 

the slight displacement of electronic density surrounding the nucleus as a result of interaction with the 

induced field. Dielectric constant or relative permittivity is calculated by the absolute permittivity 

divided by the permittivity of a vacuum [127].  
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Ionic Polarization 

Ionic polarization takes place in crystal structures. Though this material is usually a rigid structure with 

no net polarization, under the influence of an external field the ions are displaced along the axis of the 

field. This induces polarization. The average induced dipole moment, Pav equals the ionic polarizability 

multiplied by the local electric field. When present, this ionic polarizability is a factor of ten larger than 

atomic polarizability [128]. 

Dipole Polarization  

Permanent dipole moments present in molecules are usually, under thermal agitation and no electric 

field, randomly distributed enough to result in a net zero dipole charge distribution across the material. 

An example of this would be an H2O molecule, which has a net permanent dipole due to the charge 

distribution of electron density across the molecule, but water has no net charge. Under an applied 

electronic filed, these molecules will rotate to align their dipoles to the electric field. The calculated 

energy of the induced average dipole moment must be compared to the average thermal energy. This is 

because for the dipole moment to exist it must compete with the molecule’s natural agitation due to 

thermal, energy, given as 1/5 kT. Dipole polarization is temperature dependent. This will affect the 

applications that a dielectric with a dipole moment can be used for, as it will not be constant.  

Interfacial Polarization  

Interfacial polarization is the buildup of charge at the interface of two materials, such as at an electrode-

dielectric interface. This form of polarization creates a charge imbalance because of the materials 

insulating properties and can cause the migration of mobile charges within a system to maintain charge 

neutrality.  

Each of the four polarization mechanisms effects a different mass, from the electronic which affects 

electron density to dipolar polarization, which requires the movement of molecules. This allows for the 



42 
 

polarization contribution of each kind of polarization in a molecule to be analyzed using the frequency 

response. For Maxwell’s electromagnetic theory states that for non-magnetic dielectrics the dielectric 

constant is related to the index of refraction as 휀𝑟 = n^2 at very high frequencies. Contributions from 

other mechanisms will be additive.  

Electrolyte Solutions as Dielectrics under Electric Potentials 

Electrolytes under electrical potentials have a curious dielectric mechanism due to the ability of ions to 

move in solution [127]. The polarization mechanisms that govern the dielectric properties of solid 

dielectrics are present in these solutions, as well as dielectric properties resulting from the movement of 

ions. When a conductor is placed in contact with a solution, a charge builds up on the surface of the 

solution attracting ions of the opposite charge and repelling similarly charged ions [129]. The line up of 

the oppositely charge ions counteracts the overall potential experienced though the solution, reducing 

the potential felt in the solution. This build up of charge is called an Electric Double Layer (EDL) and was 

first proposed By Helmholtz [56]. He proposed that there are two layers of opposite polarity that form at 

the interface of the conductor and the electrolyte. Gouy Chapman proposed the following capacitance 

model for the capacitance of an electrolyte and the EDL, equation 10.  

(10) 
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Where the Capacitance of the electrolyte was the capacitance of the EDLs at either conductor interface 

and the bulk of the electrolyte. The capacitance of the EDL is composed of the capacitance of the 

Helmholtz layer, and the capacitance of a second layer of more diffuse charge, as in Figure 6.  

 

Figure 6: Formation of an electric double later, demonstrating basic Guoy-Chapman theory of a Stern layer and a diffuse outer 
layer 

The Debye length is the distance between the interface and innermost layer of ions necessary to 

equalize the charge of the gate surface. In the Guoy-Chapman model, this distance is the width of the 

stern layer. The other key identifying characteristic identified by this model is that the relation of 

Capacitance to Debye length is defined by the proportional inverse relation shown in Equation 11 [130]. 

(11) 

This model does not take into account the possibility of solvent dipole moments interacting with the 

electrodes in the form of psuedocapacitance or the possibility of adhered molecules. Due to the fact 

that molecule adhesion has been proven to occur in the form of bio-fouling, a more involved analysis of 

the EDL is required. The Bockris/Devanathan/Müller (BDM) hypothesis of the double layer describes the 

EDL with adhered molecules at the interface [131]. This model is also used to describe the appearance 

of psuedocapacitance which may potentially play a role in these transistors.  

𝐶𝐸𝐷𝐿~
1

𝛿𝑑
                                                          (19) 
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In the BDM models the EDL is composed of a Helmholtz layer and a diffuse layer. The Helmholtz layer is 

divided by an inner and an outer Helmholtz (IHP, OHP) plane. At the surface of the electrolyte there are 

adsorbed ions. They have a strong orientation and a fixed alignment to the electrode surface. The 

orientation greatly affects the permittivity of the solution and varies with field strength. The IHP passes 

through the centers of these molecules. The solvated ions of the electrolyte that align along the surfaces 

make up the OHP, and the Debye length is measured from the outside of the solvated ions to the 

outside of the solvated lining ions. Combined they form the Helmholtz layer, which can have lengths of 1 

to a few Angstroms. Beyond the OHP is a diffuse layer, with greater potential than the bulk but greatly 

reduced from the surface potential. The rest of the solution is assumed to have a constant bulk 

potential.  

 Due to the inverse relationship of capacitance to Debye length, smaller Debye lengths produce larger 

EDL capacitance. Adsorbed layers significantly reduce the electrical potential felt by the solution bulk, 

due to the high concentration of opposite charges at the interface. However, the adsorbed molecules 

are no longer solvated or partially solvated molecules at the surface. These no longer contribute to the 

Debye length of the materials which increases the capacitance of the system. The overall result is the 

adsorption of molecules at the electrolyte surface effectively creates anther layer contributor to the 

total gate capacitance. Adsorbed layers do not add to the Debye length, but greatly reduce the 

electromagnetic field experienced by the system, reducing the depth of ions required to neutralize the 

system and overall increasing capacitance. 

There is another form of capacitive effect in electrolyte gates that can exceed that of the double-layer 

capacitance called faradaic pseudocapacitance [132]. They often occur together and inseparably they 

contribute to total capacitance value. Faradaic pseudocapacitance is the storing of charge through 

Faradaic redox reactions at the surface of electrodes as molecules adsorb to the electrodes. Though this 

is an important contributor to the capacitive effect of gate-solution interfaces, the presence of a 
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dielectric material between the conductor and the electrolyte solution has mitigated the chances of this 

redox reaction occurring, as there will be no conduction of the produced electrons from the interface 

surface. For this reason, faradaic pseudocapacitance is discounted from the overall analysis.  

3.2 Thin Film Transistors 

The digital world is built on transistors, small electronic switches capable of amplification and 

rectification of signals [1]. When integrated into complex computing units they perform advanced 

functions such as RAM and building logic circuits. The amplification and switching abilities of these 

devices come from the semiconductors [1]. Semiconductor properties govern transistor properties such 

as switching speed, power requirements and on/off voltage. The design and creation of low-cost 

polymeric semiconductors is becoming the focus of many tech companies as they try to create “plastic 

electronics”, or polymer based computers [10].  

Thin film Transistor (TFT) fabrication focuses on large areas and low temperatures. These structures 

sacrifice high performance for affordable processing [38], [5]. The TFT is a Field effect transistor, 

meaning that the passage of current through the device is modulated by an external field. The 

architecture of a TFT includes source and drain electrodes connected by a semiconductor, and a metal 

gate that is protected from the semiconductor by an insulator. The basic TFT is comprised of three 

components: three electrodes, an insulating layer and the semiconductor film. The three electrodes are 

a source-drain array, and a gate [1], [9], [133]. Between the source and drain there will be the 

semiconductor, and this is protected from the gate by the insulating layer. The selection of the 

semiconductor and metal materials are dependent on the function of the transistor.  

In this research project, the TFT is implemented using organic semiconducting and dielectric materials. 

These devices are termed as Organic Field Effect Transistors (OFETs), named after the switching 

mechanism rather than the thickness of the devices, or OTFTs. The distinction between when to use 
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each term is poorly limited, but usually the OTFT is used with LED screens and other large area 

electronics.  

3.2.1 Structure and Physical Operation 

A semiconductor can be said to be positive (p-type) or negative (n-type). The type is dictated by the 

metal-semiconductor interface[24], [30]. For an electron to move from the conduction band (present 

around the Fermi Energy, used for the purposes of this paper as it is a fair approximation of the 

conduction band location in metals) to the conduction band of a semiconductor requires that it move 

from an area where the conduction and valence bands are overlapped to one with a significant 

bandgap.  

The band gap between an example metal, Au, and a 

semiconductor, Pentacene, can be seen in Figure 7. 

The differences in Fermi Levels and band gap these 

determine the energy quantity required to move a 

charge carrier from the metal to the semiconductor. In 

a thin film transistor, it is the charge carrier type that 

determines p-type or n-type, rather than the 

traditional doping of other FETs [5], [24], [30]. If this 

system was put under a positive gate voltage, negative charges are induced at the source electrode. 

Electrons spontaneously moving from the Fermi Level of the gold to the LUMO of the pentacene is 

exceedingly unlikely, due to the prohibitive energy requirement. Instead,  a negative gate voltage indue 

a positive source charge and inject holes into the pentacene HOMO creating a conduction channel at the 

insulator semiconductor interface allowing charge to move from the source to the drain. This is called a 

Figure 7: Bandgap differences between AU and Pentacene 
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p-type transistor because the charge carrier are holes in this situation. An n-type TFT would require a 

positive gate voltage and electrons would be the charge carriers [99].  

3.2.2 Capacitance in Organic Field Effect Transistor 

There are two main effects in a field effect transistor; capacitance and transient resistance [1]. The 

semiconductor between the source and drain electrodes acts as a transient resistor preventing the 

movement of electrons through the system. Capacitance (Figure 8) is charge buildup caused by electrical 

potentials across an insulator preventing charge transfer.  

 

Figure 8: Charging Capacitors by charge buildup on conductive plates. 

The capacitance effect is created by a voltage difference between the source electrode and the gate 

electrodes. The insulating dielectric between the gate and semiconductor causes a buildup of charge at 

the semiconductor-insulator interface that induces a conducting channel through the semiconductor [5]. 

This current can be increased by modulating the source-gate voltage until the current saturation point is 

reached. The change in current divided by a small change in source-drain voltage with constant source-

gate voltage is called the transconductance and is a characteristic based on the resistance and 

capacitance of the system.  

Increased total capacitance has a direct positive effect on the current flowing through the 

semiconductor channel, as the capacitance values govern the maximum available charge density in the 

semiconductor [2]. This increases the on/off ratio, increases the change in current response to small 

voltage increases, and reduces the power requirements of the final transistor devices. The capacitance 
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in the system comes from the gate insulator. Calculating the capacitance of a single layer, homogenous 

solid is achieved through Equation 12. 

                                 (12) 

Where C is capacitance, 휀𝑜 is the dielectric permittivity of a vacuum, 휀𝑟 is the relative permittivity of the 

dielectric material, A is area of the channel and D is the thickness of the gate dielectric [1]. This Equation 

illustrates that there are three ways to increase capacitance; one is to increase the area of the 

transistor, the second is to decrease the thickness of the gate dielectric, and the third is to increase the 

relative dielectric constant of the material. Increasing the area of the transistors has limitations before 

the contact resistance of the gate and the gate dielectric begin having a significant effect on the 

material. Gate capacitance is typically increased by reducing the thickness of the gate dielectric using 

customized thin film patterning techniques. These require high-cost processing steps, and the method 

has a finite limit due to its effect on critical device performance parameters [3]. Once the dielectric layer 

becomes too thin, charge tunneling from source to gate negate transistor characteristics, increases gate 

leakage current or OFF current, and fragile films impose channel voltage constraints due to low 

breakdown voltages [13]. The final method is to introduce materials with higher dielectric constants 

[112]. Often higher dielectric constant materials are incorporated in what is called a dielectric stack. This 

solution is often used when lower dielectric constant materials have beneficial properties, such as a 

protective layer for sensitive semiconductors, or a functionalizable surface or desired surface energy.  

In the dielectric stack analysis model, the capacitance of each layer is considered individually, as if it 

were capacitance in series (Figure 9). Therefore, the total capacitance can be calculated with Equation 

13.  

𝐶 = 휀0휀𝑟
𝐴

𝐷
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Figure 9: Dielectric Stack capacitance, and analogous model of series capacitance 

The series approximation is appropriate as the charge made available at the surfaces of one capacitor 

will induce the charge at the surface of the next. It also captures the reduction in overall capacitance 

occurring from multilayered dielectrics. The stacked dielectric model will be used for analyzing the 

dielectric stacks and efficacy of dielectric materials.   

3.2.3 Resistance in Organic Field Effect Transistors 

Equation models are often simplified and unable to account for all of the variables in the system. 

Therefore, it is common to see deviations from the perfect transistor action. Deviations which change 

with voltage are often the hardest to account for, such as increases to channel voltage from changing 

resistance within the device.  

The total resistance of an operational OFET device is measured through the transmission line model, 

described in Equation 14. This is an important value as it is a measure of how much power is required to 

turn on the device [1].  

(14) 

There are two kinds of contact in the transistor between semiconductor and metal electrodes, Schottky 

and Ohmic. The contact resistances, Rc, appear due to the lack of ohmic contact between the S-D metal 

(Cr) and the pristine polymer semiconductor layer (Tips-Pentacene) which has very low carrier density 

[29]. For subthreshold and low-voltage operations, impact of source terminal contact resistance is 

𝑅𝑇𝑜𝑡 = 𝑅𝐶 + 𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝑅𝐶 +
1

(
𝑊
𝐿

)𝑘′𝑝(𝑉𝑆𝐺 −  𝑉𝑡 )
               (22) 

(13) 
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𝐶𝑡𝑜𝑡𝑎𝑙
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+

1

𝐶𝐷2
+

1

𝐶𝐷3
                   (21) 
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minimal and can be ignored to simplify the numerical analysis of device electrical characteristics. These 

values are hard to calculate and require specialized equipment. As such, it is more common to measure 

the output resistance of the device directly from the I-V characteristic curves.  

Device output resistance is the opposition to current flow or impedance into the device that is internal 

to the electrical source. It quantifies the source drop in voltage to the load drawing current. This makes 

it a direct reactance to the power consumption of the device. It can be directly calculated from the 

Marinov model in Equation 23 in the saturation region [44] .  

Saturation region characteristics contain a great deal of information about the functioning of the OFET 

devices. The saturation region is where the channel of the transistor has fully formed [1]. In the 

saturation region the extracted power law dependence value acquired from the curve fitting 

investigation is used to extract values of interest [9]. As the channel is biased at high voltages, the 

channel length modulation is accounted for in term (1+λVDS), as expressed in Equation 15. Equation 15 

models the saturation curve behavior and was used to extract output resistance values using MATLAB.  

(15) 

The device output resistance, which depends on λ, was analyzed and compared in two ways for each of 

the three devices, by calculating ro from the inverse slope of the saturation region curve, and by comparing 

the λ values estimated numerically [1].  

(16) 

The OEGFET devices were not tested with channel bias voltages high enough to determine the saturation 

current, to avoid potentially damaging the transistors which would have resulted in inaccurate data. In a 

𝐼𝐷 = 𝑘′𝑝  
𝑊

𝐿
 𝑉𝑆𝐷(𝑉𝑆𝐺 −  𝑉𝑡 )

1+𝑚 (1 + 𝜆𝑉𝑆𝐷)           (23) 

𝑟𝑜 =
1

𝜆𝐼𝐷
                (24)   
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device with variable loads, the high output impedance will result in less signal distortion as it won’t be 

drawing current from the signal.  

3.3 Numerical Modelling 

In order to create a predictive model for the fabricated OFETs, the operating parameters were extracted 

[9]. The graph of current output for constant gate bias and variable channel bias, or the characteristic I-V 

curve, is used (Figure 10). The characteristic curve captures static information of transistor action [134]. 

There are three distinct portions to the I-V curve of a transistor; the subthreshold region, the linear 

region, and the saturation region. The current characteristics can be used to extract different 

parameters in each of these sections using models.  

 

Figure 10: Characteristic I-V curve for a Transistor 

The I-V curve is complex, and there are many models used for parameter extraction of this behaviour 

[2]. The model selected for the analysis is the Marinov model, demonstrated by Marinov et al [9],[107] 

in order to describe the full transistor curve including transfer areas and distinct regions. This model was 

selected as it is based on the basic transistor model with additions to more accurately capture the TFT 
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action of the devices. Benefits of this model are that it adequately describes upward bending of transfer 

curves by gate modulation and that it is capable of capturing the transistor behaviours, indicating that it 

captures fine detail in the static parameters. However, it includes terms that are themselves dependent 

on current which results in errors.  

3.3.1 The Marinov Model  

To properly capture the characteristics of the TFTs the OFET model by Marinov et al is used for 

parameter extraction [9]. This model relates threshold transitions, and saturation transition actions by a 

few parameters. These are based on the simplified MOSFET current voltage equations, assuming p-type 

FET behaviour. Some assumptions are that (VGS-Vt) < 0V for accumulating channel holes and VSD < 0V for 

normal biasing.  

VSD is distributed uniformly across the channel at low values. As the channel is created by capacitance, 

the induced hole charge density per unit area Q(x) is proportional to local effective voltage from that 

capacitance.  

 (17) 

Where Ci is the insulator capacitance per unit area. The drain to source current of the linear regime is 

estimated by induced hole drift current shown in equation 18.  

(18)     

  

Which is Ohm’s law where the conductivity and current density are multiplied by the thickness of the 

current path. This is approximated by the inclusion of channel width W and hole mobility 𝜇. By 

𝑄(𝑥) = 𝐶𝑖 (𝑉𝑆𝐺 − 𝑉𝑇) − 𝑉(𝑥)               (25) 

𝐼𝑙𝑖𝑛
𝑊

= 𝑄(𝑥)𝜇
𝑑𝑉

𝑑𝑥
                     (26) 
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evaluating the integrals and replacing the induced hole charge density per unit area formula, we find 

Equation 19. 

 (19) 

When VSD =(VGS-Vt ),Q(L)=0 which means that the channel has been pinched off. This means that the VSD 

can no longer increase the current. The saturation regime current is Equation 20.  

(20) 

This model relies on a few assumptions; perfectly linear dependence of currents on VSD, constant hole 

mobility, no contact resistance and complete sub threshold switch off. To improve the available model, 

Marinov et al elected to examine the transistor through independent voltages. This results in a hole 

charge density per unit area formula of Equation 21. 

(21) 

With mobility following a power law dependence incorporating the characteristic component m 

Equation 22. 

𝜇𝑀𝑎𝑟(𝑥) =
𝜇0

𝑉𝑎𝑎
1+𝑚

{− (𝑉𝐺 − 𝑉𝑡) − 𝑉(𝑥) }1+𝑚                                                (22) 

Where µo is a unit conversion factor and Vaa is a mobility enhancement voltage. The power law mobility 

formula was designed to account for charge transport through localized states that are part of an 

exponential density of states framework. These have been corroborated by Marinov 2009 through 

thorough experimental analysis. Beginning from a similar Ohm’s law of Equation 18. 

𝐼𝑙𝑖𝑛 =
𝑊

𝐿
𝜇𝐶𝑖  (𝑉𝑆𝐺 − 𝑉𝑇)𝑉𝐷𝑆 −

𝑉𝐷𝑆
2

2
                                                  (27) 

𝐼𝑙𝑖𝑛 =
𝑊
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𝜇𝐶𝑖(𝑉𝑆𝐺 − 𝑉𝑇)
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𝑄𝑀𝑎𝑟 (𝑥) = 𝐶𝑖 (𝑉𝑆𝐺 − 𝑉𝑇) − 𝑉(𝑥)                                                  (29) 
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(23) 

And evaluating the integrals with the new equations for hole density and hole mobility, the expression is 

found to be Equation 24. 

