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Abstract 

 

The integration of biological molecules to organic semiconducting materials can 

revolutionize biomedical industry because it has an enormous potential of 

developing new types of organic bio-electronic devices such as biosensors which 

are cheaper, more flexible, eco-friendly and bio-compatible. By using solution 

processable organic (polymer) materials and non-toxic solvents, these devices are 

not only environmentally friendly, but also R2R-processing compatible and give 

more flexibility for large area fabrication and design. The electronic properties of 

biomolecules with the versatility of conductive organic polymers have opened a 

new era of bio-electronics. Various kinds of organic field-effect transistors 

(OFETs) have been carefully researched and extensively studied over the last 

decade and upon development can now compete with silicon technology in terms 

of performance and quality in some areas. Biosensors belong to this area and with 

a much better understanding of OFET’s, this area can now be explored thoroughly 

and can produce beneficial results in terms of disposable biosensors for medical 

care. Here I have tried to develop a ‘floating-gate’-enabled OFET-based platform 

to detect charge based analytes in an aqueous medium, which can subsequently be 

used to detect protein post-translational modifications (PPTM), which is an 

important marker for various health-related issues. I have utilized the R2R- 

compatible aluminum (Al) OFET with chemically anodized aluminum oxide 

(Al2O3) as gate dielectric and the atmospherically stable organic semiconductor 

poly (3-hexylthiophene) (P3HT) as active layer. The performance of the OFET 

was further improved by adding an insulating silane self-assembled monolayer 

(SAM) on top of the ultra-thin Al2O3. Using octadecyltrichlorosilane (ODTS) as 

SAM, this transistor model was able to operate at -4V and had an on/off-ratio on 

the order of 100 and a sub threshold swing of 130 mV/decade. The completed 
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precursor platform was able to detect deposited charge to some extent but more 

thorough analysis and measurements needs to be done in future to clarify the 

outcomes. 
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1. Introduction 

 

The motivation behind the research of organic bio-electronics in general is to 

combine the versatility of conductive organic polymers and the electronic 

properties of biological molecules to create more advanced and sophisticated 

environmentally friendly devices. These can be used in a wide variety of 

applications, e.g. bio-sensors, bio-actuators, wearable skin patches, 

electrochemical sensors and so on. In 1948, J. Bardeen and W. H. Brattain in Bell 

Telephone Laboratories first successfully demonstrated the transfer resistor 

(transistor) operation which revolutionized the modern day electronic circuitry.
1
 

The invention of transistor technology facilitated tremendous development in the 

field of electronics. Another significant milestone was the development of the 

metal-oxide semiconductor field-effect transistor  (MOSFET) by Dawon Kahng 

in the year of 1960 
2
 which took integrated circuitry (IC) technology to the next 

level. FETs are at the heart of all modern day IC devices and the ability to create 

FETs from organic conductive polymers introduced excellent possibilities for 

R2R, low cost, disposable electronics. In 1977, Shirakawa, MacDiarmid and 

Heeger reported on conductivity enhancement in doped poly(acetylene), a ground 

breaking invention which eventually led to the Nobel prize in Chemistry in the 

year of 2000.
3
 This invention of conductive plastic or polymer changed the way 

we think about semiconductor technology. The understanding of material 

properties and utilization of those characteristics helped to develop numerous 

novel devices using conductive polymers. The maximum resolution, high 

definition screens available in today’s market are built using organic light 

emitting diodes (OLED). Organic solar cells, radio-frequency identification 

(RFID) tags and smart windows are a few of the successful products from organic 
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semiconductor technology. The solution-processability of π-conjugated polymers 

enabled possibilities of flexible design geometry and low-cost large-scale 

manufacturing. The growing interest in the area of biomedical applications is due 

to the bio-compatibility of conductive polymers with bio-systems. Organic bio-

electronics is an area with huge potential for conductive polymers.
4
 

There are, however, a few challenges with organic electronics, e.g. low voltage-

high current application, the efficiency of the device, life time, durability, 

environmental stability and operation in aqueous media. These challenges need to 

be resolved in order for applications using the organic polymers/biological 

molecules-combination can be successful on a larger scale. Working in aqueous 

media is specifically problematic because it hinders the proper function of the 

device due to oxidation of the polymer and it also reduces the stability of the 

device operation. In my work I have investigated a ‘floating-gate’-model to 

separate the sensing platform from the base transistor, which excludes the 

possibility of damage due to oxidation and ensures proper functioning. The 

protein post-translational modification (PPTM), phosphorylation is a crucial 

marker and particularly important in the study of diseases. It plays a pivotal role 

in the regulation of the cellular environment, thus the development of novel, 

highly sensitive and sophisticated detection techniques based on phosphorylation 

is important. Due to changes in the electrical properties of a molecule after any 

particular PPTM, a charge based detection system can be developed using the 

organic field-effect transistor (OFET). The electrical change in the solution 

deposited in a sensing platform gives rise to a capacitive and/or potential 

difference that can be detected in the adjoining OFET. Due to the unique 

amplification characteristic of the OFET, this minuscule change can be detected 

and analyzed afterwards. In this work, my approach is to develop a stable and 
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environmentally friendly OFET-based charge based detection platform, which 

uses these properties to detect variation in deposited charges in aqueous media. 

2. Theory 

2.1 The Field Effect Transistor  

 

Field effect transistors (FETs) are the foundation of modern day circuitries. It is a 

three-terminal based component where current flows in between the source- and 

drain terminals controlled by the bias of the third terminal, known as the gate. 

The conductivity, i.e. the charge carrying capability, of the semiconductor is 

controlled by an electric field, hence the name field-effect transistor. There are 

two main types of inorganic FETs: the junction field-effect transistor (JFET) and 

the metal-oxide semiconductor field-effect transistor (MOSFET). The MOSFET 

is sometimes called an insulated-gate field effect transistor (IGFET) because its 

metal-oxide layer works as an insulator layer.
5
 The operation principal of JFETs 

and MOSFETs are different. JFETs are not dependent on metal-oxide-based 

fabrication techniques.  

The thin film transistor (TFT) is made by depositing all its layers on top of each 

other. Most common TFT example is high quality liquid crystal display (LCD) 

screens available in today’s market. The most similar counterpart of TFT in 

organic transistors is organic thin film transistors (OTFT). Organic field-effect 

transistors (OFET) can have same layer structure like TFT/OTFT or it also can 

adopt a modified structure which is not included in the TFT family. 
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In this thesis, fabrication is done based on the OFET principle and the 

experiments are all performed in this specific FET type. However, the transistor 

calculations of device parameters are based on MOSFET model. 

 

2.2 The MOSFET 

 

MOSFET is basically a charge-controlled device. It is possible to manufacture 

MOSFETs as enhancement- or depletion-type. For both types, either n-channel 

(n-MOS) or p-channel (p-MOS) devices can be fabricated. The most popular 

MOSFETs are enhancement-type devices. Conventional (inorganic) MOSFETs 

are found in almost all modern electronics. It consists of a conductive substrate 

which is either negatively (n-type) or positively (p-type) doped, two metallic 

electrodes (source and drain), a metal-oxide layer and a metal gate. The metal-

oxide layer works as an insulating layer to isolate the channel from the metallic 

gate. Depending on the device type (n or p) three different regions are formed 

among these layers (i) a pn-junction (ii) a positive/negative doped bulk region in 

the semiconductor and (iii) an np-junction. Normally the device is in OFF-state, 

which means that no current is flowing between the source- and drain electrodes, 

due to the fact that there is no physical penetration of metal through the insulation 

layer. To turn on the device, or to put it in ON-state, a voltage has to be applied 

on the gate electrode.  

The metallic gate forms a conventional capacitor with the insulator and the 

semiconductor channel. The gate works as one of the plates of the capacitor; the 

semiconductor channel works as the second plate and the insulator layer (metal-

oxide) works as the dielectric spacer. As in conventional capacitors, when a bias 
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voltage is applied to one of the plates, an opposite and equal charge will 

accumulate on the other. E.g. if a large enough negative voltage, is applied to the 

gate, then the interfacial hole density will be large enough to form a p-type 

channel between the source- and drain electrodes in the semiconductor, through 

which a current will start to flow. In this case the positive holes are the charge 

carriers. Since the MOSFET can be manufactured so that the channel carries 

either electrons or holes, the MOSFET is said to be a unipolar device.        