(24) 

This model is then further improved by the introduction of an effective gate overdrive function 

(Equation 25), with the slope of the of the exponential subthreshold current is determined by VSS.  

(25) 

The final TFT model can then be written as Equation 26.

       (26) 

With the value lambda modeling the imperfection of saturation curves. This model is able to capture 

upward bending from the gate voltage enhanced mobility, with realistic transition behaviours. 

Limitations to this model are the failure to include a voltage drop to account for the contact resistance, 

idealized subthreshold voltage modelling and poorly defined Mobility modelling. Despite these failings, 

it is adequate to predict TFT behaviours. In order to simplify the analysis process, each section of the 

transistor curve will be modelled separately with modified versions of the Marinov model to simplify the 

analysis.  
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𝐼𝑀𝑎𝑟
𝑔𝑒𝑛

=
𝑊

𝐿

𝜇0

𝑉𝑎𝑎
1+𝑚 𝐶𝑖

{− (𝑉𝐺 − 𝑉𝑇) − 𝑉𝐷 }𝑚+2 − {− (𝑉𝐺 − 𝑉𝑇) − 𝑉𝑆 }
𝑚+2

𝑚 + 2
                                      (32) 

𝑓(𝑉𝐺 , 𝑉) = 𝑉𝑆𝑆𝑙𝑛  1 + 𝑒𝑥𝑝  −
(𝑉𝑆𝐺 −𝑉𝑇 )−𝑉

𝑉𝑠𝑠
        (33) 

𝐼𝑀𝑎𝑟
𝑔𝑒𝑛

=
𝑊

𝐿

𝜇𝑜

𝑉𝑎𝑎
1+𝑚 𝐶𝑖

[𝑓(𝑉𝐺 , 𝑉𝐷)𝑚+2] − [𝑓(𝑉𝐺 , 𝑉𝑆)𝑚+2]

𝑚 + 2
(1 + 𝜆 𝑉𝐷 − 𝑉𝑆 ) 
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3.3.2 Subthreshold Voltage 

The threshold voltage (Vt) of a device is the point at which the device fully induces a channel and the 

device turns on. Prior to this point, a small current created by ‘diffusive flux’ exists due to small numbers 

of electrons surmounting the barriers and diffusing through the material creating a current that becomes 

consequential close to the threshold voltage [1]. In addition to charge flowing across the transistor there 

can also be charge leaking across the gate dielectric due to dielectric breakdown or tunneling. This leakage 

current is a key parameter to examining a gate dielectric film as the lower the leakage currents the better 

the overall transistor parameters. Usually these are simply referred to as ‘leakage current’. 

The OFET with no gate bias is has no induced channel, meaning that there should be no current. 

However, TFTs exhibit leakage current. A theory behind the leakage current put forth by Yazakis et al 

describes a conduction mechanism of leakage current through their observation of MOSFETs and TFTs 

[135]. In this model, the electrons are moving from the semiconductor to the drain electrode. The main 

driving force behind this is tunneling via cold emission. Under three different conditions, low, medium 

and high electric field, portrayed in Figure 11.  

 

Figure 11: Leakage current mechanisms with Low, Medium and High energy sources 

Under low electric field, the movement of electrons from the HOMO to the LUMO occurs spontaneously 

when they statistically contain more energy than the barrier. Under a medium electric field, the 

electrons can move first into a band gap trap state, and then tunnel over to the LUMO. This shorter 
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distance requires less energy and so allows for more leakage current. Finally, under high electric field, 

the barrier has become so thin that the electrons can tunnel directly across it. This leads to an almost 

exponential current increase with electric field, observed in the exponential subthreshold behaviour of 

transistors. The result of this mechanism is that TFTs will experience current even when there is no bias 

voltage.  

A large leakage current has three main transistor effects. Firstly, it can reduce the scope of the transistor. 

Operations such as low power sensing or maximum gain amplification are limited by the need to bias close 

to the Threshold voltage. Leakage current is a large source of heating and power dissipation. However, 

devices with consequential diffusive flux have been finding applications as low power devices operating 

in the subthreshold range.  

The subthreshold region is governed by the robustness of the capacitor layer and the device set up. The 

leakage current can be reduced by increasing robustness of the capacitive material, which often results in 

greater power requirements to turn the device on. Reducing the capacitive thickness results in less power 

required to turn on the device, but greater leakage current. This is represented by the magnitude of the 

Subthreshold slope, with steep slopes indicating lower Vt and shallower slopes indicating higher Vt.  

Subthreshold slope is the slope of the log-linear plot of the Subthreshold region. Taking the inverse of this 

slope results in a value called the subthreshold swing, which describes the exponential behavior of the 

current as a function of voltage governed by Equation 27. 

  (27) 

Where KT/q = 𝜑
𝑡
, thermal voltage of the device; for a standard device this value is found by letting n→

1, resulting in a subthreshold value of 60mV/decade. This value will be used in order to estimate 

parameters. Equation 27 demonstrates that the magnitude of subthreshold swing is related to the 

𝑆𝑆−𝑡 = 𝑛 ∗ 𝜑𝑡 ∗ ln(10)    (35) 
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depletion layer created at the semiconductor interface and the applied voltage. The observed current in 

the Subthreshold region is also related to the subthreshold swing. The leakage current and turn on 

voltage are related through the Equation 28. 

(28)

(29) 

Where Cb is capacitance of the semiconductor and CDI is gate capacitance, wd is the depletion width under 

the channel and the stack is the dielectric capacitance with thickness tstack. 

This indicates that there is a relation between the turn-on voltage, leakage current and the capacitance 

of the system. In an optimal system, n=1 and the 𝑆𝑆−𝑡= 𝜑
𝑡
∗ ln (10), and the 𝐼𝑑,𝑆−𝑇is proportional to 

exp (
𝑉𝑆𝐺−𝑉𝑡

𝜑𝑡

). In this case, we can see that the lower the Vt, the higher the resulting channel current. This 

can be counteracted by increasing the gate capacitance demonstrated in Equation 29.  

Channel formation has an impact on the channel current. Channel formation in transistors begins when 

the gate is first turned on. The charge buildup at the dielectric surface begins to create an area of charge 

in the semiconductor. As the VSD is increased slightly, charge concentrates at the negative electrode, and 

spreads into the semiconductor as the electrical potential over the channel increases. This has the effect 

of decreasing the distance between the spreading charge and the far electrode, which results in 

exponential increases in the leakage current. Equation 7 demonstrates the effect this has on leakage 

current. As the capacitance of the semiconductor channel increases due to the decrease in thickness 

between the charged area of semiconductor and the electrode, n increases. This leads to current 

increasing due to the inversely proportional relation between subthreshold swing and current.  

𝐼𝑑 ,𝑆−𝑇 ∝ exp  
(𝑉𝑆𝐺 − 𝑉𝑡) ∗ ln(10)

𝑆𝑆−𝑇
         →               𝐼𝑑 ,𝑆−𝑇 ∝ exp  

𝑉𝑆𝐺

𝑛 𝜑𝑡  
     

𝑛 = 1 +
𝐶𝑏

𝐶𝐷𝐼
          𝐶𝑏 =

𝜖𝑠𝑐𝐴

𝑤𝑑
   𝐶𝐷𝐼 =

𝜖𝑠𝑡𝑎𝑐𝑘 𝐴

𝑡𝑆𝑡𝑎𝑐𝑘
                (37)  
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Parameters extracted in the subthreshold region are the subthreshold swing, turn on voltage and the 

leakage voltage. The subthreshold swing can be used to calculate the proportion of gate to semiconductor 

capacitance, the turn on voltage is an indicator of the transistor power requirements and the leakage 

voltage is used to calculate the on/off ratio of the transistor to analyze the sensitivity of the device.  

3.3.3 Linear Region  

The second region observed in transistor behavior is the linear region [1]. This region is characterized by 

a linear increase in current with increases in VSD. This is called the device transconductance. The main 

features of this region are there is a fully developed current channel at the insulator-semiconductor 

interface that allows the current in the semiconductor to flow relatively unimpeded [134].  

The linear region is caused by the functional shape of the channel in the semiconductor [134]. The turn 

on voltage is the point at which the channel is perfectly fully formed. When one analyzes the shape of 

the channel at the turn on point, it would be a single layer of charge carriers induced at the surface of 

the insulator-semiconductor interface (Figure 12a). If the channel or gate bias is increased further, the 

influence of the electrical potential still has an effect on the shape of the channel, as in Figure 12b. As 

the electrical potential is increased, the channel ‘deepens’ into the semiconductor allowing increased 

current flow. At the saturation point, Figure 12c, the shape is restrictive to the flow of the electrons due 

to the wedge shape of the channel, often described as ‘pinched off’ at the Vt. Increased electrical 

potential has a predictable and consistent effect on the channel, and therefore the current flow through 

the transistor. This is called ‘Channel modulation’ [1], [44].  

Channel modulation is the tuning of the current output by altering channel and gate biases. There are 

two main ways to affect channel modulation; increase the electrical potential felt by the semiconductor 

from wither the channel bias or the gate bias. The electrical potential felt by the semiconductor from 
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the channel bias is the VSD. To increase the electrical potential felt across the gate increase the 

capacitance of the gate as described in section 2.3 of this thesis.  

a. 

 

b. 

 

c. 
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Figure 12: Examples of devices at different points in the linear region a) Fully formed channel under the gate b) channel 
deepening c) channel just prior to saturation point. 

The purpose of a dielectric is to enable charge buildup whilst insulating the semiconductor from the gate 

electrode. Thus, the better the dielectric the more charge there is available. Ergo, increasing the 

capacitance at the insulator-semiconductor results in significantly improved electrical characteristics.  

Gate Bias Operation 

The characteristics of these TFTs are based on the function of the source-drain array and gate 

interactions. TFTs have a transfer characteristic regime, with three important regions; the ohmic region, 

the threshold region, and the saturation region [4], [38]. During the ohmic region the current increases 

linearly with increased gate voltage. Once the threshold voltage has been reached, the current increases 

exponentially. Then at the saturation point, the current increases no more. However, it has been 

demonstrated that due to the chemical makeup of TFT semiconductors they suffer from variable charge 

mobility based on gate bias [38], [44].  

The Marinov model demonstrates that his value follows a deviation that can be accounted for by 

separating the charge mobility into the constant portion, or µo, and introducing an exponent m to 

account for power law mobility dependence as in Equation 30.  

(30) 

𝜇𝑀𝑎𝑟 (𝑥) =
𝜇0

𝑉𝑎𝑎
1+𝑚

{− (𝑉𝐺 − 𝑉𝑡) − 𝑉(𝑥) }1+𝑚                     (38) 
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This model has the constant portion of charge mobility, and accounts for the incorporated changes using 

a voltage enhancement variable, and the power law value. When combined with the rest of the model, 

the resulting model for the general model is Equation 31. 

(31) 

As this equation is only being used in the linear region, the use of an overdrive function will have a 

significant effect on reducing error in our results. The terms were combined and simplified and the final 

linear model was reached (Equation 32).  

(32) 

From the linear region, the transconductance parameter k’p, or 
𝜇𝑜

𝑉𝑎𝑎
1+𝑚 𝐶𝐷𝐼, relative transconductance gm, 

and the power law exponent gamma were extracted [134]. The transconductance is the rate of change 

in channel current to the change in voltage input. This value gives an indication of the slope of the linear 

region curve. A higher transconductance means there is a greater change in current for each small 

change in voltage, resulting in greater sensitivity to voltage changes [53], [55]. This is desirable in 

transistors operating as sensors in the linear region, as it increases the signal to noise ratio. The 

transconductance can be calculated using the following Equation 33.  

(33) 

The power law exponent m is calculated using the curve fitting MATLAB tool box, using the exponential 

fit method. This produces a best fit exponential model with the power law exponent being the best fit 

for the linear region data.  

𝐼𝑀𝑎𝑟
𝑔𝑒𝑛

=
𝑊

𝐿

𝜇0

𝑉𝑎𝑎
1+𝑚 𝐶𝑖

{− (𝑉𝐺 − 𝑉𝑇) − 𝑉𝐷 },𝑚+2 − {− (𝑉𝐺 − 𝑉𝑇) − 𝑉𝑆 }
𝑚+2

𝑚 + 2
        (39) 

𝐼𝑠 =
𝜇𝑜

𝑉𝑎𝑎
1+𝑚 𝐶𝐷𝐼  

𝑊

𝐿
 𝑉𝑆𝐷(𝑉𝑆𝐺 −  𝑉𝑇 )

2+𝑚          (40)       

𝑔𝑚 =
𝜕𝐼

𝜕𝑉
       𝑔𝑚 = 𝑘′

𝑝  
𝑊

𝐿
 (𝑉𝑆𝐺 − 𝑉𝑡)                  (41) 
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3.3.4 Saturation Region  

The saturation region in the transistor is the area is characterized by bending away from the slope of the 

linear region and (in theory) a constant maximum voltage [1], [5], [44]. This is caused by the 

semiconductor becoming saturated by the channel. Figure 13a shows the end of the linear region with 

the linear increase in channel current from the increase in channel volume with VSG increase. Figure 13b 

shows the transistor when the maximum current point has been reached as VSG increases past the 

saturation point a phenomenon called ‘pinch off’ occurs. In this region conduction occurs in charge 

distribution away from the gate [1].  

a.  b.  
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Figure 13: a) Pinch off point at saturation b) channel receding as current conduction begins to rely less on channel 

However, in the saturation region OFETs suffer from deviations from the ideal transistor behavior [44]. 

Therefore, in OFETS the saturation current is instead the current occurring during the first portion of the 

saturation region. The increasing, low slope saturation regions observance in the saturation regions of 

OFET devices can be attributed to increases in resistance, such as output resistance and contact 

resistance. Ergo, the maximum current remains dependent on the VSG. Contact resistance is a voltage 

dependent variable, and therefore will continue to affect the final current as the VSG is increased [1]. In 

order to analyze the resistance in the saturation region, the Marinov model will be used.  

The final Marinov Equation to describe transistor action is present in Equation 34. This model includes 

information required for modelling the subthreshold and linear sections. 
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(34) 

Where λ is an included variable for modelling the increases in contact resistance. This variable can be 

used to calculate the output resistance ro using Equation 16.  

The maximum current, the saturation current in OFETs, is called the ON voltage, and it is used to 

calculate the On/Off ratio of the transistors, a key parameter for determining the sensitivity of the 

transistors. The larger the difference in on/off ratio the more distinct changes in the system will be in 

the linear region and for the on/off signalling.  

3.3.5 Transient Analysis  

A reasonably high switching speed is desirable for both flexible electronics and real-time sensory system 

applications, the primary application of label-free, aptamer-enhanced OEGFET [64]. A typical model for 

the transient behaviour of OFETs can be calculated from Equation 35 which is the charging time for 

transistors.  

(35) 

Using Equation 29 of the Marinov Model, the resultant Equation for the propagation delay for Low-to-

High can be estimated as Equation 36.  

(36) 

This can be further simplified to the typical expression for transient response Equation 37. The 

propagation delay of our p-type OFETs are measured experimentally and compared to values predicted 

by the transient model.  

𝐼𝑀𝑎𝑟
𝑔𝑒𝑛

=
𝑊

𝐿

𝜇0

𝑉𝑎𝑎
1+𝑚 𝐶𝑖

[𝑓(𝑉𝐺 , 𝑉𝐷)𝑚+2 − [𝑓(𝑉𝐺 , 𝑉𝑆)𝑚+2

𝑚 + 2
(1 + 𝜆 𝑉𝐷 − 𝑉𝑆)         (42) 

 

𝜏 = −
𝑊

𝐼𝐷
 𝑄(𝑥)𝑑𝑥

𝐿

0

                              (43) 

𝜏 = −
𝑊

𝜇𝑜𝐶𝐷𝐼 (
𝑊
𝐿

)𝑉𝑆𝐷(𝑉𝑆𝐺 −  𝑉𝑇 )
2+𝑚

∗ −𝐶𝑖 (𝑉𝐺𝑆 − 𝑉𝑇) − 𝑉(𝑥)                                      (44) 
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(37) 

Here the rise time of the transistor tPLH is related to the net load capacitance (CL = CG + CP), the gate 

capacitance CDI, 𝑉𝑂𝐻 the output voltage or operating condition voltage, the charge mobility, turn on 

voltage and the aspect ratios.  

  

𝑡𝑃𝐿𝐻 =
𝐶𝐿 (

𝑉𝑂𝐻
2 )

(
1
2) 𝑘𝑝

′ (
𝑊
𝐿 ) (𝑉𝑂𝐻 + 𝑉𝑇)

2
     (45) 
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Chapter 4 Materials and Methods 

In the pursuit of low cost, simple to fabricate OFETs with reasonable and reliable device operating 

parameters optimization and repeat testing were required. The source-drain design, material selection 

process and fabrication process were optimized for the highest success rate during the printing process 

whilst still remaining simple to fabricate, simple to address and providing a good range of transistors for 

testing.  

4.1 Device Fabrication 

The first step in producing OFETs is to design the source and drain electrode configuration. Certain 

material and fabrication constraints informed the initial configuration and design. A top gate, bottom 

contact design was selected as the TIPS-Pentacene semiconductor is sensitive to environmental doping 

and UV light. The bottom contact, top gate set up prevents the aggressive patterning process from 

potentially damaging or doping the sensitive semiconductor. The design was printed on Cyclic Olefin 

Copolymer (COC), a high resistance flexible substrate. Finally, the design has a resolution of no finer than 

10 μm, the limit of the maskless lithography device’s instrument’s working range [136].  

Another design specification was for a range of transistor aspect ratios, or ratio of channel width to 

channel length. For OFETs, device aspect ratio is usually greater than 10 because of the low charge 

mobilities of organic transistors, and to allow the devices to satisfy requirements of the Gradual Channel 

Approximation for long channel TFT modelling purposes [41]. Aspect ratios were optimized as the design 
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Figure 14: Left: Basic transistor set up for bottom contact, top gate transistors. Right: Measuring Width and Length in a 
transistor 
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evolved. There were four basic electrode designs; the overlapping, the front facing and offset design, 

and the cluster design. The overlapping electrodes were used with designs one and two, the front 

facing/offset electrodes were used with substrate 3 and 4, and the cluster electrodes were used with 

designs 5,6 and 7.  

Table 1: Images of fabricated transistor devices and cross sections of transistor set up by Design Number.  

Design 

Number 
Source-Drain Pattern Device Configuration 

1 

 

 

2 

 

 

3 

 

 

4 

 

 

TIPS-Pentacene Al Al 

PMMA 

ITO 

TIPS-Pentacene Cr Cr 

PMMA 

CR 

TIPS-Pentacene Cr Cr 

PMMA 

CR 

TIPS-Pentacene Cr Cr 

PMMA 

Conductive Polymer 

90 µm 

100 µm 

100 µm 100 µm 

100 µm 
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5 

 

 

6 

 
 

7 

 

 

The overlapping electrodes were of width 10 μm, and created the transistor channels by passing each 

other at appropriate distances to create the channel length and aspect ratio. The electrodes for each 

source and drain were designed to extend outside of the transistor by a minimum of 5 mm. Each 

transistor was a minimum of 10 mm distance from another. This resulted in a set of transistors with 

widely varying trace lengths. The initial setup used aspect ratios of 1:10, with a channel length of 20-100 

µm.  