 

2.3 Energy Bands 

 

Every kind of material has its own characteristic energy band structure from 

which its conductivity properties can be studied. 

 

 

Figure 1. Energy band diagrams of metal, insulator and semiconductor materials, where EC, EF 

and EV is for conduction band, Fermi level and valance band respectively. Egap shows the 

‘forbidden gap’ between valance band and conduction band of an insulator. 
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In metal, at T = 0 K, the region below the Fermi level, EF is completely filled with 

electrons, while the region above EF is empty. With a small electric field applied, 

these electrons are free to move into the upper empty region of the conduction 

band, which results in high conductivity in metals. At T > 0 K, electrons have the 

possibility, due to thermal energy; freely transfer over the Fermi energy level. 

This is also true for insulator and semiconductor; however, the available holes 

differ. E.g. in metals the number of holes is larger. 

In an insulator, the valance band and the conduction band is separated by a large 

gap, Egap, a forbidden range of energies. The Fermi level, EF lies in between these 

two bands, at midpoint. In insulators, Egap, is typically larger than 4 eV. At T = 0 

K, the valance band is filled with electrons and the conduction band is completely 

empty. Even at T > 0 K, electrons are usually not thermally excited enough, to 

travel through this large energy gap, even if an external electric field is applied, 

thus making insulators non-conductive. 

In semiconductors, Egap is typically less than < 2 eV and thus have resistivity in 

between metals and insulators. EF is at the midpoint of the Egap. At T = 0 K, the 

valance band is filled with electrons and the conduction band is empty. At T > 0 

K, electrons are thermally excited and can travel through the small energy gap and 

partially fill the conduction band and show some conductivity. However, if an 

external electric field is applied, electrons can easily overcome Egap and become 

highly conductive. 

Intrinsic or ideal semiconductors are pure forms of semiconductors without any 

impurities or doping. The number of holes and electrons are equal in intrinsic 

semiconductors. In higher temperatures or in applied external electric fields when 

electrons move from valance band to conduction band they leave ‘holes’ behind 
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in their positions. Both the electrons and the holes can then act as mobile 

negative- and positive charge carriers, respectively. They are usually represented 

as n and p, respectively. For intrinsic semiconductor materials electrons and holes 

are always created in pairs and this ‘electron-hole pair creation’ can be expressed 

as: 

                                                    i                                       (2.1) 

Where ni stands for ‘intrinsic carrier concentration’. 

Extrinsic semiconductors are produced by adding controlled impurities or doping. 

Depending on the donor atom, an extrinsic semiconductor can either be n-type or 

p-type.  

 

2.4 The Fermi-Dirac Distribution Function and Fermi Level 

 

In the empty conduction band of semiconductor materials, there are many allowed 

energy levels available. How electrons will fill these energy levels and will 

contribute to the conduction depends on a few different factors. The main factors 

are how many energy levels there are within a given energy range and the 

probability of an electron to occupy those levels. 

The probability for an electron to occupy an energy level can be calculated by a 

function called the Fermi-Dirac distribution function, f(E), where E stands for the 

energy of a specific level. This can be mathematically expressed as: 

                                                 
 

      (
   F

   
)
                       (2.2) 
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Where kB is  oltzmann’s constant, 8.862 x 10
-5

 eV/K and T is the temperature in 

Kelvin.  

EF, shown in Fig. 1 is determined as the energy level, where the probability of 

finding an electron is 50%. It can be expressed as: 

     F                  F   F                                     (2.3) 

 

2.5 The Organic Field Effect Transistor 

 

Organic polymer-based FETs are emerging as an alternative approach for existing 

Si-based biomedical applications. Because of their mechanical flexibility and 

enhanced biocompatibility, they are attractive alternatives of conventional 

inorganic devices. The basic work principal of inorganic MOSFETs and organic 

FETs (OFETs) are similar in many ways. There are, however, some important 

differences based in the components and device structures used. The most similar 

inorganic counterpart to the OFET is TFT. The TFT has a structure where the 

different layers are deposited on top of one another, on top of a non-conductive 

substrate. 

 In general, like conventional MOSFETs and TFTs, OFETs are also three-

terminal devices. An OFET is constructed of an organic-semiconductor (π-

conjugated polymer), an organic insulator (sometimes metal-oxide) and metallic 

or organic electrodes. 
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One of the basic structural differences between OFETs and conventional 

MOSFETs is that the source- and drain electrodes are in direct contact with the 

semiconductor material. In an OFET the active material used is usually a π-

conjugated semiconductor. The most used OFETs are accumulation- or 

enhancement-mode devices, where the semiconductor is intrinsic. When the 

applied gate bias exceeds a specific threshold voltage, a high charge density is 

formed in the semiconductor, near the insulator interface resulting in the reduction 

of the resistance between the source- and drain electrodes and a charge (current) 

starts to flow through this newly formed transistor channel. 

 

 

Figure 2. The schematic diagram for a p-channel OFET. The active channel is situated at the 

semiconductor-insulator interface. With substantial gate bias voltage, conduction starts between 

source and drain. 

The work principal of an OFET is based on a capacitive formed channel in the 

semiconductor. The physical mechanism for the channel formation is, however, 

critically different from that of a MOSFET, discussed in section 2.2. To 

understand the capacitive channel formation in an OFET, we can compare it to a 

simple metal-insulator-metal parallel plate capacitor, illustrated in Fig. 3. 
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Figure 3. Two metallic plate capacitor formations where Q+ and Q- represents opposite charge 

and d is the gap between these two plates typically shows the insulator thickness. 

 

Here in an uncharged state, there is no charge on these two metallic plates 

(conductors). An external potential ΔV is applied to the plates. The amount of 

charge that is accumulated is proportional to C*ΔV. Mathematically this can be 

expressed as, 

                                                      |    |                               (2.4) 

Where, C is a proportionality constant known as capacitance, which has the SI 

unit of farad, F. C can be expressed as, 

                                                   
   o  

 
                                     (2.5) 

Where, ε is the permittivity (dielectric constant) of the material between the plates 

(for vacuum, ε = 1), ε0 is the electric constant (ε0 ≈ 8.854×10
−12

 F⋅m−1
), A is the 

area of overlap of the two metallic plates and d is the separation between two 

plates of the capacitor. 

In terms of an OFET, one of these conductors is the gate electrode and the other 

the conductive channel in the organic semiconductor, at the 

https://en.wikipedia.org/wiki/Relative_static_permittivity
https://en.wikipedia.org/wiki/Vacuum_permittivity
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semiconductor/insulator-interface. It requires ohmic source and drain electrodes 

so that charges can be drawn into the channel. 

The OFET is fabricated using different deposition techniques in order to form 

subsequent thin layers. Semiconductor materials are often soluble in organic 

solvents and can e.g. be processed by drop-coating or spin-coating. Other layers, 

e.g. the inorganic electrode layers, can be processed by physical vapor deposition, 

chemical deposition etc. Depending on application and purpose, the thickness of 

these various layers may vary from a few nanometers to several micrometers. The 

physical position of the three terminals of the OFET, the source, the drain and the 

gate, is crucial for proper device operation. The active channel is formed between 

source and drain electrode at the semiconductor-insulator interface. This active 

channel is separated by the insulator from the gate electrode. Depending on 

application four basic OFET structures are available; these are shown in figure 4. 

 

Figure 4. Schematics of the four basic OFET structures. They are (a) the top-contact, bottom-

gate- (b) the top-contact, top-gate-, (c) the bottom-contact, bottom-gate- and (d) the bottom-

contact, top-gate transistor structures. 
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Based on the positioning of the three terminals, these are the top-contact bottom-

gate-, the top-contact top-gate-, the bottom-contact bottom-gate- and the bottom- 

contact-, top-gate formations.  