To avoid trace deformation front facing and offset electrodes were used. The offset electrodes used 

larger area electrodes the same size for all transistors of the same channel length. The front facing 

electrodes have larger sizes to avoid deformation, and differing electrode sizes for each of the aspect 

ratios. One design would use offset electrodes with a 10:40 µm channel length and a 10:100 aspect 

ratio, and the other with front facing electrodes of the same channel length and aspect ratios. These 

TIPS-Pentacene Cr Cr 

PMMA 

Conductive Polymer 

1 μL Electrolyte 

Teflon 

TIPS-Pentacene Cr Cr 

PMMA 

Conductive Polymer 

1 μL Electrolyte 

Teflon 

TIPS-Pentacene Cr Cr 

PMMA 

Conductive Polymer 

100 µm 
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two designs would be used in concert and the design that produced the most working electrodes would 

then be further optimized in further iterations of transistor production.  

The cluster design uses front facing electrodes. The channel lengths were 10-25 μm, with 20-60 aspect 

ratios. These designs were the most appropriate for addressing transistors consecutively within the 

channel wells.  

The first chip design took an overlapping electrode system printed with 300 nm of Aluminum on COC 

substrate and deposited TIPS-pentacene and a 400 nm layer of PMMA, and deposited a top gate of 200 

nm ITO. This created a COC/TIPS/PMMA/ITO design. The dielectric stack is a layer of PMMA.  

The second design took an overlapping electrode system printed with 200 nm of Chromium on COC 

substrate and deposited TIPS-pentacene and a 200 nm layer of PMMA, and deposited a top layer of 200 

nm Chromium. This creates a COC/TIPS/PMMA/Cr design. The dielectric stack is a layer of PMMA.  

The third design took an interdigitated electrode system printed with 200 nm of Chromium on COC 

substrate and deposited TIPS-pentacene and a 200 nm layer of PMMA, and deposited a top layer of 200 

nm Chromium. This creates a COC/TIPS/PMMA/Cr design. The dielectric stack is a layer of PMMA. 

Another form of this design involved creating the same stack in a bottom gate set up.  

The fourth design takes interdigitated electrode system printed with 200 nm of Chromium on silicon 

substrate and deposited TIPS-pentacene and a 200 nm layer of PMMA, and deposited a top gate of 

PEDOT:PSS + PEDOT:PSS, Graphene. This creates a TIPS/PMMA/PEDOT design. The dielectric stack is a 

layer of PMMA. 

The fifth design takes a cluster design system printed with 200 nm of Chromium on silicon substrate and 

deposited TIPS-pentacene and a 200 nm layer of PMMA, and deposited a top gate of PEDOT:PSS + 

PEDOT:PSS, Graphene. This creates a TIPS/PMMA/PEDOT design. The dielectric stack is a layer of PMMA. 
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These devices were also used for the exploration of incorporating BST, and BST-COC into the stack, 

resulting in these set ups being fabricated as PMMA, PMMA/BST, PMMA/BST-COC and 

PMMA/BST/PMMS devices.  

The sixth design takes a cluster design system printed with 200 nm of Chromium on silicon substrate and 

deposited TIPS-pentacene and a 125 nm layer of Teflon. This creates a TIPS/Teflon bottom gate for the 

two-surface system. These were used with a top gate of PEDOT:PSS + PEDOT:PSS, graphene, with a layer 

of PMMA. A 1 μL droplet of solution is placed on the bottom gate and sandwiched with the top gate.  

The seventh design takes a cluster design system printed with 200 nm of Chromium on silicon substrate 

and deposited TIPS-pentacene and a 125 nm layer of Teflon, and deposited a top layer of 200 nm 

Chromium. This creates a TIPS/Teflon bottom gate for the two-surface system. These were used with a 

top gate of PEDOT:PSS + PEDOT:PSS, graphene, with a layer of PMMA. The PMMA is then activated with 

PMMA, and aptamers are drop cast on the surface. A 1 μL droplet of electrolyte solution is placed on the 

bottom gate and sandwiched with the top gate.  

With the top gate design, the first step in fabricating electrodes is to print the source-train electrodes. 

Two common fabrication methods were employed to produce the electrodes: metal etching, and lift off 

procedures.  

4.1.1 Metal Etch System   

The first portion of the fabrication process is printing the transistors. The substrate designs were 

designed in L-EDIT, part of the MEMSpro suite. The design changes reflect findings from the process 

development, and in chronological order are defined. The fabrication procedure for chip design 1-3 is 
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shown in Figure 15. 

  

Figure 15: Fabrication Procedure. (a) clean substrate (b) deposit conductive layer for patterning (c) deposit positive S1813 resist 
(d) pattern and develop resist (e) etch conductive metal layer (f) strip remaining resist (g) deposit TIPS-pentacene semiconductor 
(h) deposit dielectric complex (i) deposit conductive top gate layer 

 

Figure 16: Alternate metal etch procedure used for bottom gate, top contact transistors. 
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There are certain nanofabrication steps that have limited variables or characteristics that can be altered. 

This is due to the steps required specialized equipment, or leveraging chemical properties. With this 

truism the process optimization is truly constructing a process from the building blocks available, 

building blocks such as resist spin coating, metal deposition and photolithography.   

Substrate Preparation 

The COC substrate pieces were cut, and cleaned with a 9 s acetone rinse, followed by a 30 s IPA rinse 

and a 30 s distilled water rinse.  

Metal Deposition 

Metal deposition was performed using Lesker PVD 75 Physical Vapour Deposition machine [100]. A 

plasma discharge bombards a metal target, causing energized molecules to fall as a vapour onto the 

desired substrate. Deposition parameters such as deposition thickness, film conductivity can be altered 

to achieve different characteristics of material on the substrate surface. To reduce thickness variations 

in the deposition thickness, the substrates are placed on a spinning substrate holder. This can be heated 

to meet thermal activity requirements for certain materials. This machine had optimized operating 

parameters already determined, such as the deposition rates, temperatures and energy requirements of 

different target metals. These substrates used either Aluminium or chromium for their source-drain 

arrays.  

The method for using the J Lesker Physical vapour deposition machine is to secure the clean substrate 

inside the vacuum chamber, and pump the vacuum below 1e-5 torr. The vacuum strength is important 

to the uniformity and accuracy of the film thickness, as vacuum pressure is directly correlated to film 

uniformity. The deposition time is dependent on the desired thickness of the film and the deposition 

rate of the target. The deposition rate of Aluminium and Chromium is 1 angstrom per second.  
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Thin-Film Spin Coating 

Spin-coating system was used for solution-based deposition of various thin film materials during device 

fabrication [109]. This is a common method of creating thin films, and many commercially available 

solutions have well defined relationships between spin speed and film thicknesses. The photoresists, 

dielectrics and the organic semiconductor solutions have optimized data available to ensure accurate 

film thicknesses with use in a spin coater. The spin coater works through the principle of centrifugal 

forces. The substrate is immobilized on a vacuum chuck centred in the spinner, and then a layer of the 

material to be spun covers the substrate. The spinner uses a two stage spin cycle to create a film of the 

desired thickness. The first stage is a spread cycle. This is a lower rpm stage that usually takes about 5-

10 s to get rid of the excess material, and allow for a ramp up to higher speeds. The second step is a 

longer, 30-60 s, higher rpm stage that is called the spin stage. This is the stage that creates the uniform 

thin film thickness often in the nanoscale range.  

Photoresist Spinning 

The photoresist used in this process was Shipley 1813, which requires a coating thickness of 12,300 Å. To 

achieve this, a two-stage spin process was used with an 8 s 500 rpm spread followed by a 45 s 4500 rpm 

spin step [137]. This is cured by baking on a hot plate at 115  oC for 60 s, or baking in the oven at 90 oC 

for 30 minutes.  

Lithography Procedure 

The patterning steps were performed with a maskless lithographic system, the Intelligent Micro-

Patterning SF-100 XPress photolithography machine. Photolithography uses light to generate micro-

patterns by either curing or breaking the chemical bonds polymers called photoresist, depending on 

whether a positive or negative resist is used [136]. The exposure leaves developed patterned polymers 

that can be further used to pattern other substances. This system is limited by photon diffusion in the 

resist, as it is unable to reliably expose features smaller than 10 μm, and limited by surface modelling 
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capabilities of the maskless photolithography device [78]. The system maps the surface using 

interpolation and data points. However, large surface defects affect the interpolation drastically, 

resulting in areas of poor exposure with ill defined features. An underexposed pattern results has 

photoresist where it should have been removed, and an overexposed design has devices bleed together, 

due to the electrons scattering past their intended locations. 

Mercury Lamps have frequency spectra with three main spikes called the i-line, h-line and g-line [136]. 

Photoresists are optimized for one of these three lines, to ensure consistent penetration depth and 

reduce diffusion through the photoresist. The photoresist S1813 is optimized for the g-line wavelength 

of 436 nm. 

Photoresist Development 

The S1813 photoresist is developed using the Metal Ion Free (MIF) 200 developer. S1813 is a photo 

decomposing positive photoresist resin containing macromolecules the undergoes photo-induced 

scission due to a diazo photoactive compound. Once the photoactive compound has been exposed to 

light it increases the rate of the resin dissolution in the developer. The photoactive compound dictates 

the rate of dissolution, with exposed substances dissolving much faster than their unexposed 

counterparts.  

When the exposure of the substrate was complete, the substrate was placed in a 50 ml bath of MIF 200 

developer for 5 minutes and analyzed under a microscope overexposure and under exposure. If the 

visual examination of the exposure proved that the features were too damaged or incorrectly sized, the 

photoresist could be stripped, and the process could begin again from the photoresist spinning step.  
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Metal Etching 

The procedure for metal etching place the substrate face up into a glass bath of 50 ml of etchant 

solution for 3-5 minutes. Visual inspection under a microscope was used to ensure complete etching 

occurred.  

Aluminium etchant contains HNO3, H3PO4, CH3COOH and H2O dilution. The mechanism for the 

dissolution of aluminium is the HNO3 oxidises the Aluminium to Al2O3, which can then be dissolved by 

the H3PO4. The CH3COOH and water are there to ensure wetting and a consistent etch rate at given 

temperatures. Aluminium etches isotopically, resulting in under etching of the resist masks. This is 

exasperated by the exothermic nature of this reaction.  

Chromium etchant contains perchloric acid and ceric ammonium nitrate. Perchloric acid has a pKs<-8, 

and the ceric ammonium nitrate is a strong oxidizer. The reaction equation for chromium etchant is 

given as Equation 38.  

3 𝐶𝑒(𝑁𝐻4)2(𝑁𝑂3)6 + 𝐶𝑟 → 3 𝐶𝑟(𝑁𝑂3)3 + 3 𝐶𝑒(𝑁𝐻4)2(𝑁𝑂3)5    (38) 

Causing the Chromium to be converted into a chromium oxidation state which is much more soluble. 

Polymers will start to degrade if left in either too long. This means that a constant watch must be kept 

on the etching solutions to ensure that the resist mask is not being degraded too quickly.  

Photoresist Stripping 

Photoresist stripping takes two forms; chemical or mechanical. If the process is a metal etch process, the 

photoresist can be removed with chemicals.  

Chemical photoresist stripping is achieved using the AZ 400 stripper which dissolves the remaining 

photoresist resin. The process for the chemical stripping is to place the substrate into a 50 ml bath of 
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AZ400, and swirl until visual inspection indicates that the polymer has been removed. This process is 

timed, and usually takes between 2-5 minutes.  

4.1.2 Negative Lift Off Patterning 

The negative lift off system patterns metal without an etch step. This is desirable for substrates that 

cannot endure the aggressive etching step, or, when the substrate used has high adhesion rates for the 

deposited metal, simply to reduce the fabrication requirements.  

The previous substrates demonstrated that though the fabrication on the COC was able to produce 

electrodes that fit the design, the problems that occurred were due to interactions between the 

pentacene solvent, chlorobenzene, and the COC. With this in mind, Silicon substrates were employed as 

a substitute in order to perform accurate, repeatable and reliable static and dynamic testing of the OFET 

devices. The purpose of this substrate was to characterize transistors with the solvents and chemicals 

available. Silicon is an ideal candidate for lift off procedures. Ergo, a negative photoresist called SU-8 

would be used for the lift off procedure. This lift off procedure can be seen in Figure 17.  

 

Figure 17: Substrate Seven fabrication process flow 
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Substrate Preparation 

The silicon wafer was prepared using a one minute clean in the oxygen plasma preen. An oxygen plasma 

preen uses microwave generated plasma to clean surfaces of organic and some inorganic compounds.  

Photoresist Spinning 

The photoresist used in this process was SU-8, which requires a coating thickness of 50 μm [137]. The 

process was always carried out in a fume hood and involves a spread of 500 rpm for 10 s, ramping up to 

a spin of 2250 rpm for 40 s.  SU-8 hot plate baking occurs in two stages; a 65 ͦC prebake for 5 minutes, 

and then a 95ͦC soft bake for 20 minutes. The photoresist is then ready for exposure.  

Photoresist Patterning 

Patterning the photoresist was performed using a Maskless Photolithography system. The SU-8 

photoresist is sensitive below the 350nm range. This means that the i-line will be the light spectra 

involved with exposing the system. SU-8 is an epoxy dissolved in an organic solvent with 10 wt% of 

mixed triarylsulonium/hexafluoroantimonate salt. This mixture is photoactive, becoming a photoacid 

generator. Photons interact with the salt in the solution creating hexafluoroanitmonic acid that pronates 

the epoxy groups in the resin monomers. These activated monomers can then polymerize with an 

increase in thermal energy after the exposure.  

Photoresist Development 

After the exposure, a post exposure bake must be performed to polymerize all of the monomers 

activated during the exposure. This is achieved by placing the wafer on a 65ͦC hot plate for 1 minute 

and on a 95oC hotplate for a further five minutes. After this, the system can be developed.  

The SU-8 photoresist is developed using 50 ml of the MIF 200 developer. During development the 

process was timed, usually taking 4-5 minutes. The substrates were analyzed under a microscope for  

overexposure and under exposure.   
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Metal Deposition 

The method for the metal deposition remains the same as described for the metal etch process. With 

the lift off process, the metal deposition can be no higher than a third of the height of the resist. Here 

the resist thickness was micrometers thick, and the metal thickness is merely hundreds of nanometres. 

This is an acceptable difference, and 300 nm of Chromium was used with the liftoff process. 

Photoresist Stripping 

Photoresist stripping takes two forms; chemical or mechanical. When a lift-off procedure was used, the 

mechanical stripping process is best.  

The mechanical process for stripper removal uses a sonicator. A sonicator uses ultra-sonic sound waves 

to abrade surfaces. The substrate is placed in an AZ400 Stripper bath inside the sonicator, and sonicated 

for 10 s. During this process, the Stripper molecules of the reverberate and interact with the polymer of 

the photoresist, causing it to degrade and delaminate from the substrate surface it takes with it the 

unwanted metal, leaving behind the electrode array.   

4.2 Semiconductor Material Preparation 

The preparation of the TIPS-pentacene in solvent used standard laboratory procedures for producing a 1 

wt% solution of TIPS-pentacene in chlorobenzene. Chlorobenzene was chosen as the solvent as the 

literature demonstrates it has the highest charge mobilities of the common TIPS-pentacene solvents. It 

has the highest boiling point, resulting in the highest crystallinity and the best transfer characteristics 

[7]. Preparation considerations for TIPS-pentacene are that it degrades past 170ͦC, and is UV sensitive. 

Preparation considerations for chlorobenzene is highly toxic, flammable and has a low flash point [48], 

[82]. For this reason, the entire procedure is to take place in an unlit fume hood.  

The procedure for preparing the solution was to add 100 mg of anhydrous TIPS-pentacene from Sigma-

Aldrich to 9900 mg of Chlorobenzene from Sigma-Aldrich with a stir bar to a dark glass bottle. A 
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temperature probe was inserted into the mixture and then the bottle was sealed and heated to 100 Cͦ 

and stirred at 1200 rpm for one hour. Thermal energy and agitation increase solvation and excessive 

time ensures that the entirety of the solute has indeed dissolved. This will ensure consistency between 

TIPS-pentacene solutions and supports the assertion that it is indeed a 1 wt% solution. Once the solution 

was prepared it was kept at room temperature in a dark glass bottle wrapped with aluminium foil. This 

was to keep the amount of UV activation in solution at a minimum.   

4.2.1 TIPS-pentacene deposition 

Whilst spinning the TIPS-pentacene it is important to operate in a low light environment to reduce the 

TIPS-pentacene photodegradation. Due to the low weight percent of the solution and it’s low viscosity, a  

low spin speed is required. The spinning procedure for the TIPS-pentacene was a 5 second 400 rpm 

spread, followed by a 30 second 1000 rpm spin.  

The baking step after the spinning is to ensure that all of the solvent has been removed from the 

system. The temperature is set below the boiling point of the solvent to prevent inconsistencies such as 

voids forming from boiling solvent bubbling through the semiconductor. The slow solvent removal has 

the added benefit of allowing larger crystals to form in the pentacene, theoretically resulting in higher 

charge mobility. The baking step 10 hours at 130ͦC. 

4.3 Dielectrics 

Creating the dielectric stacks involved individual fabrication steps for each dielectric layer. These 

dielectric stacks were tested individually as well as in multi-layered configurations to evaluate their 

electrical and structural properties for OFET applications.  

4.3.1 PMMA Dielectric 

The PMMA material in this process was 950 average molecular weight dissolved in anisole, diluted to 

either 4% or 7% depending on the desired dielectric thickness [138]. This dielectric solution was 
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acquired from the Kingston nanofabrication lab, and kept at room temperature in darkened bottles. To 

form a thin film with the 950 A PMMA requires two steps, both performed inside a fume hood. A 10 

second 500 rpm spread, and then a 40 second 4000 rpm spread step. For a 400 nm thick PMMA layer 

the 7% PMMA layer will be used and for the 200 nm layer the 4% PMMA in Anisole. This layer should 

then be baked to remove the solvent and allow the system to polymerize. The temperature for the bake 

system is 170ͦC for 25 minutes or 180ͦ C for 60-90 s on a hot plate for a soft bake, and 50 minutes on 

the oven or 2-3 minutes on the hotplate for a hard bake.  

4.3.2 Teflon as a Dielectric 

AF200 Teflon is a fluoropolymer dielectric incorporated into the OEGFET devices. This material was 

purchased from Dupont DuPont Canada. 125nm of Teflon was spin deposited with a spread step at 1000 

rpm for 8 s, following by a 45s spin step at 2500 rpm. The Teflon film was then hard baked at 160o C on a 

hotplate for 30 minutes. Teflon is incorporated to reduce the biofouling of the surfaces in the OEGFET 

chips [68], [139], [140].  

4.3.3 Barium Strontium Titanate Solgel as Dielectric 

The BST Sol Gel was deposited by Professors Freundorfer and Sayer for the purposes of exploring its 

effects in an OFET configuration. Sol gel composite films of a dielectric can be formed by spin coating 

onto a substrate a slurry composed of a crystalline ferroelectric powder suspended in a metalorganic sol 

which is then dried, gelled and processed into a similar crystallized form as the powder.  Under the 

correct processing conditions, the powder surface nucleates epitaxial crystalline growth of the gel 

leading to an inter-connected crystalline matrix within the composite. This is of particular interest for 

dielectric composites since the effects of low permittivity inter-particle boundaries can be minimized.  

An acetate based 70:30 BST sol gel solution as described in was prepared and allowed to stabilize by 

storage overnight at 4oC. A slurry of composition by weight of 1-part sol to 0.16-part BST powder of 
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particle size < 0.4µm was mixed and ultrasonically agitated for 10 mins.  The slurry formed was fully 

suspended with little evidence of particle agglomeration.  Films were prepared by spin coating at spin 

speeds of 4000 rpm and allowed to dry at ambient temperature. Films were uniform with a thickness 

range of 0.8 µm measured using a Dektak profilometer.  