An OFET structure should fulfill some criteria in order to achieve the desired 

device operation.  The semiconductor-insulator interface plays a crucial role in 

device performance. It has a strong influence on contact resistance, active channel 

formation and capacitance. To avoid stray capacitances or edge effects, it is 

crucial to align the gate directly underneath, or over, the active channel. In an 

OFET, the total resistance, R, can be measured from three resistances connected 

in series. These resistances are the contact resistance at the source (Rs) and at the 

drain (RD) and the channel resistance (RCH). Ohmic source and drain contacts are 

desired. Total resistance can be expressed as: 

                                         s          H                                (2.6) 

For proper device performance, Eq 2.6 implies that the total contact resistances 

should be negligible compared to the channel resistance. In OFETs, the channel 

resistance starts to decrease with increasing VG when charge carriers start 

accumulating at the semiconductor-insulator interface. As the layers in an OFET 

is fabricated in a subsequent manner, the choice of solvent also one of the more 

important factors to consider. A subsequent layer must not dissolve the underlying 

layer. Especially the dielectric-semiconductor interface, which plays the principal 

role in charge transport, must not be allowed to be transformed due to this effect.  

The electrical characteristics of OFETs are largely dependent on the device 

architecture. In TFT devices e.g., a top-contact structure gives a lower contact 

resistance, mainly due to metal penetration into the semiconductor surface during 

the evaporation of the source- and drain electrodes, which results in an intermixed 
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layer.
6
 Also, a bottom-gate top-contact structure is geometrically better suited for 

the floating gate OFET design, which I used in some of the experiments presented 

in this thesis. 

 

Figure 5. Schematic representation of the charge polarization and electric field distribution in a 

dielectric gated OFET. 

 

2.6 Charge Transport in Organic Materials 

 

2.6.1 HOMO & LUMO 

 

π-conjugated polymers or materials like ethylene (C2H4) which contain π-

electrons have special characteristics. Their sp
2
 hybridized carbon can form co-

planar σ-bonds with other carbon and hydrogen in the chain. The pz orbital 

remains perpendicular to the sp
2
 hybridized orbital plane which leads to additional 

π-bonding between two carbon atoms. Thus these molecular orbitals split into 

bonding and anti-bonding states. Two of these states are of utmost importance, 

namely the states commonly known as HOMO (highest occupied molecular 
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orbital) and LUMO (lowest un-occupied molecular orbital). In a neutral, 

uncharged molecule, the HOMO is the level directly below the narrow energy gap 

of the semiconductor and the LUMO is the level just above the energy gap. The 

energy gap is the energy difference between these two states and the energy of 

HOMO is lower than the LUMO. Electrons tend to minimize their energies and 

thus always try to occupy the lowest energy state available, either in the HOMO 

(ground state) or the LUMO (excited). The holes, being the absence of electrons 

behave conversely and thus tend to reach the highest energy states available. The 

narrow energy gap between HOMO and LUMO holds electrons and holes in their 

respective lowest energy states, until any external excitation occurs and then an 

electron (a hole) can pass through the energy gap into the LUMO (HOMO) and 

contribute to the electron (hole) conductivity.   

When these molecules form solids, they use weak ‘Van-der Waal’ bonds for 

intermolecular bonding. Their HOMO and LUMO levels can make narrow energy 

bands but because of their weak intermolecular bonding the electronic properties 

of the organic materials are mainly determined by the molecules themselves.   

Organic polymers have π-conjugation along their backbone structure and their 

conductivity can be modulated by several orders of magnitudes by doping. In p-

type doping it causes depopulation of the bonding π-orbital (HOMO) and results 

in the formation of holes.  

In this work, p-type regioregular P3HT was used as organic semiconductor which 

has 5 eV HOMO and 3 eV LUMO orbital energy. 
7,8
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Figure 6. On the left-hand side an illustration of the HOMO and LUMO levels and on the right-

hand side an electron excitation by external stimuli from the HOMO to the LUMO level. 

 

2.6.2 Hopping Transport Model 

 

Due to the disordered states of organic semiconductor materials and their weak 

intermolecular bonding, the charge transport here is localized instead of 

delocalized system.
9
 The hopping transport model 

10
 can be used to show how this 

phenomenon happens. The mobility of the charge carriers depend on activation 

energy. This energy relies on the density of states distribution and tends to 

increase if the amount of neighboring states is large.  

The charge transport mechanism in disordered organic materials is influenced by 

the polarization effect, which can be described by a potential well configuration in 

quantum mechanics. E.g. a charge is trapped in a well inside an energy barrier (a 

localized carrier) and only with a sufficiently large energy; this charge can 

overcome the small energy barrier and can move on to the next well. This can be 
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seen as a hopping mechanism as charge carrier is jumping from one site to 

another. At elevated temperatures, with sufficient thermal energy, it can be 

described as a series of charge carriers hopping between localized states from one 

site to another. However, at lower temperatures, charge transport happens only by 

tunneling.  

 

Figure 7. Hopping transport of electrons between localized states. 

 

2.6.3 Variable Range Hopping Transport 

 

In the hopping model charge transport is governed by the thermally activated 

tunneling of charge carriers in between localized sites. The concept of variable 

range hopping transport differs from this pattern and describes the charge 

transport as follows. A charge carrier variably either hops over a smaller distance 

with high activation energy or over a longer distance with relatively low 

activation energy.  
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In an OFET, an applied gate bias voltage increases the carrier accumulation near 

the semiconductor-insulator interface. As these carriers in the accumulation layer 

gradually fill the lower energy states of the semiconductor, excess carriers in this 

layer will require less activation energy to hop to a neighboring site. The effective 

mobility of these carriers can be expressed as 
11

: 

                                          n            
 
                       (2.7) 

Where α is an effective overlap parameter which influences the tunneling between 

two localized states and for moderate and strong accumulation β can be expressed 

as: 

                                           *(
 o

 
) –   +                         (2.8) 

Where To is the effective temperature. These equations are modified form of the 

traditional MOSFET equations. 

 

2.7 Floating-gate Sensing Platform 

 

To construct the charge based detection platform using floating-gate OFET, I 

have used bottom-gate, top-contact, Al-OFET structure with anodized Al2O3 

dielectric with a silane group SAM and highly conductive P3HT as 

semiconductor. PET was used as substrate and glass was used just as substrate 

holder. 



 
 
 
 

18 
 

 

Figure 8. A schematic diagram of an OFET sensor, with the different functionalizable layers. 

 

2.7.1 The Substrate 

 

The deposition of a metal on a plastic substrate, e.g. PET, by vacuum evaporation, 

is the most commonly used technique in TFT production. The adhesion between 

metal and PET depends on mechanical and chemical bonds at the interface. When 

metal is heated and evaporated, the metal atoms collide with the PET surface and 

lose some energy in this process. Condensation takes place and metal atoms start 

forming a continuous metallic layer on the substrate. This interaction is dependent 

on how the substrate morphology reacts with the metal atoms. The PET film 

surface consists of carbonyl, hydroxyl, and vinyl groups. The surface energy of 

PET depends on these groups and they can create chemical reactions with the 

metal atoms, in a reaction called chelation.
12

 The mechanical bond is dependent 

on how deep the metal atoms can penetrate the PET surface and react with the 

amorphous areas. The amorphous areas of the PET surface help the metal atoms 

to drill into the structure. The energy released upon the condensation of the metal 

atoms melts the surface and forms anchors to the surface crystals.
12

 By these 

interactions, a metallic layer is formed upon the PET substrate, which is on 

nanometer scale. This process can be contaminated in various ways. For instance, 

residual metals left in the evaporation chamber, dust on the PET substrate or 
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water molecules might change the surface morphology and result in a metallic 

layer with faults. Care should be taken in order to minimize these effects. 

 

2.7.2 The Gate Electrode  
 

Aluminum is one of the most abundant elements on earth. It is used in various 

conventional micro-electronics technologies. Also, in the fabrication of TFTs for 

solar cells and in other thin film devices, Al is widely used as a building block.
13

 

With low density and sheet resistance, excellent conductivity and good ability to 

resist corrosion, Al is a suitable choice of material for the gate electrode. There 

are several physical vapor deposition (PVD) techniques to make the desired gate 

structures e.g. on PET substrates. Thermal evaporation is one of the most 

commonly used. Al has a melting point of 660°C, which makes thermal 

evaporation is easy and good enough for surface deposition. It is also the most 

simple and cost-effective technique for large scale surface deposition of metal 

electrodes. By using a vacuum chamber evaporation process and a specific 

shadow mask, the desired structure can be achieved. The evaporation of Al on 

silicon wafer and glass is extensively used in solar cell production.
14

 Bendable 

substrates, e.g. polyethylene terephthalate (PET) films are relatively new. With its 

flexibility, good temperature resistance and low cost, PET is an excellent choice 

of substrate for Al deposition.  It’s also easy to work with, which makes it a 

suitable substrate for pattern design.  
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2.7.3 The Gate Dielectric Layer 

 

With the increase of the metal atomic number, the ionic radius increases. But in 

metal oxides, the cohesive force decreases, which results in a larger dielectric 

constant, namely high-k materials.
15

 A thinner dielectric layer gives the possibility 

for low-voltage applications and also enables the chance of higher drive voltage 

which allows the transistor to switch faster. Al2O3 has a k value  10,
16

 which is not 

better than the other dielectrics used in conventional inorganic MOS technologies 

but aluminum oxide goes best with the aluminum gate in this case because the 

oxide is grown inside the aluminum by transforming the aluminum surface by 

chemical anodization. 

As stated above, using a high-k gate insulator it is possible to prepare devices 

operating at low voltages.
1718

 A common technique used in order to achieve this is 

to use an ultra-thin dielectric layer, consisting of a metal-oxide layer and a self-

assembled monolayer (SAM).
19

 By electrochemical oxidation of the gate metal, 

an ultra-thin, pinhole free and highly capacitive gate insulator can be formed.
20

 

 

2.7.4 The Self-Assembled Monolayer 

 

‘SAMs are ordered molecular assemblies formed by the absorption of an active 

surfactant on a solid surface’.
21

 A SAM treated metal oxide, used as a dielectric 

layer, has been shown to result in better performing devices.
222324

 As the 

characteristics of the conjugated polymer used in the transistor is highly 

dependent on the surface morphology and the orientation of the crystal formation, 

it is important to take necessary steps in order to ensure that the surface the 
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polymer is applied to is both morphologically and potentially homogeneous. The 

semiconductor-dielectric interface layer is the most important part of the TFT. In 

a bottom-gated architecture, current travels within few nanometers of the gate 

dielectric.
25

 The morphology of the polymer controls most of the charge transport 

characteristic of the whole TFT.  

The ordering of the polymer semiconductor in its crystal structure, affects the 

characteristics and the mobility of the TFTs on a large scale and it is important to 

improve the ordering on a nanoscale level. Inserting an interfacial buffer layer e.g. 

a SAM in order to improve the device performance is common practice. One of 

the main reasons being that is easily and robustly solution processable.
26

 The 

spontaneous formation of a 2-D system (the SAM) on a solid surface is a result of 

chemical reactions attaching one end of e.g. a silane to a gold atom,
26

 all over the 

dielectric surface. This easy and fast fabrication technique makes SAMs an 

attractive component for surface modification and engineering. In 1997, Jackson 

and his colleagues reported a dramatic improvement in OFET performance using 

octadecyltrichlorosilane (ODTS)-treated SiO2 as a gate dielectric.
27

 The dielectric 

surface properties determine the molecular and chemical ordering of the 

semiconductor, during the deposition process. SAM treated metal-oxide layer 

showed better orientation of the semiconductor polymer so it’s a suitable 

technique to improve the performance of the OFET.
28

 It is also shown that by 

using mixed SAM better control over turn on voltage in low-voltage OFETs can 

be achieved and octadecyltrichlorosilane (ODTS)-treated Al2O3 dielectric layer 

showed a good performance.
22
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2.7.5 The Semiconductor Layer 

 

Polythiophenes are a class of polymers which are extensively used and 

investigated as the semiconductor layer in various organic devices. In particular, 

poly(3-hexylthiophene) (P3HT), is the most prominent candidate in this family. 

The optoelectronics and properties of P3Ht devices have been used and tested in 

numerous studies up to date.
2930

 Because of the well-defined molecular 

architecture of this regio-regular polythiophene, there is a strong tendency for 

highly ordered morphology and crystallinity during fabrication. The strong 

intermolecular interaction is, however, the main reason for the highly efficient 

charge transport characteristic.
3031

 The solvent used to prepare the P3HT solution 

and the deposition technique used to prepare the thin film, plays a crucial role in 

device performance. Thin film fabrication can be made cheap and fast and result 

in high quality homogeneous films. Drop coating, spin coating etc. are few 

popular deposition techniques used to prepare the different layers of an OFET. In 

these processes, the crystallization of the polymer takes place during drying of the 

film.  

It has been shown that spin coating the semiconductor, using a high boiling point 

solvent, e.g. 1,2,4-trichlorobenzene (TCB), it is possible to improve the charge 

mobility characteristic of the P3HT transistors.
3230

 As a direct result of the 

solution deposition technique, two particular and different film formations have 

been reported for P3HT films, i.e. edge-on and face-on. In the edge-on texture, the 

π-stacking of the polymer chain is in the plane of the film and the side chains 

point along the normal of the substrate. The fast charge transport happens along 

the π-stacking direction of the polymer chain; therefore the edge-on polymer 

formation is more desirable in OFETs. 
3334

 It has been shown that during the 
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semiconductor film forming process, a slower evaporation rate of the solvent, 

tend to form higher percentage of edge-on orientated polymers. 
3530

 Also a 

substrate pre-treated with a SAM improves the chance of edge-on orientation in 

the crystal formation process of P3HT.
28

 Conventional deposition techniques e.g. 

spin-coating, gives highly randomly orientated polymers due to the non-

equilibrium conditions. Therefore, controlling the spin coating process by 

aforementioned techniques, gives better orientation in the crystal formation 

process and thus improves the device performance.
35

 

 

2.7.6 Bottom-Gate Top-Contact Structure 

 

In my work, using a bottom-gate top-contact structure is helpful, due to the 

geometrical properties of such devices. Something called a floating gate transistor 

structure was used. Here, the floating gate is actually the ordinary transistor gate, 

modified to be used as a sensor and a second; control, gate is added to apply the 

gate voltages to. Using a metal electrode as the surface of the actual sensing part 

makes it compatible with aqueous media. Also, the dielectric surface is fine-tuned 

by using a SAM, in order to improve the surface morphology of the 

semiconductor. The surface energy of the SAM used is closer to that of P3HT 

compared to that of aluminum oxide. That is why the addition of the SAM also 

improves the adhesion of the semiconductor on top of the dielectric layer. 
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2.7.7 Floating Gate 

 

The transistor is used as a sensing device for biological analytes. The main 

structure of the device, which consists of the transistor part, is being electrically 

isolated from the sensing part, because of the biological analytes being tested are 

located in an aqueous medium. It is hard to maintain a proper functioning OFET 

in an aqueous medium, due to oxidation and surface degradation of the organic 

semiconductor. Therefore, an extended part of the bottom-gate, which can be 

controlled by electrical voltage from a control point, can be used as a preferred 

structural design which is shown in fig. 8. The extended Al gate is connected to 

the sensing part of the device. When charges are placed on the sensing platform it 

will change the total amount of charge on the floating gate, changing the transistor 

electrical characteristics. This type of design is known as a floating gate-design, 

due to the control gate is isolated by a capacitance from the main device structure. 

The floating gate does not act independently in any fashion. It senses the 

detectable charges on the sensor metal surface and becomes charged. The excess 

charge should then be detected as a threshold voltage shift, when measuring the 

transfer curves. The extension of the gate structure adds flexibility in the design. 

As the main transistor part is fully isolated from the sensing part, the aqueous 

media in the analyte will not be able to degrade the transistor and reproducibility 

can be ensured. Inorganic floating-gate transistors are used to fabricate non-

volatile analogue storage. This design can, however, also be useful in OFETs in 

biosensor applications, where charge based sensing are performed as the main 

operation. Floating-gate OFETs have already been reported in various studies.
3637
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2.7.8 Model Description of the Platform 

 

The charge based detection platform can be divided into two parts: i) the 

transistor and ii) the sensing platform. The sensing platform is isolated from 

the main transistor part and is connected via the floating gate. Biological 

analytes should be deposited on the sensor part and the change in charge on 

the floating gate can be measured by the transistor part. The main gate voltage 

is controlled by a control gate separated from the floating gate by the gate 

dielectric. The difference in charge can be measured as a threshold voltage 

shift in the transistor transfer curve. The sensing area will be remaining 

enclosed by an O-ring or another isolation technique, in order to prevent 

spreading of the liquid buffer solution. Multiple measurements can be 

performed using the same OFET. Further modification of this design can add 

more sensing areas with a single OFET in its heart. The OFET threshold 

voltage shift can be measured, defined by the equation ΔVth = Q/CTOT, (where 

Q is the immobilized charge and CTOT is the sum of all capacitances in the 

structure, including the control capacitance and the parasitic capacitances 

(mainly overlap capacitances between source- and drain contacts and the 

floating gate in the OFET. 
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Figure 9. Schematic representation of the OFET design and the transistor part. 