Hydrothermal processing was carried out in a 0.1M aqueous alkaline solution of 80% Ba hydroxide and 

20% Sr hydroxide following reference [125]. All steps in this procedure were carried out under nitrogen 

to minimize the formation of Ba and Sr carbonates by reaction with atmospheric CO2. For films of this 

thickness, the hydrothermal temperature cycle was a 1 hour rise to 175oC and 190 psi, 10 min hold time 

at 175o C followed by a decrease over approximately 1.3 hours to 100oC.  The films were removed from 

the pressure vessel at this temperate to minimize the crystallization of carbonates or other species and 

thoroughly washed in distilled water. shows an SEM image of a typical film surface. This work was 

completed by the professors Freundorfer and Sayer in the Physics Department at Queen’s University.  

4.3.4 BST-COC polymer blend as dielectric 

An experimental solution of BST-COC — 950:45:20 ratio of BST:COC:4-tert-Butylcatechol — prepared by 

Professors Freundorfer and Sayer for the purposes of testing with low-cost transistors. The dissolution 

of BST and COC in toluene allowed a low-cost spinning deposition. The BST composite requires a low 

rpm spin step due to the low viscosity of the system. The spread step was a 5 second 400 rpm step, 

followed by a 40 second 800 rpm spin step. It was then allowed to dry for 5 minutes in the spinner as 

the toluene solvent evaporated from the surface.  

4.3.5 Electrolytes Dielectric  

Electrolytes demonstrate high capacitance due to the presence of ions. There are two main capacitance 

effects resulting from the incorporation of electrolytes into the gate, the formation of an Electric Double 

Layer (EDL) and the dipole orientation of the bulk solvent, both contributing to the capacitance of the 
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system [131]. Changes in the electrolyte concentration will produce quantifiable change in the 

capacitance, which results in a transconductance change that can be directly correlated to changes in 

the electrolyte. Biological electrolyte samples are incorporated into the gate to apply the transistors as 

sensors.  

The electrolytes incorporated into the dielectric stack of the OEGFET configuration were DI water as a 

control, an ascorbic acid buffer and dopamine concentrations of 0.01 μM and 1 μM.  

The DI water acts to show the response of the system with the minimal electrolyte response, as there 

will be no formation of the EDL with the water solution. The capacitance effects from the water will be a 

result of Dipole orientation polarization [127].  

 The Ascorbic acid serves to show the response of the systems to an electrolyte that is not dopamine, 

and so will not interact with the aptamers. This solution was prepared by dissolving 0.01 mg of ascorbic 

acid in 100 ml of DI water at room temperature [55]. The pH of this solutions is 4.3 at 23.1ͦC, with a 

conductivity of 155.2 mS/cm and a resistivity of 6.44x103 Ω•cm. This solution is stored at 4oC and is 

stable for 3 months.  

Dopamine is the biomolecule of interest, and the target for the aptamer-enhanced gate effect explored 

with the OEGFET. It is used in the diagnosis of diseases such as Parkinson’s and in depression-related 

illnesses. It is present in saliva is concentrations that can be correlated to blood serum levels, and 

present in the range incorporated by the 0.0 1μM and 1 μM testing systems [141]. The dopamine is 

dissolved in a buffer electrolyte system to ensure the stability of the biomolecule. The higher 

concentration dopamine demonstrates a pH of 4.3 at 23.1ͦC, as expected the same as the buffer 

solution, with increased conductivity of 9.44 mS/cm. The increase in conductivity was expected due to 

the increased ion concentration in the 1 μM dopamine solution. This system is stable at 4oC for up to 84 

hours.  
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4.4 Top Gate 

The top gate is created by layering conductors onto the dielectric stack, or as a second surface. The 

fabrication for each of the conductors requires differing methods [43].  

4.4.1 Indium Tin Oxide Top Gate 

ITO deposition was performed using Lesker PVD 75 Physical Vapour Deposition machine, in a similar 

method as for the source/drain electrode patterning.  However, ITO deposition requires the substrate 

be heated to meet the surface activation requirements for good binding of the molecules to the 

dielectric surface. For this reason, the substrates were heated to 150oC before the deposition took place 

[100].  

4.4.2 Chromium as Top Gate 

Metal deposition was performed using Lesker PVD 75 Physical Vapour Deposition machine, in the same 

method as for the source/drain electrode patterning.  

4.4.3 Conductive Polymer Mixes (PEDOT:PSS + PEDOT:PSS, Graphene) as Top Gate 

The PEDOT:PSS is a colloidal suspension in water with interesting surface properties. On PMMA, which is 

generally a hydrophilic substrate, it demonstrates minimal spreading and high contact angle. The 

spinning was not effective, and so two alternative methods were employed to deposit PEDOT:PSS films 

[142],[143].  

In the first method the silicon substrates were heated, and PEDOT:PSS was dropped in 10ul drops onto 

the surface. The water in these spots would boil and evaporate upon contact, leaving a layer of PEDOT: 

PSS. After covering a large area with overlapping spots, it was found that despite the aggressive 

treatment of the PEDOT:PSS it retained conductive properties. The resistance of the system was in the 
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10-100 Ohm range across a 3cm2 surface. Visually, these boiling spots had gaps through which the 

PMMA was visible. To improve the coverage of the PEDOT:PSS further experimentation was required.  

A more effective technique involving modifying the surface of the PMMA using Ultra-Violet (UV) light 

was implemented following experimental evaluation. Upon exposure to UV light the structural and 

chemical properties of PMMA breakdown, resulting in changed surface chemical properties. With short 

exposure times of a few minutes, the bulk of the PMMA remains unchanged, but the surface will 

develop microscopic texturing and cracks where photo induced scission takes place at the surface. These 

cracks create a structural difference with a reduced smoothness, promoting the movement of the 

material across the surface. In addition, the surface energy of the system is increased by increasing the 

total surface area by the addition of surface texture. The PMMA molecules have higher reactivity as a 

result of the scission, altering the chemical structure at the surface as molecules bind to elements in the 

air [144]. After the surface modification of PMMA, the PEDOT:PSS spreads well. A two-layer stack of 

PEDOT:PSS and PEDOT:PSS Graphene on the PMMA dielectric stack was used as the top gate for the 

single surface OFETS. A two-layer stack of PEDOT:PSS and PEDOT:PSS Graphene on a UV-activated glass 

slide has good conductivity and was used as the top gate for the two-surface device.  

 The PEDOT:PSS and PEDOT:PSS, Graphene were supplied by Sigma-Aldrich and were spin deposited. 

Both layers had an 8 second spread step at 500 rpm, and a 30 second spin step at 1000 rpm. The 

solution was then baked at 110oC for 10 minutes, with a 2 minute cool down period between the 

spinning of each layer. 

4.4.4 Aptamers as Biorecognition molecules in OEGFET Devices 

The two-surface transistor employs biorecognition molecules called aptamers for the specific response 

[145]. The aptamer used in this Masters Thesis was fabricated by Dr. DeRosa of the Ladder group at 

Carleton University. Aptamers are DNA oligomers with a high affinity for a certain biomolecule [57], [67], 
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are thermally stable, and undergo reversible denaturation. Systematic Evolution of Ligands by 

Exponential enrichment (SELEX) was used to obtain a DNA aptamer for dopamine with a sequence of: 5’-

AGCGGGAGGATATGCTCTGCTGTTGGATAGGTGTATATG TGGAGATAGTAAGTGCAATCT-3’[146]. This 

aptamer has a dissociation constant of 0.11 ± 0.08 μM, found through fluorescence anisotropy. The 

dissociation constant is a measure of affinity for the target, the ratio of unbound aptamer concentration 

and unbound target concentration to aptamer target complex concentration. The low value indicates 

the affinity of this aptamer for dopamine is high [63].  

The presence of immobilized aptamers in the wells has been confirmed using the QuantiFluor® ssDNA 

system which selectively binds to single stranded DNA with a fluorescence response of 

492nmEx/528nmEm . The test confirmed that the one-step UV-based surface activation was successful 

in covalently binding aptamers, and the bound aptamers retained their structural integrity as single 

stranded DNA oligomers.  

Aptamer binding to the biomolecule of interest is related to conformational and chemical effects[57]. 

Aptamers rely on weak intermolecular forces such as hydrogen bonds to bind selectively with dopamine 

molecules. This stabilizes the single stranded DNA-target complex, resulting in a lower energy complex 

than the aptamer alone [66]. The efficacy of the weak forces is bolstered by steric effects created by the 

folding of the aptamer. These steric effects hinder effective binding of molecules other than dopamine, 

which creates the specificity of the aptamer. The aptamer-dopamine complex has weak bonds and with 

decreases in pH or changes in ionic strength the aptamer releases the dopamine [66]. Therefore, the 

Aptamer binding is reversible by washing with ascorbic acid which creates a reusable aptamer-enhanced 

label-free biosensor.  

Aptamer Immobilization  

The top surface has chemical wells to ensure the correct coverage of the cluster electrodes. These wells 

are produced by selectively protecting the PMMA of the top surface with tape. After the spinning step, 
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the tape is removed revealing two hydrophilic spots on a hydrophobic surface. These areas are then UV 

activated with a Samco UV-1 system with an 110W Low-pressure Mercury Lamp at a wavelength of 

253.7nm. A solution of Dopamine aptamers was drop cast in one well, and DI water in the other.  

The resultant activated hydrophilic spots become created the reference and sensing wells through 

functionalization with DI water or and Dopamine aptamers by drop-casting and drying both solutions 

within the respective wells. The increased surface energy created by the UV activation step supports 

aptamer binding as the selected aptamer has a long T-nucleotide chain ending for promoting binding 

with the correct geometry to ensure the highest ratio of viable aptamers in the gate.  

4.5 Experimental Analysis 

In order to extract operating parameters of the fabricated layers the electrical properties were analyzed 

individually; the static characteristics of the devices were analyzed under a range of channel biases and 

the dynamic characteristics with a range of frequencies.  

4.5.1 Qualitative Analysis  

For the qualitative analysis of the devices tests were performed. Profilometry with a Stylus Profilometer 

(Bruker DektakXT), visual analysis with an Optical Microscope (Carl Zeiss Axio Imager A1m), Scanning 

Electron Microscopy (SEM; JSM-840, SEMTech Solutions Inc, USA), and a high precision optical profiling 

microscope (VSX-6000, Keyence Canada Inc.). 

The surface profile of COC substrates and Silicon substrates were taken to visualize the difference in the 

surface structures. Visual analysis of the surfaces was conducted as a quality control step and to analyze 

any macroscopic abnormalities taking place during device fabrication. SEM images were taken of the 

BST/PMMA polymer composite dielectric and the polymer conductive films, and cross-sectional SEM 

images were taken of the PMMA/BST and PMMA/BST/PMMA devices to analyze the dielectric stack 
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interfaces. The optical profiling microscope was used to observe the dielectric stack and examine any 

large-area defects in the dielectric and conducting surfaces.  

4.5.2 Sheet Resistivities 

The sheet resistivities of the materials of interest were measured with a Cascade four-point probe 

system. Sheet resistance values were obtained for the polymer blend top gate electrode layers, and the 

Tips-Pentacene semiconductor layer. The known film thicknesses for each material permitted 

subsequent estimation of bulk resistivity (b =  × d; where d is film thickness) and conductivity of each 

material, and in case of Tips-Pentacene it allowed for calculation of hole mobilities in the in-house 

processed thin semiconductor films.  

4.5.3 Static Characteristics 

The static characteristics of the OFET devices were collected by measuring the output current for a rise 

in the channel bias. Output characteristics (IS vs VSD) of the devices were recorded at the device level 

using a probe station (LA-100, Semiprobe Inc.) and a semiconductor parameter analyzer system 

(Keysight Technologies Inc., HP4156A). To measure the output characteristics, VSD was swept from -2 to 

10 V, with VG values of 0 V to -2.5 V in steps of -0.5 V. The characteristic output curve turn-on voltage 

and I-V curve was analyzed. Data collection was significantly faster and more accurate with the 

automated system.  

The data was analyzed in MATLAB with each of the three transistor regions considered separately. This 

allowed for the simpler equations described in theory sections 1.3. First the data was prepared, and 

then passed through MATLAB programs scripted to analyze the experimental datasets.  

Each data set was preconditioned by hand and the important points such as the threshold voltage and 

saturation voltage were numerically selected. The linear portion was delimited, and a line drawn to 

determine where the significant deviations from that line could suitably signify subthreshold voltage and 
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saturation regions. The off current was defined as the first positive current reading, as p-type OFETs are 

bilateral transistors. The on current was taken as an average of the 5 points after the transition to linear 

saturation phase to account for any error whilst being short enough to avoid the effects of increasing 

output resistance. Once the four parameters of threshold voltage, on current, off current and the 

saturation point were decided upon, the data was spilt into the three component sections to be 

analyzed separately.  

The first section analyzed is the linear section. First the power law dependence values (m) were 

extracted using the MATLAB curve-fitting tool for two factor exponential analysis. The aspect ratio, turn 

on voltage and m value were fed into the linear portion MATLAB code along with the current and 

channel bias data, which would calculate the transconductance parameter k’p, and the 

transconductance gm.  

The subthreshold region is the next analyzed. In this section threshold voltage and the aspect ratio were 

inputted into the code, and the code would produce a linear-log plot of the I-V characteristics in the 

subthreshold region.  The inverse slope of this line is the subthreshold swing of the data set, and can be 

calculated using a linear best fit model. This data takes the subthreshold swing and calculates the ratio 

of gate to semiconductor capacitance.  

The final region of each data set is saturation. The model for this region requires the previously 

estimated m value, the threshold voltage and the aspect ratio. The MATLAB code takes the x-axis 

intercept of the saturation curve to report the lambda value described in Equation 34. This is a measure 

of the output resistance of the device model. The first five values are also averaged and the turn on 

current is reported.  
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After collecting all the data for each region, the full data set provides key operating parameters for the 

transistor devices which can be used in the further optimization of the design, or the analysis of 

capacitance mechanisms and dielectric properties.  

4.5.4 Dynamic Characteristics 

The dynamic characteristics of the system reveal information about the hysteresis, transistor rise times, 

propagation delays, and switching speeds of a device. This data was collected using a high frequency 

pulse generator system with the semiconductor parameter analyzer to measure average rise times and 

propagation delays for different dielectric stack transistors and observe transistor scaling amongst 

different aspect ratios. The transistor devices would be addressed, and then a generated square wave 

would be used to address the gate. The frequencies used in this analysis was 1-10kHz. The output data 

collected by the parameter analyzer shows the rise time. Changes in maximum height after repeat cycles 

and changes in rise time demonstrate hysteresis in the system.  
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Chapter 5 Results and Discussion 

This thesis involved the fabrication and testing of OFET and OEGFET devices. The qualitative 

observations, quantitative analysis, and results from the optimization of the fabrication process 

characterize the manufactured devices.  

5.1 Results Obtained from Optimization Work  

The optimization process of the device fabrication established a robust standard operating procedure to 

consistently produce source-drain electrodes. The challenges associated with this task are keeping the 

fabrication and cost requirements low whilst also creating high success rate chips.  

5.1.1 Source-Drain Patterning Observations 

The first step in the OFET device production is to optimize the source-drain design and fabrication. The 

optimization of the source-drain electrode design and fabrication is aimed at producing electrode 

patterns with a high success rate for optimal channel length and aspect identification. The source-drain 

electrode arrays were designed using L-Edit, part of the MEMSPro suite. The optimization of the source-

drain electrodes is intended to produce easy to fabricate, simple to use patterned electrodes as the base 

for further fabrication. The optimization of the dielectric materials is aimed at improving the functioning 

of the transistor and increasing the shelf life and reusability.   

Figure 18 shows the optical microscope images for the patterning observations.  
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Figure 18: Optical Microscope Images of Fabricated electronic challenges. a) Device with long traces printed on COC. b) 
Overlapping Design with shorter traces. c) 45ͦ corner trace damage d) trace deformation and delamination on a COC substrate. 

e) Underexposed front facing electrodes f) Adequately printed offset electrodes g) delamination occurring at the TIPS-pentacene 
boundary, h. well exposed front facing transistor on silicon substrate.   
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5.1.1.1 Overlapping Electrodes 

The first electrode design had long traces that overlapped to produce the transistor (Figure 18a). These 

long traces were used to ensure there was at least 2 cm of space between each device so capacitive 

effects from nearby devices would be vanishingly small. The patterned source-drain electrodes had 

some breakages in the design prior to the rest of the transistor fabrication step, and after the ITO top 

gate deposition it was clear that the first design resulted in large deformations and broken devices due 

to the vulnerability of the long traces. The success rate of this first set of transistors was around 6% after 

the final ITO deposition step. Another observation was the brittle nature of the COC substrate after the 

final ITO deposition step. This was attributed to fast heating and cooling from the direct heat of hot 

plates, which would be avoided by using ovens and allowing for slow cool down periods after heating. 

The second design was another overlapping electrode design with much shorter traces (Figure 18b). The 

distances between the devices was reduced to 5mm, so the capacitive effects from nearby devices 

under test could be considered negligible. Post patterning there was 60% trace breakages at the 45ͦ 

angle corners (Figure 18c), and of the remaining transistors another 30% had over or under exposed 

areas resulting in unusable devices. A proposed cause for these breaks is the lack of ductility in the 

metal compared to the deformation characteristics of the polymer substrate. During the processing 

steps the thermal expansion of the substrate is much greater than that of the polymer traces, resulting 

in trace breakages.  

The final overlapping Source drain electrode design had a 40% trace breakages prior to the rest of the 

deposition steps. After the final ITO deposition, an examination of the metal traces revealed dramatic 

deformation of the traces shown in Figure 18d. This was attributed to the thermal expansion of the 

system and warping of the plastics. Despite placing the substrates in ovens to avoid the direct heat from 

the hot plate, areas of the substrate that are resting on the ovens metal bars will heat faster. This leads 

to local warping as the substrate expands faster in these areas. COC does not elastically expand, 
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resulting in warped final substrates. In an effort to avoid warping due to uneven heating, the substrates 

were placed on protective parchment paper in the oven.  

5.1.1.2 IDE: Front Facing and Offset Electrodes 

The deformation of the overlapping electrodes negatively impacted the final success rate as even small 

deformations in the distances between the traces would introduce error into the characteristics 

analysis. To avoid the introduction of these types of error, new types of electrodes were used. The two 

new kinds of electrodes were designated offset (Figure 18e) and front facing (Figure 18f). The offset 

electrodes are a more traditional electrode shape, with the same electrode widths and heights for all of 

the devices with the same aspect ratio. These are combined with square electrodes with a large surface 

area with the hope is that the larger electrodes would help prevent deformation to increase the success 

rate.  

Observations of the most recent substrate revealed that despite care taken to avoid warping and 

damage the deformation of the traces was significant. There was minimal warping and deformation 

stresses apparent in the substrate material, so the destruction of the traces must be due to another 

source of damage. The printing on the COC met with some success, with some appropriately formed 

transistors and unbroken traces. However, post processing with the semiconductor and dielectric 

material, a troubling occurrence was observed. The traces were well formed and often continuous until 

they met with the boundary of the TIPS-pentacene (Figure 18g). The metals within the TIPS-pentacene 

areas appeared to have been broken, deformed or merely reduced to a spotty spray of unusable 

material (Figure 18d). This is explained by the subsequent finding that COC was interacting with the 

strong chlorobenzene solvent used to pattern the TIPS-Pentacene semiconductor, dissolving portions of 

the top layers and causing the thin film, micro-patterned metallization layer to deform during the 

subsequent spinning and solvent evaporation steps. 
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The same design was printed in a bottom gate configuration to protect the COC substrate from the 

destructive effects of the Chlorobenzene. The transistor patterns were effective, as shown in Figure 18c 

and Figure 18d. Despite the observable deformations in the surface of the substrate these transistors 

had the highest success rate overall of 20%. These exposure issues with the maskless can be seen in the 

comparison between Figure 18e and Figure 18f. These devices were printed on the same substrate as 

part of the same design and photographed at the same magnification, with Figure 18e being printed 

later in the exposure process. The rounded edges and thin trace indicate that this device is under 

exposed, especially when compared to the well-defined transistor of Figure 18f. In future designs this 

problem will be avoided by printing small area designs multiple times, to reduce the fluctuation in the 

lamp intensity. 

The combination of low success rates and reactive materials was slowing down the collection of device 

characteristics, so the device fabrication was subsequently performed on passivated silicon substrates. 

The final design will return to COC, when the appropriate aspect ratios have been identified. The next 

substrate used the front-facing transistors, as the deformation of the devices due to thermal expansion 

or dissolution of the substrate is not a concern on silicon. The limitations of the maskless system 

resulted in higher losses than a photomask system due to the changes in lamp intensity over the three-

hour exposure period, but the final success rate was significantly higher with the silicon substrate than 

on the COC.  

5.1.1.3 Cluster Layout 

As the OEGFET devices would be tested using reservoirs of electrolyte, the source-drain electrode design 

would use clusters of electrodes to allow a small area electrolyte well to act as a common top gate. As 

only one device would be activated at a time, capacitive effects from nearby devices could be 

considered negligible. The channel lengths of this final design were 10:5:25 µm with aspect ratios of 

20:10:50. This design had high success rates of almost 96% on the silicon substrates. The adhesion of the 
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chromium metal on the silicon substrate is good, and withstood the semiconductor deposition and 

sonicator cleaning to redeposit the semiconductor for subsequent transistor testing. The final cluster 

design is in Figure 19. The gate electrode at the side can be used with deposited top gates and the 

electrodes can be addressed using the four-point probe system.  

 

Figure 19: A unit of the cluster design for OFETs and OEGFETs. These devices have channel lengths of 10:5:25 µm, and channel 
aspect ratios of 20:10:60.  

5.2 Material Optimization 

The material deposition and selection steps required a standard operating procedure to ensure that the 

materials were being prepared and treated consistently. The OFET devices are very sensitive to changes 

in the material properties, and therefore large errors could be introduced by small changes in the 

insulating properties or conduction properties of materials.  

5.2.1 Top Gate Optimization  
Indium Tin Oxide (ITO) is a crystalline material which can have resistivities of as low as 40 Ω/cm2. It is a 

common top gate material as it is highly conductive and functionally transparent to allow for visual 

inspection of devices during the testing process. For these reasons ITO was selected as the top gate 

material for the first few iterations of the OFET design.  
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The first few substrates produced with an ITO top gate used overlapping electrode devices, with 

significant damage wrought on the electrodes even before the attempts to test the devices. It was not 

until the third design that it was discovered that the ITO was also not functioning well after deposition 

on the COC substrate chips. During testing of the few working overlapping transistors there seemed to 

be no gate modulation even with gate biases of up to 20 V. After an optical microscope examination, 

thin cracks in the ITO were observed (Figure 19d). ITO is deposited at 150oC, resulting in a thin layer 

which fractures as the COC substrate contracts after the deposition step. This reduces the conductivity 

of the material by introducing large crystal boundaries into the system. This is compounded by the fact 

that the COC substrate is not capable of withstanding a prolonged high intensity heating step to sinter 

the ITO layer resulting in reduced crystallinity and overall conductivity. This could be observed visually; 

the ITO would not appear clear, but as a dusky brown layer due to interruptions in the optical 

permittivity. A different approach was required for the top gate.  

A metal top gate would not require sintering or a high temperature deposition step. The metal top gate 

substrates were plagued by high gate leakage that adversely affected the interpretation of the electrical 

characteristics. The high proportion of transistors shorting either directly to the gate or across the 

semiconductor — despite passing a visual inspection — seemed to indicate that there were major flaws 

in the device fabrication processes of the material processing. To combat the shorting effect the 

thickness of the PMMA layer was increased and to protect the COC substrate from the Chlorobenzene 

substrate the device was patterned as a bottom gate transistor. Despite the thicker layer of PMMA there 

was still a great deal of shorting in the system with almost all of the transistors effected. During the 

metal deposition step atoms of the sputtered metal diffused through the thin PMMA dielectric creating 

impurities and conducting pathways through the substrates.  

In order to avoid the metal diffusion through the top insulator layer, a new top gate approach using 

PEDOT:PSS was implemented. Due to the hydrophilic nature of the PEDOT:PSS, spinning directly onto 
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the hydrophobic PMMA dielectric was not a viable option. The first method for creating the conductive 

layer was to heat the substrate up to 100oC, and drop cast the PEDOT:PSS. This method met with 

minimal success, as the final layers were inconsistent thicknesses, and provided inconsistent coverage. 

However, it was successful in proving the feasibility of using PEDOT:PSS as a top gate material as it was 

capable of conducting electricity with variable resistances of between 100Ω to 100kΩ depending on the 

efficacy of the drop casting procedure. The variability of the resistance is due to the drop casting 

procedure producing distinct droplet layers, introducing surface state sensitivities and boundary 

conditions that increased the resistivity. Attempting to mitigate this issue by reducing the heat of the 

drop casting produced larger layers which had better conductivity, but poor adhesion. These layers 

would delaminate from PMMA surfaces and produced poor gate modulation due to the poor contact of 

the gate to the dielectric surface.  

Rather than attempting to further optimise the drop casting technique, alternatives for controlled 

surface deposition methods were examined. Surface modification of the PMMA to alter the surface 

characteristics would allow the spinning PEDOT:PSS onto the PMMA surface. 

The principle behind surface modification of the polymer is that modifying the surface of the material 

makes it compatible with other materials.  Through a UV-Ozone activation of the polymer top gate, the 

top surface of the PMMA dielectric is receptive to the PEDOT:PSS. The electrical characteristics of this 

monolayer could be improved by spinning additional layers upon the surface, providing alternate paths 

for conduction throughout the top gate. This system worked effectively, but it demonstrated short shelf 

life. PEDOT:PSS is a nanostructured polymer, and due to its high surface area is highly susceptible to 

environmental doping. Another PEDOT:PSS system was investigated, PEDOT:PSS colloidal ink with the 

addition of graphene micro-particles to the mix. In an effort to combine the best qualities of both of 

these layers, a bilayer of PEDOT:PSS and PEDOT:PSS, Graphene was tested. The resulting system was 

higher in conductivity than either layer alone, as it helped to provide alternate current conduction 
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pathways across the layer. The PEDOT:PSS, Graphene System also protected the underlying PEDOT:PSS 

from the environmental degradation that had previously been negatively impacting the longevity, 

creating a top gate with an improved shelf life. This led to the final formalization of the gate which is a 

monolayer of PEDOT:PSS spun on the activated surface followed by a layer of PEDOT:PSS, Graphene to 

help improve the structural integrity and increase the conductivity.  

5.2.2 Dielectric materials 

The most commonly reported dielectric material is the PMMA polymer. It is very well researched and 

characterized and is used in nanofabrication processes for its reliably consistent responses to processes 

such as spin coating and heating. For this reason, PMMA was used as a reliable dielectric and 

benchmark. 

The first OFET devices fabricated in this thesis had 400nm of PMMA and shelf lives of a couple of days, 

with exponential decreases in the electrical characteristics during the first 24 hours. This decrease in the 

electrical characteristic of the OFET is a commonly reported phenomenon. These transistors also 

demonstrated high gate leakage and a large proportion of transistors shorting to the gate. The decrease 

in functional transistor performance and significant gate leakage led to the second fabricated OFET 

devices implementing a 600 nm thick layer of PMMA. The 600 nm layer of PMMA still had a significant 

gate leakage and combined with the depression of the I-V characteristics resulting from the increase of 

the dielectric thickness, this method of increasing the PMMA thickness did not solve the issues arising 

from the previous device iteration. The high gate leakage in this instance was a function of the top gate 

metal sputtering doping the PMMA gate dielectric, confirmed by significantly reduced gate leakage with 

the advent of the conductive polymer top gate. The on/off ratio of the devices at this point was around 

102, due to a combination of leakage and poor dielectric qualities. In the next iteration of the PMMA 
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dielectric OFET a 200nm thick layer of TIPS-Pentacene and a conductive polymer top gate produced the 

first viable transistors when tested for static device operation characteristics.  

These transistors were tested in the OEGFET configuration. These transistors worked effectively as 

required and returned the first OEGFET results. It was observed however that there was a limited 

timeframe that the solutions could be left on the PMMA surface, about 10 minutes, before the water 

would swell and degrade the PMMA. Testing times were reduced, and the dopamine solutions were 

tested. It was discovered that the PMMA had a high affinity for bio-adsorption, effecting following data 

sets. Washing with ascorbic acid post data collection reduced the amount of biological matter adsorbed 

to the transistor surface, with significant residue after subsequent washes. In order to reduce the dual 

challenges of PMMA reacting with water and molecules adsorbing to the surfaces, a fluoropolymer 

Teflon was substituted for PMMA in the OEGFET devices. Teflon has similar dielectric properties to 

PMMA as reported in literature, and due to its simple fabrication procedure meets the criteria of being 

low cost. Favorable results were observed quickly. Due to its hydrophobic properties, Teflon dielectric 

resulted in increased liquid contact angles to the surfaces and little interaction with the biochemical 

solutions, reducing fouling and degradation of the bottom surface. The bioadsorption was minimal, 

resulting in less washing required between steps and more consistent data for subsequent data 

recordings. Therefore, Teflon became the preferred bottom surface dielectric in OEGFET devices as a 

result of these favourable qualities and its capacitive similarities to PMMA.  

Increasing the capacitance of the gate insulator is achieved using dielectrics, which can be layered into 

dielectric stacks to maximise dielectric characteristics. Barium Strontium Titanate (BST) nanocomposite 

materials have shown promise as dielectric materials with high dielectric constant, between 30-185 

where PMMA has a dielectric constant of 2.8. The dielectric constant of the material is highly dependent 

on the processing method. Samples of a solution-processed BST were included into a Transistor chip for 

examining the dielectric properties of BST-COC solution. An experimental system of BST-COC composite 
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in toluene as a 950:45:20 BST:COC:4-tert-Butylcatecholwas spun onto TIPS-Pentacene . The first 

observation of the sample was that it was less a solution and more a suspension, with particles settling 

in the bottom of the flask. Spinning particle suspensions results in inconsistent coverage and thickness, 

and after the baking step to cure the material discrete BST covered areas were obserbed. This sup-

optimal material layer led to the incorporation of a crystalline BST nanocomposite layer. BST 

nanocomposites have high reported dielectric constants, with a range of 30-185 when deposited with a 

low temperature (less than 180 oC) hydrothermal process. To protect the Semiconductor layer from the 

hydrothermal process, a 200nm layer of PMMA was spun before the hydrothermal process. Then two 

test dielectric stacks, one PMMA/BST and the other PMMA/BST/PMMA were tested. As a control for the  

hydrothermally process a hydrothermally processed PMMA OFET was created. The results of these 

OFETs were promising, with high capacitance values indicating incorporating these in future works may 

increase overall electrical characteristics.  

5.3 Qualitative Observations of OFET and OEGFET Devices  

Qualitative observations of the devices inform the data collected quantitatively and can support 

theories and analysis methods. The aim of the profilometry step was to analyze the printing and 

deposition of the patterned devices. The optical microscope and digital optical profiling microscopes 

were used for examining the macroscopic changes occurring at the surfaces of the device and the SEM 

measurements allowed for qualitative analysis of the Conductive layers and dielectric material 

interactions.  

5.3.1 Scanning Electron Microscopy 

In order to explore some of the actions taking place in the transistors, the devices were examined with a 

scanning electron microscope (SEM). Qualitative analysis was conducted used an FE-SEM system to 

examine interfaces in the materials.  
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a.  

b.  c.  

d.  

Figure 20: Qualitative results section images. a) SEM bilayer structure of the PEDOT:PSS and PEDOT:PSS,Graphene top gate. 
Conglomerate structure is PEDOT:PSS and smoother, more consistent layer is the PEDOT:PSS,Graphene. b) SEM of 
hydrothermally processed BST [147] c) High Power Optical Profilometer Microscope image of PMMA/BST/PMMA dielectric layer 
demonstrating PMMA infilling the BST pinholes d) SEM cross section images of PMMA/BST chip taken at a 45ͦ angle (left) and a 

PMMA/BST/PMMA chip (right). Both images demonstrate distinct dielectric layers.  

Figure 20a shows the conductive top gate implemented in the OEGFETS and OFETs. The conglomerate 

structure of the PEDOT:PSS layer has inconsistencies in thickness and density, and visible surface 

structures. The PEDOT:PSS appears porous, explaining the low shelf life of the single layer film, with 

higher surface area facilitating the rate of environmental doping and the porosity allowing the diffusion 

of those dopants through the system. The PEDOT:PSS, Graphene layer creates a film more consistent in 

it’s thickness and linkages, It appears to be more of a film than the PEDOT:PSS, explaining the increase 

the shelf life of the PEDOT:PSS, and also why there is a significant increase in the conductivity with the 

two layers. The PEDOT:PSS is more conductive, but the conglomerate structure means there are limited 

transfer points for charge carriers. The PEDOT:PSS, Graphene surface connects the PEDOT:PSS 

PMMA 

Top Gate 

BST 

PMMA 



100 
 

molecules more effectively resulting in greater charge mobility due to increased pathways through the 

materials.  

Figure 20b shows an SEM image of hydrothermally processed BST composite films from a solgel. The 

interaction between the molecules increase crystallinity of the deposited film and therefore enhances 

the overall dielectric properties within the system. Figure 20d (left) shows an SEM at 75o tilt of a 

PMMA/BST device, showing the porous structure of the BST material. Figure 20d (right) shows the 

distinct layers formed in a PMMA/BST/PMMA device, indicating that the capacitance of these OFETs will 

require dielectric stack equations.  

5.3.2 Microscope 

Observing the PMMA/BST/PMMA devices with a high precision digital optical profiling microscope 

resulted in the observation that the PMMA/BST/PMMA devices are capable of self healing. Figure 21c 

shows the pinhole defects present in a PMMA/BST/PMMA device without a top gate. The porous nature 

observed under the SEM for the PMMA/BST device still exists, but the top deposition of PMMA appears 

to be flowing into and over the pinhole defects (differences have been scaled for clarity). This is an 

example of failure point rectification in these potential failure points. The increases in dielectric 

robustness is observed in the lower leakage currents on the subthreshold region of the graph.  

5.3.3 Surface Profilometry 

The physical characteristics of a substrate surface impact the success of the subsequent fabrication 

steps. The two main substrates used in this thesis, the COC substrate and the Silicon Substrate were 

examined using profilometric testing. The results of the two tests can be seen in Figure 21, the COC 

substrate prior to deposition and the silicon substrate with a 125 nm deposition of Cr.  

Figure 21 shows the profilometry data taken over a range of 20 mm with 3 m of deflection above and 

below the starting point. Here the COC almost immediately demonstrates large deviations from the 
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normal and large irregular hills and valleys, with a total difference in height of over 40 m. In 

comparison, the silicon substrate demonstrates minimal deflection making it a much smoother 

substrate, with small deflections of less than 100 angstroms.   

 

Figure 21: Profilometry of COC (top) and silicon wafer with deposited Cr (bottom). COC demonstrates significant surface 
roughness, whilst the silicon is comparably smooth.  

During the fabrication process, the COC surface profile negatively impacts the outcomes. During the 

photolithography step, an exposure matrix is created and evaluated for the most appropriate exposure 

time of the photoresist. For a smooth substrate such as silicon, the thickness of the resist is considered 

uniform and the exposure time results in almost identical results across the design. However, on the 

COC design the local ridges and troughs produce different resist thicknesses and dramatically changed 

surface heights causing the light beams to become unfocussed. Figure 22a shows a local defect which 

affects printing. 
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a.  b.  

Figure 22: Defects in COC printed transistors. a) Local hill causes significant deformation of a trace b) Cracking and bending in 
long Cr trace on COC 

The result, as seen in Figure 22b, is often poor outcomes for printed substrates with overexposure and 

underexposure on the same substrates. The success rate for printing transistors on COC substrates is as 

low as 1.5%.  

The cost of printing on COC for testing was high due to the low success rate. In addition, the maskless 

process extended exposure steps from seconds to hours, which increased costs. The ease of prototyping 

allowed by the machine was highly useful, but the variable rate of success on the COC substrate led to 

the decision to print the test transistors on passivated silicon substrates until the most appropriate 

aspect ratios and channel lengths had been determined, before returning to improve the success rate on 

COC substrates using photomasks to reduce fabrication times. 

5.4 Quantitative Analysis 

The purpose of characterizing the OFET and OEGFET characteristics is to produce an accurate model of 

the transistor function. This predictive model can then be used to describe transistor mechanism of 

action, and analyze material properties and functioning. Quantitative analysis is performed in order to 

extract key operating parameters of the fabricated devices to incorporate into the model. There are two 

methods for collecting key parameters, electrical characterization of the intrinsic material properties, 
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and numerical analysis of the OFET device performance in its entirety. Between the two methods the 

devices can be effectively characterized.  

5.4.1 Electrical Characterization 

 The electrical characteristics will report information such as sheet resistances and conductivities, and 

can be used to calculate the charge mobility of the semiconductor in the OFET devices.  

5.4.1.1 Sheet Resistances 

The sheet resistance for TIPS-Pentacene, hydrothermally processed PMMA and PMMA layers was 

measured using a Cascade four-point probe system. 

Table 2: Sheet resistance data for PMMA, HTP PMMA and TIPS-Pentacene.  

Material 
 

PMMA 
(d ~ 400 nm) 

HTP PMMA 
(d ~ 400 nm) 

TIPS-Pentacene 
(d ~ 500 nm) 

Substrate n-type n-type Passivated silicon 

Sheet Resistance 

Rs (Ω/square) 

1200-1700 2400 – 2700 650 

Resistivity 

Rb (Ω-cm) 

~ 5.05x104 ~ 1.05x105 ~ 3.25x103 

The data in Table 2 shows that TIPS-pentacene processed in this way has a sheet resistance in the 

expected range for an organic semiconductor. This indicates that the fabrication process is successful in 

depositing an organic semiconductor. The sheet resistance values tabulated for PMMA on n-type silicon 

wafers do not reflect the actual resistance of the PMMA in this system due to the doping of the silicon 

substrate below. Instead the values serve to demonstrate that the functioning of the PMMA and 

hydrothermally processed PMMA are acting comparably. Further resistance values taken for PMMA are 

in the MΩ range, and in line with literature reported values, indicating that our process for spin coating 

is adequate. As part of the investigation into improved dielectric properties, sheet resistances for the 

PMMA and control hydrothermally processed PMMA were taken. These results show that the 
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hydrothermally processed PMMA has comparable sheet resistance to the untreated PMMA layer. The 

somewhat higher value can be explained in terms of the structural damage done to the PMMA during 

the hydrothermal process. 