 

2.7.9 Charge Based Detection on Sensing Platform 

 

Depending on the protein selection specific charged peptide (short chains of 

amino acid monomers) strands will be anchored in the Au sensing electrodes. The 

complementary peptide strands will be in the buffer solution to detect protein 

chains to attach with. If the specific protein chain is available in the solution the 

complementary strands will bind with those chains and as a result of these 

bindings the pre-deposited charged peptides will not be neutralized. If there is no 

protein chain to attach with these complementary peptides will bind with pre-

deposited peptides and will neutralize the charge and this potential variation of the 

sensing electrodes will be measured by the sensor as electrical signal variation 

generally as a threshold voltage shift or an increase in drain current.  

To mimic this biochemical reaction, often referred to as a PPTM, a less complex 

and less expensive method was used in this work. The sensing platform was 

treated with a particular type of SAM. And this SAM surface over the sensing 
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platform was repeatedly being charged or discharged respectively by a high and 

low pH buffer solution. The consecutive variation in the electrical signal 

(threshold voltage shift, ΔVT) was then measured and analyzed from the adjoining 

OFET’s transfer curve.   

 

2.7.10 I-V Plots and Measurements 

 

A wide range of transistor properties can be calculated using the data gathered 

when measuring a transfer curve, e.g. switching properties, mobility, On/Off-ratio 

etc. Also by analyzing the threshold voltage shift, ΔVT, the variation in the 

electrical signal due to the deposited charge in the sensing platform can also be 

quantified.  

Entities Definition From transfer curve 

Drain On-current 

(ION) 

The measured value of the 

current flowing through the 

source-drain channel when the 

OFET is in on-state. 

Highest corresponding 

point on the ID-VG-

curve.  

Drain Off-current 

(IOFF) 

The measured value of the 

current flowing through the 

source-drain channel when the 

OFET is in off-state. 

The current at the first 

voltage on the ID-VG-

curve, where ID starts 

to increase 

exponentially as a 

function of VG.  

On/Off-ratio 

(ON/OFF) 

The current ratio of the OFET 

on-state to off-state. 

Mathematically 

calculated as ION/IOFF. 
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Gate Current (IG) The measured value of the 

current that flows through the 

gate channel when the OFET is 

in on-state. 

The highest current on 

the IG-VG-curve. 

Turn-on voltage 

(Vo) 

The minimum value of |VG| 

above which current in the 

channel begins to increase 

exponentially as a function of 

|VG|.  

The first voltage on the 

ID-VG-curve where ID 

starts to increase 

exponentially as a 

function of VG.  

Threshold voltage 

(VT) 

A gate voltage, at which IG 

theoretically starts to increase 

logarithmically as a function of 

VG. 

The voltage, at which a 

straight line drawn on 

the ID
1/2

-VG-curve, 

intersects with the VG 

axis.  

Field-Effect 

Mobility (μFE) 

The speed of the charges, in the 

transistor channel, during 

operation. 

Mathematically 

calculated as, 

μFE = (2L/WC) 

[ID/(VG-VT)
2
], where 

L, W and C stand for 

the channel length, 

width and the 

capacitance of the 

dielectric layer. 

 

Subthreshold slope 

(S) 

The sharpness of the transition 

from off-state to on-state. 

Mathematically 

calculated as 
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dVG/dlogID in the 

region between VTH 

and Vo, defined in units 

of volts/decade. 

 

3. Experimental 

 

Biological analytes and biologically derived recognition elements are only active 

in aqueous media. Therefore, it is necessary to explore the operation for aqueous 

systems, thus extending their applicability to a broader range of sensing needs. It 

is also a crucial decision to make whether the biological analytes will be 

deposited on the semiconductor surface for measurements or structures like 

extended metal electrodes will be used. Organic semiconductors are prone to react 

with aqueous medium and thus degrade over time. Also oxidation can degrade the 

semiconductor surface with a possibility of increasing conductivity. This can 

easily interfere with the biochemical reaction sensing and can give wrong results 

in analysis. Thus to ensure the stability of semiconductor surface in different 

buffer solutions and to check how they react in different pH values, tests were 

carried out to  compare conductivity of semiconductor materials in high, mid and 

low pH solutions in a previous assignment. 
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3.1 Electrical Characterization of Different Semiconductors 

under Different pH Values 

 

Plastic substrates coated with poly(3-hexylthiophene) (P3HT), Poly (3, 3‴-

didodecylquaterthiophene) (PQT-12), P3HT 20% wt + Poly (lactic 

acid) or polylactide (PLA) (PLLA) 80% wt blend and Poly (3, 4-

ethylenedioxythiophene) Polystyrene sulfonate PEDOT:PSS were used to test the 

conductivity. PET films were used as substrates and rinsed with DI water, 

followed by acetone and isopropanol before making the samples. Square sized 

films were attached on glass slides and then spin coated with P3HT, PQT-12 or 

P3HT 20% wt + PLLA 80% wt blend solutions at 1500 rpm for 40 seconds. Only 

P3HT and PQT-12 samples were heated at 100°C on a hot plate for 20 minutes. 

Au electrodes were vacuum evaporated on top of the films using an appropriate 

shadow mask. The thickness of the electrodes was ~ 40 nanometers and the 

channel length was ~30 µm. The length and widths were 30 µm and 1500 µm, 

respectively.  PEDOT:PSS films were pre coated, Ag paste was used to make 

electrodes on them, the sample size was bigger than the other material’s sample, 

roughly 2.5 cm in width and 1-1.5 cm in length each. The device structures have 

been illustrated in Fig 7. The devices were prepared under normal light condition 

and stored in the glovebox. 

 

http://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
http://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
http://en.wikipedia.org/wiki/Polystyrene_sulfonate
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Figure 10. (Left) Sample structures of  PEDOT:PSS and P3HT/PQT12/Blend samples. (Right) The 

channel diameters are 30 µm (length) and 1500 µm (width). 

Potassium chloride (KCL), potassium hydroxide (KOH) and hydrogen chloride 

(HCL) were used to prepare buffer solutions. The solutions were KCl + KOH 

with a pH value of 11.4 (high pH value), KCl with a pH value of 5.7 and 5.8 

(medium pH value) and KCl + HCl with a pH value of 2.1 (low pH value). 

 

3.1.1 Conductivity Measurement 

 

The conductivity between the electrodes was measured by Agilent 4142B 

Modular DC source/monitor measuring setup using a suitable LabVIEW program. 

This was done by applying a constant voltage over the two electrode pairs and 

measuring the current passing through the semiconductor. The conductivity was 

then calculated using Ohm’s law: 

                                                                                                            (3.1) 

Where V is the voltage applied, I is the current measured and R is then the 

resistance between the electrodes. The conductivity, σ, is then the reciprocal of R: 
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                                                 (3.2) 

 

 

Figure 11. Example measurement to indicate how σo,σ1 and σf are determined. 

 

The percentage change in conductivity was measured using *
     

  
+      , (σf= 

final value, σ1=starting value after 1
st
 rinse) for 2

nd
 and 3

rd
 rinse and *

     

  
+  

    , (σo= value just before the 1
st
 rinse) for the 1

st
 rinse. 
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Figure 12. (Left) Five pairs of source and drain electrodes evaporated onto a P3HT film. (Right)  

The same samples cut into stripes of individual electrode pairs. The silver paste dot was used to 

make the contact without damaging the Au electrodes. The PQT-12 and Blend samples were also 

made in a similar manner. 

 

 

 

Figure 13. PEDOT:PSS stripes. Ag paste was used to make a pair of electrodes on them, the 

sample size was bigger than other material’s sample, roughly 2.5 cm in width and 1-1.5 cm in 

length each. 
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3.1.2 Effect on conductivity of different pH value 

buffer solutions 

 

 All of the semiconductor materials showed change in conductivity after the 

deposition of buffer solution. The percentage change in conductivity was different 

for different pH values. 

 

 

 

 

 

 

 

Table 1. Percentage change in conductivity, calculated by "   
     –     

 

  
        of 

semiconductor materials under different pH value buffer solutions. 

So it can be concluded that all of the semiconductor materials had shown 

substantial change in conductivity measurement under different pH value buffer 

solutions. Biological analytes will be tested in different buffer solutions for the 

detection of PPTM so deposition of analytes directly over the semiconductor 

surface will change the actual reading due to the conductivity change of 

semiconductor surface itself. So a different sensor geometry which is suitable for 

this biochemical sensing scheme is recommended. The ‘floating-gate’ OFET 

 SC Low pH Mid pH High pH 

P3HT 18,8 9 1,9 

P3HT:PLLA 9,2 8,9 16,6 

PE OT:PSS 3,4 3,6 2,1 

PQT-12 7.4 25,5 19,3 
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structure can be a good alternative for this approach and from here on I will 

discuss and present the works done based on floating-gate OFET sensor 

 

3.2 Fabrication of the OFET 

 

 

Figure 14. Schematic diagram of fabricated bottom-gate, top-contact OFET structure. 

 

3.2.1 Substrate Preparation 

 

A rectangular shaped PET substrate was kept in DI water and ultrasonicated for 

15 minutes in 60°C. Afterwards it was rinsed by acetone and isopropanol. After 

that it was dried with nitrogen flux. Care was taken so to minimize the adhesion 

of dust particles and other contamination on top of the PET substrate.  
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3.2.2 Evaporation of Aluminum Gate 
 

Specific patterns of 100-120 nm thick aluminum films, to be used as floating 

gates in OFETs, were evaporated on PET substrate. The evaporation process was 

done inside a vacuum chamber, inside a nitrogen-filled glove-box, at a specific 

evaporation rate, controlled by the current and voltage. The atmospheric pressure 

inside the vacuum chamber was kept at around 6*10
-6 

mbar, the evaporation rate 

was increased gradually from 0.1 Ås
-1 

to 1 Ås
-1 

monitored using a MAXTEC INC. 

model TM-100 thickness monitor. The currents and voltages were kept at 34.5-

35.6A and 1.09-1.26V respectively, controlled by a Sorensen DLM 10-60 power 

source.  

In a few cases, after evaporation, burned edges were observed in the final pattern. 

This may be due to faster or slower evaporation rates, increased temperatures or 

from metal contamination. 

 

3.2.3 Anodization   
 

To create a thin, pinhole free, Al2O3 dielectric (insulator) layer, a 100 nm thick Al 

gate film was chemically anodized using a citric acid- and potassium carbonate 

solution. The solution was prepared by diluting 0.8 gm of 28 mM potassium 

carbonate (K2CO3) in 200 ml of DI water and adding 0.528 gm of 13 mM citric 

acid (C6H8O7) resulting in a citric acid anodizaion electrolyte having a pH of 6.6. 

The addition of the potassium carbonate only serves as a modification of the 

acidity of the solution. The citric acid solution has a very low pH, resulting in 

delamination of the aluminum films during the anodization process. An 
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anodization electrolyte with pH closer to 7 has been shown to result in a higher 

yield of working devices. 

A platinum plate was used as cathode and the Al electrodes served as anodes. The 

voltage over the electrodes was increased gradually from 0 to 5 V, keeping the 

current from ever exceeding 600 μA, and the anodization, was done for no longer 

than 10 minutes. At the end of the anodization, a current of roughly 6 μA would 

circulate through the anodization circuit. When current starts flowing through the 

circuit, the hydrogen ions start moving to the cathode where they are reduced to 

hydrogen gas. 

Equation of the cathode reactions: 

                                        2H+ + 2e- → H2 (g)                (3.1) 

Simultaneously, positively charged aluminum ions (Al3+) start to generate in the 

anode. At the anode surface they react with the oxide/hydroxide ions and begin to 

form aluminum oxide. 

Equations of the anode reactions: 

           Al → Al3+ + 3e-                (3.2) 

          2Al3+ + 3O2- → Al2O3       (3.3) 

                                  2Al3+ + 3OH- → Al2O3 + 3H+      (3.4) 

For which the overall anodization reaction of aluminum is: 

                             2Al + 3H2O → Al2O3 + 6H+ + 6e-    (3.5) 
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After the anodization process the Al gates were taken out of the electrolyte and 

the films were rinsed with DI water to get rid of the unwanted substances and 

metal contamination from the substrate surface. The approximate thickness of 

dielectric layer is ~5 nm. 

 

3.2.4 Drying 
 

After the anodization and cleaning were completed the substrates were kept inside 

the BINDER vacuum oven in 100°C for at least 16 hours.  

 

3.2.5 Plasma Treatment 
 

Oxygen plasma treatment is a safe and environmentally friendly method for 

surface cleaning, activation and bonding. Critical cleaning is necessary to remove 

organic surface contamination from the materials thus plasma treatment is a 

suitable choice. By using a dry plasma treatment, the metal oxide surface can be 

cleaned without any mechanical damage and harmful waste. 
38

 It also improves 

the surface characteristics and the performance of the dielectric layer, by creating 

a more wettable gate surface. It has a significant effect on the threshold voltage. 
39

 

The dry oxygen plasma treatment was done using a BAL-TEC/SCD050 Sputter 

Coater in vacuum kept at 10
-1

 mbar pressure of oxygen. A high current (6 mA) 

was applied over the oxygen igniting it and creating the oxygen plasma. The 

plasma was kept for 30 seconds in order to induce a static charge on the oxide and 
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in order to make a hydroxyl-rich surface, where the following SAM attachment 

could better adhere to the surface.
40

 

 

3.2.6 SAM Attachment 
 

The ODTS (Sigma-Aldrich) solution was dissolved in toluene. The solution was 

prepared by mixing 70 ml of toluene with 2.73 ml of ODTS. After the plasma 

treatment, the Al gates were submerged in the ODTS:tolune solution and kept at 

60°C temperature for 15 minutes. After the SAM attachment the Al gates were 

cleaned in a n-hexane bath followed by rinse with acetone and isopropanol.  

 

3.2.7 The Semiconductor Layer 
 

The regioresular poly(3-hexylthiophene), OS 2100, purchased from Sigma-

Aldrich (P3HT) was dissolved in anhydrous chlorobenzene (Sigma-Aldrich) (CB) 

at 2 wt%. The solution was heated and ultrasonicated for 30 minutes at 70°C and 

filtrated using a 0.2 μm PTFE filter. The P3HT solution was made to spin coat the 

OFET semiconductor layer on top of the previously attached ODTS SAM. The 

spin coating was done in glove box for 15 seconds at 1200 RPM. After the spin 

coating the samples were annealed for 20 minutes in 100°C.  
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3.2.8 The Gold Electrodes 

 

After spin coating the semiconductor layer, the samples were kept inside the 

glove-box, while they were mounted into a specific shadow mask, that would 

create source- and drain electrodes having a channel length of 30 μm and a width 

of 1500 μm. Gold source- and drain electrodes were then evaporated inside the 

vacuum chamber. 

 

Figure 15. A PET substrate with three pairs of source- and drain electrodes, having channel 

lengths and widths of 30 and 1500 μm, respectively. The 100 nm thick Al gate, covered by a ~5 nm 

Al2O3 layer and a few nm thick  SAM can be seen as a thin dark stripe across the three devices. 

The 50 nm thick pink semiconductor has the three Au source- and drain electrode pairs on top of 

it. 

Under 9*10
-6 

mbar pressure, the evaporation rate was kept at 0.2Ås
-1 

until 20nm 

Au had been evaporated, then for the rest of the 20nm, the rate was kept at 0.4 Ås
-

1
. A final thickness of 40 nm was achieved for the electrodes. After the 

evaporation was done, silver paste was used on the edges of the electrodes in 

order to ensure a more robust contact, with the measurement needles, on repetitive 

measurements. 
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The circularly shaped sensing platforms were also evaporated of  30-40 nm thick 

Au, connected to the OFET floating gate using silver paste. 