 Charge mobility  

Using the sheet resistance data and known film thickness data the hole mobilities for the TIPS-

pentacene semiconductor can be calculated. This device has a know film thickness of d= 500 nm. Bulk 

resistivity measurements (see Table 2) for Tips-Pentacene, along with the measured carrier density of 

1016 cm-3 (taken from literature), permitted for carrier mobility estimation of our spin-deposited and 

sintered Tips-Pentacene thin films using the relation 𝜌𝑏 =
1

𝑞𝜇𝑝𝑃
 . Estimated hole mobility was identified 

to be in the range of ~ 0.1 – 0.2 cm2/V-s. This range is significantly lower than reported charge mobilities 

for a 1 wt% solution of TIPS-pentacene in chlorobenzene of 2.07 cm2/V•s. An exploration for the lower 

charge mobility is the processing technique used. The reported high mobility value maximised the 

charge mobility of the system at great expense and with a high intensity fabrication steps, such as 

producing and depositing the 1wt % solution in low oxygen environments. The emphasis of this thesis 

work is to produce low-cost devices, and therefore charge mobility was knowingly sacrificed to fabricate 

devices and solutions in environmental pressure, ambient air systems. It is known that TIPS-pentacene is 

UV and oxygen sensitive, and despite minimizing UV activation by running the dissolution step in a 

darkened fume hood there was still a great deal of exposure to oxygen during the hour-long dissolution 

process. Though a factor lower than the reported charge mobility for TIPS-Pentacene, the estimated 

charge mobilities are similar to those of n-type organic transistors that have been implemented in 

organic CMOS systems to great effect. For this reason, the reported charge mobilities of TIPS-pentacene 

are considered acceptable for the purposes of producing OEGFET devices.  
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5.4.1.2  Conductivity data 

The sheet resistance for TIPS-Pentacene, ITO, PEDOT:PSS, and PEDOT:PSS-Graphene system, was 

measured using a Cascade four-point probe system. Using the sheet resistance data and film thicknesses 

for each material the bulk resistivity and conductivity was estimated (b =  × d) and conductivity of 

each material, Key electrical properties are summarized in Table 3. 

Table 3: Conductivity Data for ITO, PEDOT:PSS, PEDOT:PSS,Graphene and TIPS-Pentacene 

Parameter ITO PEDOT:PSS PEDOT:PSS/ Graphene 

Conductivity  

σ (S/cm) 
3000 1300 3730 

Resistivity  

Rb (Ω-cm) 
0.0001 0.000769 0.000268 

Sheet Resistance  

Rs (Ω/square) 
8 -10 35 13.5 

ITO is commonly used as a top gate material, but it requires high temperature plasma vapor deposition 

and a long annealing step to reach acceptable conductivity levels. The high temperature annealing step 

makes ITO top layered films unsuitable with many substrates and organic materials, and in the long term 

would require replacement in the OEGFET set up due to the brittle, crystalline nature being unsuitable for 

flexible applications. PEDOT:PSS was investigated as an alternative with low temperature and simple 

fabrication requirements. The inhouse recipe for the double layer top gate was developed after sheet 

resistance values demonstrated that although PEDOT:PSS and PEDOT:PSS:Graphene dispersions are both 

conductive, a double layer comprised of both outperforms in all areas of interest (Table 3). The double 

layer performs similarly to the ITO in conductivity and resistivity, but with slightly poorer results for Sheet 

resistance, indicating that this is a viable alternative to ITO as a top gate.  
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5.4.2 Numerical Analysis of OFET Device Performance  

The numerical analysis of the OFET Device performance extracts information directly from the transistor 

electrical response. The data collected in this section allows for conclusions to be made about the 

operation and mechanisms of the devices based on the transistor current response to changes in 

voltage, and transient behaviour.  

5.4.2.1 Device Turn-on and Subthreshold swing 

The leakage current and sub-threshold voltage in OFETs can be reduced by increasing robustness and 

effective dielectric permittivity of the capacitive material, which often also results in greater power 

requirements to turn the device on. The subthreshold region is governed by the robustness of the 

capacitor layer and the device set up.  

Subthreshold slope is the slope of the log-linear plot of the Subthreshold region. Taking the inverse of this 

slope results in a value called the subthreshold swing. Subthreshold swing describes the exponential 

behavior of the current as a function of voltage governed by Equation 27. The equation demonstrates that 

the magnitude of subthreshold swing is related to the depletion layer created at the semiconductor 

interface and the applied voltage. The observed current in the Subthreshold region is also related to the 

subthreshold swing. As described in the equation, the leakage current and turn on voltage are related 

through the Equation 28.  

An analysis of the OFETs in subthreshold region (Figure 23) shows plotted subthreshold and linear slopes 

the BST devices compared to the PMMA device, devices fabricated using design 4. In this set up the PMMA 

device has the highest aspect ratio at 40, PMMA/BST at 20 and PMMA/BST/PMMA at 20. The aspect ratio 

differences reduce effects produced by the different dielectric stacks and allows for the conclusions to be 

conservatively judged accurate, as the observed effects described would be magnified with transistors of 

similar aspect ratio.  
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Figure 23: Subthreshold response of Aptamer Enhanced OEGFET devices and turn on Voltage 

From our observation, it is evident that BST incorporated devices show less negative current prior to 

device turn on, indicating that there is less charge flow/leakage across the dielectric. This desirable 

feature demonstrates that the BST has improved the dielectric robustness of these devices in the off 

state.  

Table 4: Parameters extracted from subthreshold region of OFET devices with novel gate dielectrics 

 PMMA PMMA/BST PMMA/BST/PMMA 

Ss-th 0.24 2.76 3.66 

CG:CB 250 21.74 16.40 

The subthreshold swing values have been tabulated in Table 6. The lower leakage current and lower 

threshold voltage indicate that the PMMA/BST/PMMA gate dielectric configurations have reduced the 

power requirements of the transistors without sacrificing functionality.  

Figure 24 shows the sublinear and turn on voltages for the non-specific OEGFET devices fabricated with 

design 6 testing 0.01 µM of dopamine, ascorbic acid and DI water. All of the devices have the same aspect 

ratio of 50, and the gate voltage is -1V.  

 

PMMA OFET 
PMMA/BST OFET 

PMMA/BST/PMMA OFET 
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Figure 24: Sublinear response of OEGFET devices and turn on Voltage 

Figure 24 demonstrates that the OEGFET devices demonstrate low leakage currents prior to the 

threshold voltage, up to 3 orders of magnitude lower than the PMMA OFET. This reduction in leakage 

charge is a desirable outcome and a result of increased gate dielectric capacitance. The dopamine 

solution demonstrates the lowest turn on voltage, and lowest leakage voltage. This is an electrolytic 

effect and is due to the dopamine buffer solution having the highest concentration of electrolytes in the 

system and having the largest corresponding capacitance. The electrolyte concentration effect is also 

apparent in the changes in channel current for the same gate and channel bias and will also affect the 

relative subthreshold values.  

Table 5: Parameters extracted from subthreshold region of OEGFETs 

 Dopamine 0.01 µM Ascorbic Acid DI water 

VSD  (V) 

I S
D

  (
A

m
p

s)
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Ss-th  
mV/decade 

1.63 0.54 0.82 

Cg:Cb 27.6 112.0 73.2 

The subthreshold swing returned values (Table 4) that were used to calculate the ratio of the bulk 

semiconductor capacitance to gate capacitance. Assuming the capacitance of the semiconductor bulk 

does not change — as we assume the same charge mobilities for the system — the capacitance of the 

transistors in descending order is the ascorbic acid buffer is most, the DI water is second and the dopamine 

has the least capacitance. This is reflected in the water having a slightly earlier tun on voltage than the 

ascorbic acid despite the lower current values.   

Figure 25 shows the sublinear and turn on voltages for the non-specific OFET devices testing 0.01µM of 

dopamine, ascorbic acid and DI water. All of the devices have the same aspect ratio of 50, and the gate 

voltage is -1V.  
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Figure 25: Sublinear response of Aptamer Enhanced OEGFET devices and turn on Voltage 

Figure 25 demonstrates that the aptamer enhanced OEGFET devices all demonstrate low leakage current 

but the dopamine solutions have leakage currents visibly higher than those of the DI water and ascorbic 

acid. The dopamine solutions demonstrates the lowest turn on voltage, and highest voltage. This is due 

to the dopamine-aptamer binding resulting in a different capacitance mechanism and increasing the 

charge mobility in the system. There is an artifact or error in the dopamine 1 m transistor graph, where 

the device appears to have significant positive current flow prior to the turn on. In further investigations, 

any redox effect of the dopamine binding to the gate will be examined to determine if this is a contributing 

factor.  

Table 6: Parameters extracted from subthreshold region of Aptamer Enhanced OEGFETs 

 Dopamine 1.0 µM Dopamine 0.01 µM Ascorbic Acid DI Water 

 1 μm  0.01 μm 
VSD  (V) 

I S
D

  (
A

m
p

s)
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Ss-th  
mV/decade 

2.13 1.01 0.44 0.60 

CG:CB 28.19 59.36 136.67 100.92 

The subthreshold swing returned values (Table 5) that were used to calculate the ratio of the bulk 

semiconductor capacitance to gate capacitance. Assuming the capacitance of the gate does not change 

— as we assume the same charge mobilities for the system — the capacitor robustness of the transistors 

in descending order is the ascorbic acid buffer is most, the DI water is second and the dopamine solutions 

have the lowest capacitance robustness.  

5.4.2.2 Output Resistances 

Saturation region characteristics contain a great deal of information about the functioning of the OFET 

devices. The saturation region has a fully formed transistor channel. In the saturation region the 

extracted power law dependence value acquired from the curve fitting investigation is used to extract 

values of interest. As the channel is biased at high voltages, the channel length modulation is accounted 

for in term (1+λVDS), as expressed in Chapter 3, Equation 34 in. Equation 34 models the saturation curve 

behavior and was used to extract output resistance values using MATLAB.  

The device output resistance, which depends on λ, was analyzed and compared in two ways for each of 

the three devices, by calculating ro from the inverse slope of the saturation region curve, and by 

comparing the λ values estimated numerically using Equation 34. The OEGFET devices were not tested 

with channel bias voltages high enough to determine the saturation current, to avoid potentially 

damaging the transistors. The PMMA OFET and the OFETs with BST could be tested across a larger range 

of values.  

Similar aspect ratio devices were measured and compared for the PMMA OFET, PMMA/BST OFET and 

PMMA/BST/PMMA OFET dielectric stacks. The estimated and slope extracted ro and λ values for the three 

tested OFET devices are listed in Table 7. These values show that the PMMA/BST/PMMA OFET and 
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PMMA/BST OFET have greater λ and 𝑟𝑜 values compared to PMMA OFET devices. The high output stage 

resistance is desirable for flexible electronic system applications. High output resistance devices draw or 

provide little current from the signal current [28]. In a device with variable loads, the high output 

impedance will result in less signal distortion as it won’t be drawing current from the signal.  

Table 7: Output resistance for OFETs PMMA and BST dielectrics.  

Parameters PMMA/BST/PMMA PMMA PMMA/BST 

λVDS (V-1) 0.38 0.21 0.26 

ro (inverse slope)  (VA-1) 5419.7 2342.1 8173.1 

ro (Calculated) (VA-1) 4720 2690 7400 

The total resistance of operational OFET device is measured through the transmission line model, 

described in Equation 33. The contact resistances, Rc, appear due to the lack of ohmic contact between 

the S-D metal (Cr) and the pristine semiconductor layer which has very low carrier density. For 

subthreshold and low-voltage operations, impact of source terminal contact resistance is minimal and can 

be ignored to simplify the numerical analysis of device electrical characteristics. 

5.4.2.3 Channel Current – Static Device operation 

The characteristics required of an OEGFET biosensor is a long linear range, predictable and quantifiable 

change in transconductance with increased dopamine binding, large transconductance values, low 

power requirement and viable over the physiologically relevant range. The devices function in the static 

device characteristic I-V curve linear portion to generate a correlated response between current output 

and the gate and channel bias. The linear range of the biosensor is the linear portion of the I-V 

characteristic curves. Two of the optimal specifications are related to the linear portion of the transistor 

action; range and sensitivity. The range of the devices is the set of channel biases where the transistor 

operates in the linear range. The larger the linear range, the more options there are for a device 

operating voltage. The sensitivity of the devices is related to the slope of the linear portion. The steeper 



113 
 

the slope, the greater the increase in channel current for the same change in gate or channel bias. This 

creates a more sensitive device as small changes are better characterized and increasing the signal to 

noise ratio. Due to the linear relationship between the channel bias and output current in the linear 

range, important device operating parameter such as the transconductance values can be extracted 

from the linear portion of the static characteristic curve. 

Power law Dependence Calculation with Curve Fitting 

The gate dependent mobility of the devices is caused by the charge carrier density dependence on 

electrical field as discussed in the in section 3.3.1 of this thesis. The result of the gate dependent 

mobility is exponential deviation in the characteristic I-V curves away from linear behaviour. This is 

accounted for in the power law dependence value defined as m in Equation 43. The expected power law 

dependence value m for an organic semiconductor is between 0.1 and 0.45. These values were 

calculated using the MATLAB curve fitting tool with a two-factor fit of the I-V curves. The larger the m 

value the more current is travelling through the device for the same gate bias due to changes in charge 

carrier density.  

There are two ways to increase the charge carrier density; improve the semiconductor or improve the 

dielectric. A greater semiconductor charge mobility is created through increased carrier density 

improving the ability to conduct charge, resulting in increased current for the same gate voltage. 

Increasing the dielectric properties of the insulator effectively increases the charge at the insulator 

surface, resulting in a deeper channel and more current flow for the same gate bias. The m value is an 

experimentally determined value calculated with curve fitting and found to be 0.27 for the BST stacks, 

0.35 for the PMMA-BST, 0.14 for the PMMA stacks, and 0 197 for the OEGFET devices. As these 

transistors are all functioning with the same semiconductor, the difference in m value is a reflection of 

differences in capacitance. This data reflects that the PMMA/BST/PMMA OFET is capable of driving the 



114 
 

highest current for the same gate and channel biases. This is a good indicator that the future work of 

combining the BST dielectric with the OEGFET device will produce favorable, more sensitive devices. It 

was expected that the OEGFET would have a higher m value than the OFET devices. This is due to the 

increased capacitance from the additional gate dielectric layer of the electrolyte.  

Transconductance Parameter Calculations 

The first data acquired for the transistor set up used design 2, with overlapping electrodes printed on 

COC in a COC/TIPS/PMMA/ITO OFET set up and was tested with a grounded gate. The characteristic I-V 

curves can be seen in Figure 26.  

 

Figure 26: Subthreshold response for OFETs printed on COC  

The required source drain voltages are exceedingly high, significantly higher than would be appropriate 

for running a low-cost transistor. This is due to a combination of breakages in the traces that require 

tunnelling to cross, poor trace definition, damage to the substrate and high resistance of the gate ITO 

due to the unfavorable morphology. The off leakage is very low, but this could also be a factor of poor 

electrode fabrication rather than high capacitor robustness. This data demonstrates the that there is 

transistor action occurring, even though for example the transistor with the aspect ratio of 4 only 
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demonstrates subthreshold and the first portion of a linear region. From here the system can be further 

optimized to produce more effective transistor data.  

The BST-COC solution data is compared to two transistors with aspect ratio 20. These transistors were 

front facing electrodes using design 3 and printed on COC with a top gate of ITO. These two substrates 

were compared with the goal of improving the capacitance of the system by improving the dielectric 

qualities.  It was hypothesized that the BST-COC complex would have a higher capacitance than the 

PMMA, and therefore would result in greater capacitive effect with potentially reduced power 

requirements of the system. 

 

Figure 27: Comparison of OFETS with dielectrics of Solution processed BST-COC and PMMA 

Figure 27 shows that rather than the BST-COC reducing the power requirement of the transistor, it has 

actually increased it, indicated by the higher turn on voltage. Though the difference is slight, for the two 

tested transistors with the same aspect ratio and configuration, the transistor with only PMMA has a 

higher current for the same VG and VSD. The BST-COC has a high dielectric that should have reduced the 

threshold voltage. Instead, it has increased it. This indicates that the BST is not acting as it should, and 

further investigations are required to make this a useful addition to the transistors.  

VSD (V) 
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The I-V curves showing the I-V curves for a range of gate biases for the TIPS/PMMA/PEDOT:PSS OFETs 

on a silicon substrate with design 4 are shown in Figure 29.  

 

Figure 28: I-V curves for a TIPS/PMMA/Conductive Polymer Top Gate on Silicon Substrate for a range of Gate Biases 

Figure 28 shows the three distinct regions of the transistor action over the range of VSD values -2 to -5 V 

with VG of –0:-10 V. The transistor is demonstrating good channel modulation indicated by earlier turn 

on and increased maximum current with increased gate bias. This demonstrates the possibility of 

creating low-cost transistors. For this data, the on/off ratio ranges from 2.1x10 to 2.1x102, see Table 8 

for full information.  

Table 8: OFET on/off ratios under different gate biases 

 Gate Bias 

 -0.5 V  -2.5 V  -4.5 V -6.5 V  -8.5 V 

Off (Amps) 1.95E-05 2.48E-05 1.02E-05 4.92E-05 2.93E-05 

On (Amps) 4.09E-04 1.27E-03 2.18E-03 3.08E-03 4.00E-03 

On/Off 2.09E+01 5.12E+01 2.13E+02 6.27E+01 1.37E+02 
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The final current values are good, but the leakage is significant. This leakage current can travel to the 

drain electrode either through the semiconductor, or across the gate. Leakage through the 

semiconductor can be related to charges building up over the spread semiconductor large area. To 

minimise this effect, the cluster design was implemented to allow TIPS to be spun on a much smaller 

area. Gate leakage is a much more significant issue as it indicates that there is either tunneling or 

defects in the dielectric layer. Tunnelling is improbable given that the thickness of the dielectric is 200 

nm, which indicates that the gate leakage is a function of defects in the dielectric layer. The PMMA is 

known to allow environmental semiconductor doping which can reduce semiconductor properties.  

OFET devices with variable stacks are compared to the PMMA transistors. The resulting I-V curves are 

shown in Figure 29. The PMMA/BST/PMMA device consistently demonstrated higher maximum channel 

current over the same channel and gate bias. By calculating the k’p value of the three dielectric set ups, 

it is clear that the PMMA/BST/PMMA device has a significantly improved capacitance over the PMMA 

device.  

Table 9: Extracted Device Parameters for PMMA and PMMA-BST devices 

 PMMA PMMA/BST PMMA/BST/PMMA 

K’p (A/V2) 2.63E-05 7.80E-05 8.33E-04 

Vt (V) -1.11268 -1.08197 -0.1 

The high currents observed with PMMA/BST/PMMA stacks were confirmed due to increased effective 

gate capacitance of the PMMA/BST/PMMA stacks and not due to doping of the PMMA during the 

aggressive hydrothermal processing procedure through a control PMMA transistor that had been 

hydrothermally processed (HTP PMMA OFET). This was achieved by exposing a PMMA transistor to the 

hydrothermal process without depositing BST. The resultant transistor I-V curves have been plotted in 

Figure 33 with the PMMA I-V curves. These graphs clearly show that the hydrothermal process has not 

significantly improved the maximum current, leakage and action of the OFET is more similar to PMMA 
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than to the PMMA/BST/PMMA chip. Had it been the hydrothermal process resulting in charge injection 

into the PMMA creating these desirable effects, it would have appeared more akin to the 

PMMA/BST/PMMA graph. Ergo, the desirable electrical effects must be due to the BST addition rather 

than the hydrothermal process.  

 

Figure 29: I-V characteristic curves for OFETs with PMMA, PMMA/BST and PMMA/BST/PMMA [147]. 

An explanation for the greater than the sum of the parts capacitance effect is the increased organization 

present with three layers rather than two. The BST composite layer is non-uniform and porous, which 

provides local polarizable inclusions to reduce the overall voltage felt within the system and increasing 

capacitance; the SEM images show interactions between the PMMA and BST layers. The greater the 

VDS 

(V) 
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interactions and bindings across systems the greater the potential for charge sharing reducing the 

effects of local charge buildup. Finally, the system with two layers of PMMA was shown using optimal 

imaging to fill pinholes in the PMMA/BST/PMMA stack Figure 21c. This infilling of the porous areas 

improves robustness of the dielectric stack. As interactions increase the organization and improve 

capacitance, having a catacomb-link BST layer for the PMMA to flow through and interact with provides 

the organization required to drastically increase in k’p tabulated values (Table 11).  