 

Figure 16. A picture of a completed sensor with both the transistor part (three sets of transistors 

all having the same floating gate) and the sensing part, joined by some silver paste. 

 

3.3 Measurements on OFETs 

 

All of the transfer- and output characteristics (I-V) analyses were done with an 

Agilent 4142B Parameter analyzer (Agilent Technologies Inc.) connected to a 

computer. The measurements of the OFETs were done inside a nitrogen-

containing glovebox. The measuring instruments were controlled with suitable 

LabVIEW software (National Instruments Crop.).    
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Figure 17. A screenshot of a LabVIEW program interface, used in electrical measurements. 

The raw data collected with the LabVIEW programs were used to plot transistor 

curves using Origin software. The measurement needles were used to probe the 

source-, drain- and gate electrodes. 

 

 

Figure 18. The measuring station with needles probing the transistor electrodes. 
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4. Results and Discussion 

4.1 The Al2O3 OFET 

 

An Al2O3 transistor was fabricated according to the description presented in 

chapter 3.2. The device was measured and stored in nitrogen-containing glovebox 

over a period of four months. The transistor characteristics are presented in the 

following sections. 

 

4.1.1 Transfer Characteristics 

 

 

Figure 19. Transfer characteristics for a typical p-channel OFET. The transfer curve is measured 

in the saturated region and the square-root of ID is also shown in the plot. 
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4.1.2 On/Off-Ratio 

 

With an increasing gate potential, the OFET goes from the off-state to the on-state 

and ID increases gradually. The switching behavior of the OFET can clearly be 

seen from the characteristic transfer curve. At higher VG, the transistor is in on-

state and shows high currents compared to those at lower VG, when it is in off-

state. The On/Off-ratio can be obtained from the plot and mathematically, it is just 

the ratio of ION/IOFF. In Fig. 19 it is on the order of 100. This ratio characterizes 

the OFET’s ability to switch a signal from on to off. 

 

4.1.3 The Threshold Voltage 

 

In the OFET, the operating window, and by extension also the threshold voltage is 

heavily dependent on the thickness of the dielectric and thus is the choice of the 

metal oxide very important. In order to achieve high on-currents at low voltages, a 

thinner oxide layer is advantageous. A thinner oxide layer results in lower 

threshold voltages. It is a crucial improvement in the device fabrication process, 

which also comes with a cost. A thinner oxide layer increases the chance of 

higher sub-threshold leakage current, which can result in greater power 

consumption, or even in device failure, due to pin-holes. Also, a lower threshold 

voltage will result in higher off-currents. It is therefore a design trade-off. In this 

thesis, the design of the dielectric resulted in an oxide thickness of ~5nm and a 

~2nm SAM thickness. The entire insulator layer does not extend beyond 10nm, 

which is fairly low. From Fig. 19, it can be seen that the threshold voltage is 

nearly zero, which is preferable.  
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4.1.4 The Turn-On Voltage 

 

In Fig. 19 it can also be seen, that the subthreshold current starts to increase at VG 

= -0.5V, which is defined as the turn-on- or onset voltage of the device. This is 

the minimum value of VG, above which the conductivity between the source and 

the drain electrodes begins to be established and the conductivity increases 

exponentially with increasing value of VG. 

 

4.1.5 Subthreshold Conduction 

 

The subthreshold swing, S, is defined as the inverse slope of the log (ID) vs. VG 

characteristic in the subthreshold region and can be mathematically expressed as, 

              
 |  |

 
   |  |                 (6.1) 

Here, the units are in volts per decade and typical values around or above S ≥ 60 

mV/decade, can be found. The transition from off-state to on-state is gradual and 

it can be seen more clearly on a logarithmic scale. The subthreshold swing, 

calculated for the device, is 130 mV/decade, which is fairly good for a device 

having an insulator thinner than 10 nm. 
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4.1.6 Hysteresis 

 

The transfer curve was swept both back and forth in order to determine if any 

hysteresis was present or not. Depending on microscopic effects, hysteresis can be 

seen in OFETs, mainly due to trapped charges in the active channel, or 

electrochemistry and/or slow ion movement in th electrolyte of ion-modulated 

transistors. A threshold voltage shift caused by a bias stress effect, can cause 

hysteresis in the OFET output curve.
41

 From the Fig. 19, it can be seen that there 

is no hysteresis effect and that the OFET is performing as desired. It appears that 

the dielectric layer and the channel is working properly, without any substantial 

degradation. Also, an approximately linear slope in the liner region indicates that 

the contact resistance is negligible.  

 

4.1.7 Device Parameters 

 

The device parameters were measured and analyzed from the transistor which had 

the on/off ratio on the order of 100 and best performance among previously made 

batch of transistors and the plot is shown in Fig. 19. 

Device parameter Value Unit 

Drain off-current, IOFF 3.46*10
-9 

Ampere [A] 

Drain on-current, ION 9.69*10
-7

 Ampere [A] 

Gate current, IG 3.73*10
-8 

Ampere [A] 

On/Off-ratio 2.88*10
2 
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Table 2. The device parameters of an OFET extracted from the transfer curve plotted in Fig. 20. 

 

4.1.8 Output Characteristics 

 

 

Figure 20. Output characteristics of a typical p-channel OFET. 

In the output curve, shown in Fig. 20, VD was swept at different constant VG. It 

can be seen that there is a visible transition from the linear regime to the 

saturation regime. The device is operating in the linear regime when |VD| ≤ |VG – 

VTH| and in the saturation regime when |VD| ≥ |VG – VT|. The linear regime lies 

between the threshold voltage, almost 0 V in this case and the point of pinch-off. 

In this region ID increases linearly with increasing VD. 

 

Threshold voltage, VTH Nearly 0 Volt [V] 

Turn on voltage, Vo Nearly 0 Volt [V] 



 
 
 
 

48 
 

ID can be expressed mathematically as, 

                                 
 

 
  FE    ( G –  T –

 
 

 
) 

                        (6.2) 

Where W and L are the channel width and length, respectively, and μFE is the 

field-effect mobility. If we assume that, VD << VG and take the derivative of the 

equation with respect to VD, the channel conductance gD is defines as, 

                          
   

   

       
 

 
  FE    ( G –   )               (6.3) 

This is zero in the saturated region. At, VD = VG, the charges closer to the drain 

becomes depleted and ID will be pinched off because of this. Thus, the current 

becomes saturated. The saturated current, ID, can be expressed mathematically as, 

                                     
 

  
        (   –   )                   (6.4)  

Considering that the current remains constant after the pinch-off point; VD = VG.  

A different output curve of the same device that was measured in Fig. 20 has also 

been drawn in Fig. 21. Here, |VG| was kept below 1 V and one can see that there is 

much clearer saturation when the device is being measured deep in the saturated 

region (VG << VD). 
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Figure 21. Output characteristics of a typical p-channel OFET measured when VG << VD. 

 

4.1.9 Device Stability 

 

The fabricated Al2O3 OFETs were kept in nitrogen-containing glovebox in 

minimum exposure to light. The procedure described in chapter 3.3 was followed 

and the same transistor device was used to analyze transfer and output 

characteristics after 4 months to see whether the device is stable enough to 

perform tests with after a long time after fabrication. The before and after 

transistor curves are plotted in Figs. 22 and 23. The device seems to be 

functioning without any substantial degradation in any of the device characteristic 

parameters. A slight increase in hysteresis was, however, observed. This may be 

due to oxidation of the semiconductor layer or due to degradation of the dielectric 

layer, keeping in mind that the device had been stored for four months in between 

the measurements.  
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Figure 22. Transfer characteristics for a p-channel OFET. The transfer curve is measured in the 

saturated region. This is measured after 4 months. The dashed line plots indicate the transfer 

characteristic measured before 4 months. 

 

Figure 23. Output characteristics of a p-channel OFET measured after 4 months. The dashed line 

plots indicate the output characteristic measured before 4 months. 
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4.1.10 Device Parameters 

 

The specific transistor for which device parameters were measured in chapter 

4.1.7 was tested again after 4 months. 