Static Device Operation with Electrolyte Gate 

Incorporating the Electrolyte into the gate has a distinct affect on the capacitance of the system, and the 

I-V curves of the two-surface design for multiple electrolytes is shown in Figure 30. This OEGFET 

configuration is comprised of a bottom surface of silicon/TIPS/TEFLON and a top surface of 

Glass/PEDOT/UV-Activated-PMMA. These devices were tested with 1 µL of a 1 µM dopamine solution, 

0.01 µM dopamine solution, ascorbic acid buffer and a DI water control.  

 

Figure 30: I-V Characteristic Curves for OEGFET devices with gate solutions of with 1 µL of a 1 µM dopamine solution, 0.01 µM 
dopamine solution, ascorbic acid buffer and a DI water control. 
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The gate bias used for these devices is -1V. The current modulation here is a factor of the gate 

capacitance changes. In OEGFET devices, gate capacitance is affected by the capacitance of the Electric 

Double Layer (EDL) at the solid-liquid interfaces and the constant potential in the bulk of the electrolyte. 

The Bockris/Devanathan/Müller (BDM) hypothesis of the double layer is used as it describes the EDL 

with adhered molecule at the interface. This model is also used to describe the appearance of 

psuedocapacitance which may potentially play a role in these transistors.  

The Debye length is the distance between the interface and innermost layer of ions necessary to 

equalize the charge of the gate surface. The relation of Capacitance to Debye length is defined by the 

proportional inverse relation (Equation 11). This indicates that the smaller the Debye length, the larger 

the capacitance of the electric double layer [148]. There is another form of capacitive effect that can 

exceed that of the double-layer capacitance called faradaic pseudocapacitance. They occur together and 

inseparably they contribute to total capacitance value. Faradaic pseudocapacitance is the storing of 

charge through Faradaic redox reactions at the surface of electrodes as molecules adsorb to the 

electrodes. However, pseudo capacitance can be discounted for the systems as the electrolytes and the 

electrodes and solutions are separated by 200 nm of PMMA insulator. The overall result is the 

adsorption of molecules at the electrolyte surface effectively creates anther layer contributor to the 

total gate capacitance. The low electron-density benzene ring in the Dopamine from the ions in the 

control solutions. Aromatics have a positive charge transfer to surfaces and will adsorb flat for low 

concentrations.  

Adsorbed layers do not add to the Debye length, but greatly reduce the electromagnetic field 

experienced by the system, reducing the depth of ions required to neutralize the system and overall 

increasing capacitance, but reducing the k’p which records the variable capacitance. As described the 

benzene rings have been demonstrated to adsorb and have a high impact on the electric double layer 

capacitance. The permittivity of these adsorbed molecules at the interface of the molecule introduce 
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another source of capacitance. The higher the dielectric constant of the molecule the higher the 

capacitance of the adsorbed layer. Demineralized water has a dielectric constant of 29.3 significantly 

higher than ascorbic acid, which has a capacitance value of 2.8. This could be a contributing factor to the 

higher k’p value of DI water. Water is not an electrolyte, so rather than forming an electrolytic double 

layer in the same manner as the other materials, the molecules of the water will polarize to reduce the 

potential across the system. The other I-V curves are an electrolytic response to the dissolved ions in 

solution, with greater concentration resulting in greater k’p.   

Table 10: Device Parameters extracted from the Static Device Operation of OEGFETs  

 

 

 

 

 

The differences in the double layer capacitance arising from this phenomenon can be clearly observed in 

the calculated k’p values, where the higher the concentration the lower the 𝑘′𝑝 with the two non-binding 

electrolytes having similar and greater 𝑘′𝑝 values. Thought the 1.0 M dopamine solution is significantly 

different to the 0.01 M dopamine solution, this is not a specific response to dopamine concentration 

changes. The changes in capacitance are related to the concentration difference of the electrolytic 

solutions, and therefore to make the specific sensor the aptamers must be immobilized on the top 

surface. The on/off ratios of this data could not be calculated with the VSD ranges, and high voltage 

operation runs the risk of damaging the semiconductor.  

Device parameter Dopamine 1.0 µM  Dopamine 0.01 µM   Ascorbic Acid DI Water 

𝑘′𝑝 × 107 

(A/V2) 

2.00E-07 1.55E-07 1.09E-07 1.49E-07 

gm (mA/V) 
1.00E-05 7.73E-06 3.80E-06 4.47E-06 

VON  (V) 
3.5 4.75 3.75 5 
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The characteristic curves for the Label-Free aptamer-enhanced OEGFET devices tested with 1 M 

dopamine solution, 0.01 M dopamine solution, ascorbic acid buffer and DI water control are shown in 

Figure 31.  

 

Figure 31: I-V Characteristic Curves for aptamer enhanced OEGFET sensor devices with gate solutions of with 1 µL of a 1 µM 
dopamine solution, 0.01 µM dopamine solution, ascorbic acid buffer and a DI water control [148]. 

This graph shows the extreme difference immobilizing the aptamers at the top surface has made to the 

OEGFET. The first major difference is the change in observed mechanism of action. The solutions with 

dopamine-aptamer binding demonstrate elongated linear regions, and those without demonstrate short 

linear ranges, and low maximum currents. The depression in the electrical characteristics for the DI 

water and ascorbic acid buffer solutions from the OEGFET non-specific device indicate that the field 

effect felt in the semiconductor is reduced, producing in the low saturation currents, and short linear 

range. The extended linear range observed with dopamine-aptamer binding is due to a resistive factor 

introduced by the binding. This has reduced the effective field effect at the semiconductor-insulator 

interface. This extends the period in which the device operates in the linear range. Other observations 
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are a turn on voltage shift for all of the devices, a reduction of an entire 3 V. The reduction in power 

consumption for operating at 8V would be a reduction of 4.32 W for an hour. This is important for the 

reduction of latent heat generation, and the cost and safety of running the devices. As described, the 

longer the linear range the more operating channel biases are available as device operating voltages and 

the greater the slope the greater the device sensitivity. The changes wrought by the aptamers on the 

transconductance is immediately apparent, with linear range and slope of the dopamine transistors 

extended over a significantly wider VSD range than the non-specific devices. The calculated data values 

are in Table 10.  

Table 11: Device Parameters extracted from the Static Device Operation of aptamer enhanced OEGFET sensor devices 

Device parameter 
Dopamine 

1.0 µM  
Dopamine 0.01 µM   Ascorbic Acid DI Water 

𝑘′𝑝 × 107(A/V2) 7.00E-08 8.20E-08 4.74E-07 2.05E-07 

gm (mA/V) 2.30E-02 2.40E-02 1.42E-05 6.14E-06 

VON  (V) 5.00E-01 1 5.00E-01 1.00E+00 

The mechanism of action for these devices is based on the quantifiable and predictable change in 

transconductance caused by the binding of dopamine to the aptamer system. Figure 32 shows a 

flowchart demonstrating the method of action taken by the functionalized OEGFET devices during 

testing of multiple solutions.  
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Figure 32: Method of action for aptamer enhanced OEGFET sensor devices. a) Electrolyte buffer solution in the off state. No 
interaction occurs between aptamers and the ions. b) OEGFET with buffer solution turned on. Formation of EDL is observed, but 
no aptamer interactions. c) OEGFET with dopamine solution in the on state. Interactions between the dopamine and the 
aptamers produce different capacitance mechanisms. d) Washing with Ascorbic Acid and testing results in a reversal of the 
complexing and a return to the previous capacitance mechanisms.  

In the first image, the device is turned off. There is no interaction between the buffer solution and the 

aptamers. Even when the device is turned on, as in the second image, the aptamers do not interact with 

the electrolyte system. The second image of a buffer solution under channel and gate bias shows the 

formation of an EDL that acts as the main source of gate capacitance. The third image shows the same 

system with a dopamine electrolyte solution, in which the binding of the dopamine to the aptamers acts 

almost as a pseudoresistive thin film. The final image shows the system after washing with ascorbic acid 

and a return to the previous capacitance mechanism.  

The capacitance mechanism for the electrolyte solution is affected by the electric double layer formed 

by the buildup of charge at the solid-liquid interface, similar in the non-specific OEGFET device. 

However, the immobilization of the aptamers has altered the capacitance mechanism, including a term 

for the layer of the bound aptamers. The maximum current value is significantly lower than the values 

attained for the same electrolyte in the non-specific OEGFET system. This can be attributed to 

disruptions of the electric double layer caused by the presence of bound aptamers, reducing the rate of 
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adsorption and charge buildup, resulting in greater potential experienced by the electrolyte system and 

the addition of a further capacitance term reducing the overall capacitance. The k’p value has increased, 

which is reflected in the lower turn on voltage and increased linear region slope.  

The capacitance mechanism for the dopamine solution system differs from the buffer solution 

mechanism as the dopamine-aptamer complexes act almost as another thin film between the solid-

electrolyte interface. A pseudoresistive sheet is created due to the closely packed aptamers complexing 

with larger dopamine molecules creating steric hindrances to the movement of ions, preventing the 

adequate formation of an EDL. The resistive effect causes a voltage drop across the film, which reduces 

the effective electric potential felt by the semiconductor holding the device in the linear portion of the 

range. This results in a change in transconductance. This effect is seen in the calculated k’p values which 

are actually lower than in the well without the immobilized aptamers. This is due to the additional thin 

film layer and the loss of the adsorption of molecules to the surface. The transconductance is higher, 

which is reflected in the significant changes to slope, linear region range and currents. The amount of 

binding creates a predictable and quantifiable change in the transconductance that can be leveraged for 

the quantification of dopamine in solutions.  

Washing the aptamer wells with ascorbic acid after testing dopamine solutions was effective at causing 

the aptamer-dopamine complexes to dissociate. This method of pH changes for dislodging the aptamers 

is effective as the aptamers are reliant on weak bonds and steric forces. The pH change causes 

conformational change in the aptamer, reducing steric forces that hold the aptamer-dopamine 

complexes together. This is due to the aptamer sensitivity to pH changes breaking down the weak 

chemical and steric bonds formed in the complex. The return of the device electrical characteristics to 

the short linear range and low saturation current indicate that this method has effectively dislodged the 

dopamine. These OEGFETs are possible platforms for reusable OEGFET sensors as the sensing 

mechanism can be regenerated with a mild acidic solution.  
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The results of the static IV analysis of the OEGFET devices demonstrate that these transistors are 

capable of distinguishing between dopamine concentrations of 1-2 magnitudes of difference with high 

specificity for dopamine in solutions compared to buffers and DI water controls. The range of tested 

devices is 0.01 µM to 1 µM, which covers the physiological range of dopamine in the human body. This 

promising start demonstrates that a Label-Free aptamer enhanced OEGFET device for dopamine has 

been created.  

5.4.2.4 Channel Modulation 

As part of our selection for a copolymer conductive top-gate, we conducted several tests to measure 

changes in channel current levels across a transistor through modulating the gate bias. Figure 31 shows 

I-V curves demonstrating the effectiveness of our selected top-gate in affecting a gate-bias channel 

current modulation in OFET transistors.  

The on/off ratio for the silicon/TIPS/PMMA/PEDOT:PSS and PEDOT:PSS-graphene transistor with a gate 

bias of -0.5 V is 1.7x10 which is low, with a leakage current of 0.0002 A (IOFF). By increasing the gate bias 

to -8.5 V, the on/off ratio is increased tenfold to 1.4x102. This is an important distinction as with the 

greater on/off ratios the transistor device is significantly more sensitive. Transistor sensors operate in 

the linear region to take advantage of the predictable current change with voltage. Requirements for an 

ideal OFET biological or chemical sensor device includes a high on/off ratio and a long linear region as 

there will be a more distinctive current change per unit voltage sweep. This makes for a better sensor.  

As the gate bias decreases, there is a significant change in turn on voltage and on/off ratio. The change 

in turn on voltage can be explained by the power law dependence in organic semiconductor devices 

which establishes that a larger hole concentration can be generated in the p-channel by applying a 

higher effective gate voltage. In order to increase the on/off ratio, the IOFF can be reduced or the 

maximum current can be increased. One way to achieve both of these goals is to increase the gate 

dielectric properties. 
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For the OEGFET devices with no immobilized aptamers the leakage current for a gate bias of -1 V have 

been collected in Table 12. The range of the VSD sweep, -2 to 10 V, was not high enough to get accurate 

on currents (ION) for this data. However, the IOFF are significantly lower than the PMMA devices alone.  

Table 12: Off currents for OEGFET devices with Gate Electrolyte Dielectric solutions of Dopamine, Ascorbic Acid and DI water. 
Saturation operation was not reached within the VSD sweep range.  

 Dopamine 1 µM Dopamine 0.01 µM Ascorbic Acid DI Water 

Off (Amps) 4.45E-09 6.5E-09 4.69E-09 6.1E-09 

This is likely due to the inclusion of the electrolyte in the gate and the resulting increase in capacitance 

which decreases gate leakage and increases the electrical characteristics. Compared to the OFET 

devices, the OEGFET devices have lower power requirements indicated by the increase in turn on 

voltage, from Vt= -0.5 V for the OFETs to Vt=-3.0 to -4 V for the OEGFETs. For this stacked dielectric, 

Equation 13 from becomes Equation 39 which can be re-written as Equation 40. Thus, there is an inverse 

proportional relationship between the capacitance of a layer and the thickness.  

1

𝐶𝐷𝐼
=

1

𝐶𝑃𝑀𝑀𝐴
+

1

𝐶𝐷𝑜𝑝𝑎𝑚𝑖𝑛𝑒−𝐴𝑝𝑡𝑎𝑚𝑒𝑟
+

1

𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
+

1

𝐶𝑇𝑒𝑓𝑙𝑜𝑛
         (39) 

1

𝐶𝐷𝐼
=

𝑑𝑃𝑀𝑀𝐴

휀𝑃𝑀𝑀𝐴휀𝑜𝐴
+

𝑑𝐷𝑜𝑝𝑎𝑚𝑖𝑛𝑒−𝐴𝑝𝑡𝑎𝑚𝑒𝑟

휀𝐷𝑜𝑝𝑎𝑚𝑖𝑛𝑒−𝐴𝑝𝑡𝑎𝑚𝑒𝑟휀𝑜𝐴
+

𝑑𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

휀𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒휀𝑜𝐴
+

𝑑𝑇𝑒𝑓𝑙𝑜𝑛

휀𝑇𝑒𝑓𝑙𝑜𝑛휀𝑜𝐴
                  (40) 

Where CDI is the variable portion of capacitance, and 휀𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙is the permittivity of the material, 

𝑑𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  is the thickness of the material, 휀𝑜 is the permittivity of a vacuum and A is sensor area. The 

inverse equation indicates that there is reduced capacitive effects due to increased total thickness and 

the Mitchell layer capacitance equation results in increasing numbers of layers having ever reducing 

total effects on the capacitance of the total device. The addition of extra layers reduces effects felt by all 

of the devices but the pseudoresistive effects extends time in linear range resulting in the long linear 
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range and higher currents. The significantly lower higher currents indicate that these OEGFET transistors 

are functioning in a desirable fashion.  

The change in the aptamer functionalized OEGFET IOFF from the plain OEGFET devices is consistent with 

data found during the previous analysis section. The capacitance of the dopamine solution in the 

Aptamer enhanced OEGFET has decreased, resulting in a higher IOFF value than in the dopamine solution 

OEGFET devices. Nevertheless, the IOFF are significantly lower than those found with the low bias OFET 

devices, indicating a more robust gate dielectric. The on/off ratio for the 1 µM dopamine OEGFET cannot 

be calculated as the VSD range was too low for the system to reach saturation, as the linear range of the 

high concentration dopamine is fantastically large. However, for the other devices they have been 

calculated. For the lower dopamine concentration, the approximate on/off ratio could be calculated 

using the maximum current recorded as it was out of the linear regime. The ratios for the lower 

dopamine OEGFET demonstrate that the change from off to on is significant, despite the low gate bias 

voltage. This is promising as despite the lower capacitance resulting in higher IOFF, the transconductance 

change resulting in high current is enough to produce significant changes that will create a more 

sensitive transistor sensor. The higher capacitance in the Ascorbic acid and DI water systems has 

produced higher on/off ratios for these devices as well, but the final on current is almost two orders of 

magnitude lower as there is no binding of the dopamine aptamer complex. This is promising for the 

specificity of the devices, as it suggests there will be differences in samples containing dopamine and 

those not.  

Table 13: Off currents for aptamer enhanced OEGFET sensor devices with Gate Electrolyte Dielectric solutions of Dopamine, 
Ascorbic Acid and DI water 

 Dopamine 1 µM Dopamine 0.01 µM Ascorbic Acid DI Water 

Off (Amps) 3.66E-06 2.41E-07 2.43E-08 2.54E-08 

On (Amps)  0.000314 2.06E-05 3.41E-05 
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on/off ratio  1.30E+03 8.50E+02 1.35E+03 

Our examination of increased dielectric materials led to measurement the on/off current ratio of the 

PMMA/BST and PMMA/BST/PMMA sets of transistors. More than 10-fold increase in transistor on/off 

current ratio was observed for PMMA/BST/PMMA devices compared to PMMA OFET devices. This was 

in large part due to lower leakage IOFF < 10-7 A measured for PMMA/BST/PMMA devices compared to the 

PMMA OFET devices IOFF ~ 10-6 A. This can be attributed to the increase in capacitor robustness arising 

from the increased dielectric properties of the BST material. In the future it will be interesting to see if 

the BST layers incorporated into the OEGFET will produce the same dramatic effects.  

5.4.3 Transient Analysis  
Transient analysis was conducted to measure hysteresis, transistor rise times, propagation delays, 

switching speeds and verify the presence of response scaling with different aspect ratios.  

A reasonably high switching speed is desirable for both flexible electronics and real-time sensory system 

applications, primary applications of the label-free, aptamer-enhanced OEGFET. The propagation delay 

of our p-type OFETs are measured experimentally and compared to values predicted by transient model 

in Equation 37.  

Testing the PMMA OFETS results in rise times of 80 µsec, with an output voltage 4.22 V and switching 

speeds of 450 kHz. There was no hysteresis identified in the system, after over 1 k cycles. This is 

indicative that the transient data is stable, and the OFETs will have consistent electrical characteristics 

over multiple tests. The fast rise times are due to the types of polarization present in the solid PMMA 

OFET structures. Faster Electronic and dipole polarization dominate as the solid cross-polymerized 

structure does not allow for bulk atomic or ionic polarization to take place. These faster polarization 

methods reverse quickly allowing the structure to reach its rest state quickly. The lack of hysteresis a 

desirable quality as it means that the ground state of the transistors will not be influenced by use and 

can reliably determine if in the off or on state after long uses. 
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The transient data for the PMMA/BST and PMMA/BST/PMMA chips has been tabulated in Table 14.  

Table 14: Transient Data collected for transistors with different stacks. Two PMMA/BST/PMMA  stacks were tested and 
included.  

Material 

Parameter 
PMMA PMMA/BST 

PMMA/BST/PMMA 

v1 

PMMA/BST/PMMA 

v2 

tPLH  

μsec 

92 72 80 80 

VOH 

(V) 
3.58 4.52 4.22 4.39 

Speed (kHz) 250 500 450 450 

The measured turn on times or rise times are shortest for the PMMA/BST OFETs, with the 

PMMA/BST/PMMA dielectric stacks the second fastest. The PMMA/BST/PMMA OFET consistently 

reached the highest VOH despite PMMA/BST reaching the fastest turn on time for the same operating 

conditions. The PMMA/BST/PMMA OFETs exhibited stable, repeatable responses to the input pulse due 

to the types of polarization available. Electronic and dipole polarization dominate as the solid 

crystallized structure does not allow for atomic or ionic polarization to take place. These faster 

polarization methods reverse quickly allowing the structure to reach the on state quickly. 
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Figure 33: a) Rise time comparison for PMMA OFET, PMMA/BST OFET, and PMMA/BST/PMMA OFET transistor stacks at 100kHz 
[147], b) Aspect ratio rise time comparison during 500 kHz pulse [147] 

Figure 33 shows transient responses to a 500 kHz input square wave pulse. The devices with the 

greatest aspect ratios have the smallest turn on time, as predicted by Equation 37. As they have the 

greatest transistor area, they also experience the greatest capacitance which results in increased 

speeds. These devices also demonstrate little hysteresis, indicating that repeated use does not affect 

electrical characteristics. Due to the fast turn on time and consistent responses, the PMMA/BST/PMMA 

OFET devices are significantly improved under transient conditions over the PMMA OFET devices. 

A limited transient analysis of the OEGFETs were performed and found that OEGFET and aptamer-

enhanced OEGFET have much longer switching speeds of approximately a few milliseconds with error 

rates of ± 0.5 µs. This is due to the forms of polarization that have to take place before the device 

reaches the on state. In solids the dominant forms of polarization are electronic and dipole polarization. 

In electrolyte solutions, atomic, molecular and ionic polarization must all take place before the device 

Transient Response for OFET 3 with Different Aspect Ratios 

a. 

b. 
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reaches its maximum voltage output point. This is because the alignment of the dipole molecules in the 

electrolyte solution must overcome their momentum to align according to the new electrical field and 

the electric double layer has to form through interfacial polarization. These are significantly slower 

forms of polarization, with electrical polarization acting at the nanosecond range and interfacial taking 

multiple milliseconds to develop. This demonstrates that the OEGFET sensors are acting as expected, 

and with good speeds for the device set up. Despite demonstrating a slight change in electrical 

characteristics over a great number of tests due to biofouling — limited as it has been by the Teflon — 

occurring at the solid surfaces, the devices appear relatively stable.  

5.4.4 Dielectric Robustness, Longevity 
OFET longevity is a major challenge to overcome in the process of commercialization or application to 

real world situations. Often there is a significant decrease in transistor action within the first 2 hours.  

OFETs suffer from up to a 25% decrease in charge mobility over the first 24 hours of their use. Repeated 

tests over a period of days and weeks and demonstrated complete breakdown of the semiconducting 

properties of a transistor within the first week after fabrication when a single layer of PMMA polymer 

dielectric was implemented. The OFET bottom surface with Teflon did not demonstrate significantly 

improved results, with losses of electrical properties occurring within the first week. Improving the 

system the requires protecting the semiconductor from environmental doping will be explored to 

preserve electrical functionality over an extended period of time.  

A key reason behind our work in identifying suitable dielectrics for OFET devices is to increase the shelf 

life and robustness of our organic semiconductor devices. A longevity analysis of PMMA/BST/PMMA 

transistors yielded startling results two months, with the OFETs demonstrating consistent electrical 

characteristics including turn on voltage, channel current and transistor switching speed throughout the 

entirety of the testing period. The improvement in shelf life of the transistors is likely due to the 

composite dielectric layer preventing the movement of environmental dopants and effectively 
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protecting the organic semiconductor. The dielectric robustness was also improved. Dielectric 

breakdown for the PMMA chips often occurred within gate-bias values of ~ 10 volts. However, the BST-

PMMA stack could tolerate up to 20 volts without catastrophic failure (conduction through gate 

dielectric, high IG). Increased dielectric robustness is a factor of increased capacitance, as well as the 

electrical breakdown of the system. This increases the scope of use for the transistors by increasing the 

potential voltage range of use. To summarize, not only has the PMMA/BST/PMMA dielectric stack 

increased the shelf life of the transistors, but it has made the transistors more robust. More 

investigation is warranted to properly track the electrical characteristic change over a longer period.  

5.4.4.1 Top Surface Shelf Life 

This work also implements a novel biorecognition molecule: the aptamer. These excellent biorecognition 

molecules can be simply implemented as part of the top gate through UV immobilization on a polymer 

dielectric. Not only does this reduce the fabrication requirements of the proposed OEGFET devices but 

the immobilized aptamers are also highly stable biorecognition molecules. Presently, the shelf life of our 

top surface is governed by the breakdown of the PMMA rather than the recognition molecule, which is 

mostly due to the robust nature of the aptamer. In the reported OEGFET devices, aptamers were 

immobilized onto the top gate and repeatedly used. The top gates and observe aptamer-dopamine 

binding after repeated use and multiple days in storage. The aptamers are small DNA oligomer chains 

and demonstrate superior qualities for longevity when compared to enzymes. These molecules 

reversibly denature with thermal and pH changes. This is a key superiority with aptamers compared to 

systems such as enzyme or antibody binding, where irreversible responses to heat, pH and 

environmental changes make transportation and storage a significant contributor to cost and longevity 

analysis of these systems. Where an enzyme immobilized on a surface must be kept in a strict 

temperature range and immersed in a buffer, aptamers can be stored in fridges for extended periods of 

time without danger of denaturization, or they can be freeze-dried and stored at room temperature. 
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Aptamers can be directly synthesized through the PCR technique from aptamer libraries, resulting in low 

cost production of designed aptamers. The initial cost requirement for producing highly specific, highly 

sensitive aptamers is high, but after the design phase they become inexpensive to produce compared to 

certain enzymes and antibodies. Antibodies and enzymes are often extracted from animals and cells, 

which increases the cost of their production. The laboratory synthesis of enzymes, though currently a 

major field of investigation in healthcare sciences, has not found a method of producing the intricate 

and large molecules quickly and cost effectively. Often aptamers are in the range of 5-15 kDa. Enzymes 

range from 20-160,000 kDa, and antibodies have an average size of 150 kDa. The result of this is that 

aptamers are they more stable in storage, they’re easier to fabricate and often cost less to produce. The 

use of aptamers in this work increases the potential of this system than compared to the 

implementation of the same system with aptamers or antibodies as it is more stable, lower cost and has 

reduced storage requirements.  

5.4.5 Implementation as OEGFET Biosensor  
The optimization of the OEGFET device with an aptamer enhanced gate will allow these devices to be 

implemented as Label-free, aptamer enhanced organic electrolyte gated field effect transistors. This 

technology is superbly appropriate for implementation as a biosensor due to the structure of the device 

and the ability to functionalize the surface with a range of biorecognition molecules. The two-surface 

structure allows samples to be deposited, switched and moved with ease, resulting in an easy to use 

system. The quantification method is label-free and accessed through the direct measurement of 

amperometric changes caused by the creation of biomolecule-recognition molecule complexes. These 

recognition molecules can be any of the traditional forms, suitable for antibodies, enzymes as well as 

the aptamers leveraged in this work.  

The devices demonstrated in this system have novel dielectric stacks, polymer top gate, fabrication 

steps implemented and the patterned source drain electrodes. Teflon and a conductive polymer top 
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gate were implemented in place of more traditional materials. The Teflon reduced adsorption to the 

surface which improved the consistency of electrical characteristics and allowed for longer testing times 

of the devices. The double-layer PEDOT:PSS and PEDOT:PSS, Graphene resulted in increased 

conductivity when compared to PEDOT:PSS or PEDOT:PSS, Graphene alone, and increased longevity by 

having the less penetrable PEDOT:PSS, Graphene protecting the PEDOT:PSS. The thin film spinning of 

this conductive gate was made possible by the UV activation of the PMMA which made the surface 

receptive to the materials. The UV activation method was also implemented for the immobilization of 

the aptamers. During UV activation photo-induced chain scission occurs at the surface of the PMMA 

which results in reduced molecular weight of PMMA and surface roughening and etching. This increases 

the surface energy of the material, which immobilizes drop cast aptamers to the surface. Other 

biorecognition molecules could be used with this process which indicates that this is a truly translatable 

biorecognition platform.  

The electrical characteristics presented by the aptamer enhance OEGFET devices are promising for 

implementation as a biosensor. The characteristics required of an OEGFET biosensor is a long linear 

range, predictable and quantifiable change in transconductance with increased dopamine binding, large 

transconductance values, low power requirement and viable over the physiologically relevant range. The 

long linear range is demonstrated by the linear portion of the I-V characteristic curves. The large 

resistive transition that is caused by the change of the binding mechanism extends this behaviour and 

creating significantly longer ranges. This is desirable as the biosensors will be implemented in the linear 

range where a predictably correlated current output for a given channel bias and gate bias for a certain 

dopamine concentration can be calculated. The predictable and quantifiable change in 

transconductance is caused by the binding of the dopamine to the aptamer complex, with increases in 

the rates of binding increasing the transconductance indicating that higher concentrations with 

increased binding with have increased rates of transconductance. The large transconductance 
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requirement can be amplified with an external amplification system, bit the initial large 

transconductance establishes a significant change in current for changes in voltage. This increases the 

sensitivity of the sensors by increasing the signal to noise ratio of the devices. The low power 

requirement has been met by the demonstration that these devices turn on at exceedingly low channel 

bias with a low gate voltage of -1V. The lower the power requirements of the device, the less power 

consumption and latent heat will be produced which could affect the operation of the system. The 

devices must also be viable over the physiologically relevant range present in the body. This is for the 

application with minimally processed biosamples. Reducing the preprocessing steps required for testing 

of devices reduces future design complexity. These devices have to cope with orders of magnitude 

changes to concentration equal to or greater than the ranges often found in the human body to be 

functional across the entirety of the possible range. The produced devices demonstrated an ability to 

detect and distinguish between dopamine solutions across a 1 µM to 0.01 µM range, which is the 

physiologically relevant range, and distinguish between the two with success. This set up is an enticing 

platform for biosensing as it has demonstrated that it provides several of the specifications for 

application as a biosensor. 
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Chapter 6 Conclusions  

The diverse range of materials and structures that can be incorporated into Organic Field Effect 

Technology (OFET) technology give rise to fantastic versatility for tailoring device characteristics to 

specific applications. Novel materials are increasingly producing OFETs with higher and higher charge 

carrier mobilities and longer shelf life, slowly opening up the possibilities for OFET use in commercial 

devices. However, these improvements come at a high cost, with reliance on highly engineered device 

materials increasing fabrication costs and often precluding OFETs from use in certain applications due to 

material susceptibility to doping or breakdown. In this work the longevity and application of low-cost 

transistors was explored to produce low-cost, low fabrication requirement OFET devices that were 

demonstrated as a viable platform for Label-free, aptamer enhanced Organic Electrolyte Gated Field 

Effect Transistor (OEGFET) sensors.  

As part of the OFET device optimization work conducted in this thesis, the OFET source-drain electrodes 

were first designed and printed. The designs were produced using MEMS Pro L-edit software and the 

electrodes were printed using custom microfabrication techniques. Due to inconsistencies in the surface 

of the low-cost polymer COC substrate, the final devices that were tested and characterized in this work 

were fabricated on passivated silicon substrates to achieve a significantly higher success rate. The final 

device design includes a cluster design with transistors of channel length 10 - 25 μm and aspect ratios of 

20 - 60. These cluster devices were configured for implementation as OEGFET biosensors, and they 

allowed for consecutive testing of different aspect ratio sensors within the same sensing region.  

All of the final chips were fabricated with a 1wt% TIPS-pentacene solution in chlorobenzene, a polymeric 

dielectric stack, and a PEDOT:PSS + PEDOT:PSS-Graphene polymer conductive top gate. There were 3 

final polymer dielectric stacks incorporated into the OFETs and 1 tested OEGFET dielectric stack. The 

three dielectric stacks tested in the OFETS were a PMMA stack, a PMMA/BST stack, and a 
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PMMA/BST/PMMA stack. The dielectric stack for the OEGFET is a unique configuration of 

Teflon/Electrolyte/PMMA + immobilized aptamers to facilitate highly specific sensing of target bio-

molecules. 

Qualitative and quantitative analysis was conducted for all OFET devices and OEGFET reported in this 

work. Qualitative analysis was performed with optical microscopy, SEM imaging and profilometry. 

Optical microscopy revealed information about the surface structures of dielectrics, such as BST self 

healing and microporous structures. SEM demonstrated the interaction between dielectric layers was 

minimal, and revealed the bilayer structure of the conductive top gate. Profilometry helped to 

understand the low success rate on COC, as it demonstrated the significant surface roughness of COC 

substrates. The quantitative analysis reported operating parameters of the transistors. The material 

sheet resistivities for the conductive top gate and semiconductor layers were measured with a Cascade 

four-point probe system. The characteristic current responses to changes in voltage of these devices 

were recorded using a Semiprobe and a semiconductor parameter analyzer system by performing a 

source-drain voltage sweep with a fixed gate bias. Dynamic characteristics were analyzed using a high 

frequency pulse generator.   

The charge mobility of the TIPS-pentacene layer deposited using spin coating is 0.1 – 0.2 cm2/V-s. This is 

low for a TIPS-pentacene semiconductor layer, however, given the cost effective patterning process 

utilized here, it is sufficient for use in device applications where lower switching speeds (up to ~ 100 

kHz) is acceptable. 

A large on/off ratio, or ratio of current at device turn on to current in off state, is a measure of the 

sensitivity of the transistor when implemented as a sensor. The larger the difference between on and off 

current, the clearer the data response. It also results in larger current changes for small voltage changes, 

increasing signal to noise ratio. The on/off ratio for the PMMA transistors with low gate bias is around 
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1.7x102. This can be improved by improving the dielectric properties through two methods; the first it 

lessens gate leakage, second by increasing the off current value. This is reflected by the increased on/off 

ratios for the OEGFETs. The 0.01 μM dopamine and DI water gated OEGFETs had the highest on/off 

ratios, with 1.3 x103 and 1.35 x103 respectively. Ascorbic acid had an on/off ratio of 8.5 x102. The 

PMMA/BST and PMMA/BST/PMMA devices had values of 76.9 and 3.42 x102. The inclusion of the gate 

dielectric has increased the on/off ratio, through a reduction of the off leakage current and increase in 

on state current. This indicates that the BST layers and OEGFET has superior capacitive properties and is 

more robust.  

The OEGFET capacitance is usually significantly effected by the electric double layer (EDL) capacitance. 

This is true of the OEGFETs without the bound aptamers, where concentrations of electrolyte in the 

solution create changes in transconductance. However, in the OEGFET sensors with the bound 

aptamers, the I-V characteristic curves demonstrate that a different mechanism of action is occurring. 

The aptamer-dopamine complexes in dopamine solutions act almost as a thin film, introducing a 

pseudoresistive layer into the dielectric. This produces a quantifiable and predictable change in 

transconductance with dopamine concentration. Differences in transconductance resulting from 

dopamine concentration can be identified with tested solutions in the physiologically relevant range of 

0.010 μM to 1.0 μM. This is a proof of concept that the employed fabrication procedure and selected 

materials are capable of producing transistors suitable for applications as biosensors.  

The challenge of OFET shelf life arises from semiconductor sensitivity to environmental doping, photo 

induced breakdown and electronically induced breakdown. Literature reports reductions in electrical 

characteristics in the first 24 hours post fabrication to be as high as 50%. The longevity of the fabricated 

devices was demonstrated to be low for the PMMA OFET and OEGFET devices. The PMMA/BST and 

particularly the PMMA/BST/PMMA devices demonstrated shelf lives of over two months before 

appreciable loss of electrical characteristics was observed. This is likely due to the material preventing 
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the movements of dopants to the semiconducting later. This material significantly increases the 

longevity of the OFET devices which presents a possible solution to this challenge.  

In conclusion, the fabricated OEGFET and OFET devices demonstrate acceptable charge mobilities, good 

on/off ratio, surprising future options for extending shelf life and finally they demonstrate the ability to 

distinguish between dilute molecule concentrations effectively. The electrolyte gated transistors can be 

used for any molecule that has a highly selective, specific aptamer. The gate aptamers can be exchanged 

to detect other molecules of interest, secondary biomolecules can be used for detecting drugs and other 

biomolecules. Through transistor optimization and determinization of clinical therapeutic ranges the 

characteristics of the transistor can be tailored for useful limits of detection. A characteristic current 

response curve for a set source-drain voltage and source gate voltage can be created for each molecule 

of interest, and used for quantification. The benefit of the electrolyte gated transistor is the aptamer. As 

they denature reversibly, the transportation and storage requirements are dramatically reduced 

compared to an enzyme system. The OEGFETs give real time readouts, and in a fully operational system 

will not require lab bench technologies or knowledge to operate. Other areas apply these transistors 

could be process control, water quality, wearable technologies using sweat analysis, personal drink 

testing, food allergen testing, home amine testing for food freshness, and more. This device has reduced 

fabrication requirements through the selection of materials and low-cost aptamer immobilization 

methods. The presented devices are a proof of concept for implementation as a platform for Low-cost, 

label free biosensors. 
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Chapter 7 Future Work 

This thesis work demonstrated a proof of concept for low cost, label-free sensors that can be used to 

quantify biomolecules. This system uses electrolyte gated organic transistors with immobilized 

dopamine aptamers at the gate. The transistor transconductance is characterized for sample 

concentrations in the range of interest, and are highly selective for the biomarker of interest. The 

potential impact of this work is broad, as it is the first step on a road to producing fast, sample to 

analysis biosensors for non-invasive testing of oral bio-fluids to facilitate future applications in the 

domain of continuous health monitoring and rapid screening of physiological conditions. The next steps 

are to fabricate the devices on plastic substrates, extend the platform to other biomolecules and 

demonstrate specificity, and interface the devices with sample intake and a sophisticated data 

acquisition, conditioning and analysis system to create a fully integrated sample-to-analysis sensor 

system.  

At present the devices are fabricated on passivated silicon substrates. This was necessitated by the 

limitation of the available maskless lithography system in Nanofab Kingston in effectively patterning 

larger areas of the textured surface of the COC plastic substrate. Future work will use a photomask of 

the optimized cluster design to avoid the costs associated with the maskless photolithography on COC. 

Direct patterning of source-drain electrode arrays using high precision aerosol-jet 3-D printer systems 

will be investigated to completely alleviate the dependence on metal deposition and clean room based 

micro-patterning steps. 

The current biomolecule used for detection is dopamine. This is a small signalling molecule that is a 

comparable size and morphology to other physiologically relevant signalling biomolecules. The platform 

will be applied to other biomolecules by replacing the dopamine aptamers with those specific to other 

molecules. The next biomolecule to be incorporated into the platform is cortisol, another small 
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signalling molecule present in saliva and highly relevant as an indicator for chronic stress, and associated 

health issues. The specificity of the response of each of the aptamer devices will be tested by analyzing 

the transconductance changes with solutions of multiple biomolecules. This system can be extended to 

any biomolecule with a corresponding aptamer recognition molecule with high specificity.  

The device interfacing will have two parts; the first is a soft polymer intake and preprocessing step, and 

the second is an electrical readout system. The sample intake system will increase the functionality of 

device testing to measure and move droplets into the sample wells. Benefits of this system are that it 

increases the rate at which devices can be tested, and increases functionality. The second step will be to 

implement an electrical characteristic collection and amplification network that can be automated and 

perform the quantification step. These systems will be fully automated for sample to analysis 

quantification of a magnificent variety of biomolecules, and for applications as wearable technologies 

and point of care devices.  

These devices have the potential for substantial impact on the current method of biomolecule testing. 

Currently, testing the level of dopamine in saliva involves a two-hour lab bench procedure that can cost 

upwards of $800 for each test. This device has the possibility of producing the same result in less than a 

minute. The impact of this devices in this project have applications in chemical and medical fields, and 

are the platform upon which the multiplexed system for biomolecule panel testing with internal 

verification and fast sample to analysis detection will be built. 
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