  

Device parameter Value Unit 

Drain off-current, IOFF 2.03*10
-9 

Ampere [A] 

Drain on-current, ION 3.80*10
-7 

Ampere [A] 

Gate Current, IG 3.37*10
-8

 Ampere [A] 

On/Off-ratio 1.87*10
2 

 

Threshold voltage, VTH Approximately 0.5 Voltage [V] 

Turn on voltage, Vo 0.53 Voltage [V] 

 

Table 3. The device parameters of the same OFET measured after 4 months, extracted from 

transfer curve plotted in Fig.22. 

 

4.2 Charge Based Detection 

 

To mimic a biochemical reaction, often referred to as a PPTM (see chapter 2.7.9), 

having an electrically detectable charge, a gold surface was treated with a 

particular type of SAM. The SAM was dissolved in a buffer solution before its 

application. The SAM used was 12-mercaptododecanoic acid, MDA dissolved in 

ethanol, EtOH, at a concentration of 50 mM. The solution is applied on top of a 

gold surface and left to spontaneously assemble onto the surface. After this 
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process, the SAM, when placed in a high pH buffer, becomes negatively charged. 

After this, the charges can be rinsed away using a low pH buffer. The same 

process can be repeated several times. The buffer solutions used were 50 mM 

NaxHgPO4 of pH 7 and pH 2.5, respectively. Tests were carried out in two 

different conditions using one of the earlier made transistors, one inside the 

glovebox and the other outside in ambient atmosphere.  

 

Figure 24. The activation of the SAM with a buffer solution of pH 7 and then discharging the SAM 

with a buffer solution of pH 2.5. 

 

First, the sensor setup, presented in Fig. 9, was tested normally without any 

substance in the sensing platform. Then a droplet of MDA solution was deposited 

on the sensing platform. After the natural vaporization of the droplet solvent, the 

residue (SAM) was charged using a droplet of buffer solution of pH 7. The 

electrical characteristics were measured again and compared to the initial 

measurements and the results can be seen in Fig. 25. The buffer droplet was 

present on the sensing electrode surface throughout the measurement. After the 

measurement was done, the buffer droplet was removed and the surface was 
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discharged using the pH 2.5 buffer solution. The electrical characteristics were 

again measured. 

 

Figure 25. Electrical characteristics observed inside glove box before and after depositing MDA 

solution in the sensing platform. 

 

From Fig. 25 it can be seen that there is a threshold voltage shift after the 

deposition of the SAM. A VT shift, due to a charged SAM was detected. However, 

the shift in VT after discharging the SAM using the pH 2.5 buffer solution was not 

substantial. The same sensor was then used to measure the electrical 

characteristics outside of the glovebox, in air. For comparison, the same 

measurements were repeated using another sensor. The results can be seen in Fig. 

26 and 27. 
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Figure 26. Electrical characteristic measurement of sensor sample 1 after the deposition of MDA 

solution (outside of the glovebox, in air). 

 

This time, the sensor was measured without the MDA solution first and then the 

MDA solution was deposited on the sensing electrode and immediately after, 

charged with pH 7 buffer solution. The droplets were kept on the sensing platform 

and repeated measurements were done, to monitor the varying threshold voltage 

over time. It can be seen, that a distinct shift in threshold voltage over time, is 

present in this analysis. A similar shift in VT is present also in the measurements 

of the second sensor, named sample 2 in Fig. 27, after the deposition of the SAM.  
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Figure 27. Electrical characteristic measurement of sensor sample 2 after the deposition of MDA 

solution (outside of the glovebox, in air). 

 

It can be concluded that the sensor was able to detect some sort of variation in 

charge from its sensing platform, but the electrical signal change as expected, was 

not substantial and clear enough to be dependable. Hence, a more detailed 

analysis of these measurements and different methods of measurements must be 

done in future.  

 

4.2.1 Bias-Stress Effect 

 

An applied gate-source voltage, VG can change the threshold voltage of a field 

effect transistor over time, which is known as the bias-stress effect. A negative 

gate-source voltage VG in a p-channel transistor can induce this effect, which will 

result in shift of the threshold voltage towards more negative values. This effect is 

due to trapped carriers in localized states in the conduction channel or in the 
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dielectric. With more trapped charges over time, it can significantly change the 

threshold voltage towards more negative values.
42

 So it is also needed to be 

clarified that the changes observed in these measurements are not from bias-stress 

effects in the OFET itself.  

 

4.3 AFM analysis  

 

The surface of OFETs was analyzed using atomic force microscopy (AFM), and 

especially the channel in between the two Au electrodes was analyzed in order to 

check the surface roughness and polymer growth. The AFM pictures presented in 

Figs. 28 and 29 have been processed using Gwyddion software. In few spots, pin 

holes can be seen in the channel.  

 

 

Figure 28. Surface morphology of the channel and Au electrodes over 50 μm x 50 μm surface 

area. 



 
 
 
 

57 
 

 

Figure 29. Surface morphology of the channel, polymer growth can be seen over 20 μm x 20 μm 

area . 

 

4.4 Capacitive- and Potential-Based Detection 

 

Because of instability of the OFET system and unclear detection of biochemical 

reaction from the sensing platform a different, more stable approach is proposed. 

The capacitive difference between two sensing electrodes will be tested using 

MDA solution charged with buffer solution of pH 7 and discharged afterwards 

with buffer solution of pH 2.5. In this setup one of the electrodes will be used as a 

reference electrode to compare the capacitive difference with the other electrode 

which is already charged with MDA solution. These two electrodes of the sensor 

will work as two plates of the capacitor connected with two resistors. A function 

generator will be used to generate square waves and an oscilloscope will be used 

to analyze the output waves over the capacitor connected to a computer and using 

a LabVIEW program. The whole setup worked as a resistor-capacitor-resistor or 

RCR circuit. 
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Figure 30. Simplified schematic of the RCR setup. 

 

  

Figure 31. The structure of sensor cell. 

 

Aforementioned procedure will also be followed and measurements will be 

carried out using a MISFET setup for potential based detection. 
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Figure 32. Simplified schematic of MOSFET setup. 

 

The main difference in these two experiments is in the first RCR setup the 

capacitance change in the gold electrodes is measured directly and in the second 

setup the potential variation in the sensing electrodes is measured over a 

MOSFET via transistor transfer characteristics. 

Summary 

 

The conductivity comparison of different semiconductors under different pH 

values was done. The transistor part of the floating-gate OFET platform model 

was successfully completed and several batches of transistors were made and the 

quality was tested. Most of the transistors worked properly under ambient 

condition and showed same characteristics over four to five months without any 

substantial degradation. Hence, these transistors are durable, environmentally 

stable and reproducible in the same manner. The integration between transistor 
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and sensing platform was done and tests were carried out with MDA solution. The 

charge based detection by a threshold voltage shift was observed but more tests in 

different methods and thorough analysis of those data are necessary in future to 

clarify the outcomes. The bias-stress effect of the platform is a great concern 

because it can cause threshold voltage shift over prolonged measurements and can 

thus produce wrong results. Also the deposited charge in the sensing platform 

may not strong enough to actually shift the threshold voltage to a substantial 

amount. So the charge based detection can be very tricky and not clear enough to 

conclude such results. Also charge based detection platform may not be a suitable 

option for this kind of platform design for which a more stable approach is 

proposed at the end of this work. 
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Appendix 

 

Chemical structures of materials used 

 

 

1. Acetone (C3H6O)  

 

 

 

2. Isopropanol (C3H8O) 
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3. ODTS (CH₃(CH₂)₁₇SiCl₃) 

 

 

4. 1,2,4-trichlorobenzene (C6H3Cl3) 

 

 

 

5. P3HT ((C10H14S)n) 
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6. Potassium carbonate (K2CO3) 

 

 

 

 

 

7. Citric acid (C6H8O7) 
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8. PET ((C10H8O4)n) 

 

9. PLLA (Poly (lactic acid) or polylactide (PLA)) 

 

 

 

10. PQT-12 (Poly (3, 3‴-didodecylquaterthiophene)) 
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11. PEDOT: PSS (Poly (3, 4-ethylenedioxythiophene) Polystyrene sulfonate) 

 

 

12. 12-Mercaptododecanoic acid 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
http://en.wikipedia.org/wiki/Polystyrene_sulfonate
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