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ABSTRACT 
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Printed and flexible circuitry has vast potential for novel applications in fields such as sensing 
and body measurements, due to the simple processes and the possibility of integration of sensor 
and circuitry using the same production processes. However, there are numerous issues inhibit-
ing the use of such circuitry, including the issue of relatively high voltage operation and the need 
for low voltage, low power complementary circuitry. Solution-processed n-type metal oxide TFTs 
operating at low voltage have been reported in few papers, although work to reduce the pro-
cessing temperature is still on-going. While high mobility p-type organic materials have been 
available for some time, the operating voltages are still relatively high. The availability of reliable 
and low operating p-channel organic FETs will foster the development of fully solution-processed 
integrated circuits. 

In this work, low-voltage organic TFTs with dimension characteristics of (W=1000µm and 
L=80µm), were produced on glass which is cheap and widely available. A bottom gate bottom 
source-drain (S/D) structure was used. The gate was made of 100nm of evaporated aluminium. 
A ~12 nm thick high-k dielectric layer (Al2O3) was obtained by electro-chemical anodization of 
aluminium in a 0.01 M solution of Citric Acid at room temperature, under a current density of 105 
µA/cm2. The S/D electrodes were made of a 100nm layer of evaporated Silver, modified by treat-
ment with a self-absorbed monolayer (SAM) to improve charge injection. We used a commercial 
(SP400, Merck), organic semiconducting material as active layer. It was deposited by spin coating 
at 500rpm for 15 seconds and 1200rpm for 120 seconds. Unlike the previously reported operation 
voltage of 30V using the same material, we demonstrated devices working below the low drain 
bias voltage of -3 V. We achieved an ON/OFF current ratio of 103; a turn-on and threshold voltage 
(Vth) of -1.4V. The hole mobility is found to be 0.01cm2/V.s. The results show promise for further 
development and optimization of the p-channel OTFTs. This may lead to printed circuitry on flexile 
substrates instead of glass to provide application in several sectors.  
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1. INTRODUCTION 

Organic electronics is an interdisciplinary field of science and technology that deals with 

designing, fabrication, characterization and application of organic materials, with desira-

ble electrical properties, into electronics. It’s a rapidly growing field with many promising 

and interesting features already introduced and more to come. But there also are nu-

merous challenges in this field to overcome. This field started its journey with the discov-

ery of conductive polymers in 1977, by Heeger, Mac Diarmid and Shirakwa et al. [1]. The 

authors were awarded the Nobel Prize in 2000, in Chemistry [2]. 

The main advantages of organic electronics over traditional electronics lie the low cost 

of these material and the deposition methods which can be deployed in fabrication of 

these devices, for example: different mass scale printing methods. Organic materials 

also offer the possibility to tune their chemical properties, eventually their device perfor-

mances, by altering their chemical structure. Although organic electronics is way behind 

to become an alternative to their inorganic counterparts in most of the applications, but 

they offer a new horizon of possibilities for flexible and large area electronics. Light-

emitting diodes [3], solar cells [4], diodes [5] [6], thin-film transistors [7] are some the 

examples of works making an impact in electronics. 

The structure of OTFTs is similar to inorganic thin-film-transistors. The self-defining prop-

erty of OTFTs is the active layer, which is an organic material. The organic semiconduc-

tor material used in this thesis work is commercially produced by Merck and named by 

the producer as SP400. It is an organic polymer. The details on this material are intro-

duced later in this writing. The electrodes used are of Aluminium and Silver. They were 

chosen after testing several materials as the electrodes and selecting the best possible 

option to reach the goal of this work. 

Low operation voltage is probably one of the most desirable property of organic thin film 

transistors. Such operation is reported [8] for n-type inorganic thin film transistors al-

ready. The primary goal of this research work was to develop p-type OTFTS, from com-

mercially produced organic semiconductors which can operate at very low voltage (~3V). 

It was already reported by Merck [9] that their organic material, SP400, can produce 

OTFTs operating at about 30 V operation voltage. Those devices were produced using 

low dielectric constant organic materials as the gate insulator layer. The OTFTs need 
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high operating voltage because the charge carrier mobilities of organic semiconductors 

are low and hence, to accumulate enough charge carriers, high dielectric layer capaci-

tance is required. Another point to note is that, a thick layer of low-k dielectric provides 

a lower capacitance value for the gate insulating material. At the same time, the insulat-

ing layer has to be made thick to reduce leakage current, and hence results in lower 

capacitance. 

The main challenges what are resolved during this OTFT development work are: select-

ing the right electrode materials for the selected semiconductor material, reducing the 

so called contact resistance between the electrodes and active layer using self-assem-

bled monolayer, selecting the right structure for the OTFT that suits with the fabrication 

procedures, materials and device performances, choosing and depositing the right high 

dielectric constant material as the insulator and the ultimate target to minimize the oper-

ating voltage for the OTFTs. 

As a high-k dielectric material Aluminium Oxide, Al2O3 was selected. The reported die-

lectric constant for this anodized Al2O3 is 9.3 [8]. 
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2. THEORETICAL BACKGROUND 

In this chapter transistor theory is approached in a stepwise manner from the field-effect 

transistors to the OTFT level so that the discussions in the subsequent chapters are 

easily followable. In order to describe the devices, firstly some basic device elements 

are studied thoroughly. 

2.1 Semiconductors 

Semiconductors are materials having intermediate electrical conductivity between con-

ductors (metals) and insulators. Conductivity of these materials can vary over different 

orders of magnitude with the change in impurity content, temperature and optical exci-

tation. Such variation in electrical properties of these materials makes them a natural 

choice while investigating electronic devises. There are several types of semiconductor 

materials. The wide range variety of electronic and optical properties of semiconductor 

materials provides a flexible choice for the device engineers to get different electronic 

and optoelectronic functions. [10]  

As this work entirely deals with organic semiconductor materials, the further discussions 

are focused towards the organic semiconductor properties, their molecular structure, 

charge transport within organic semiconductors and carrier injection from electrodes to 

organic semiconductors. 

2.2 Organic Semiconductors 

In the field of organic and large-area (flexible/stretchable, printed) electronics, organic 

semiconductors with conducting and semiconducting properties are essential materials. 

In conventional inorganic semiconductors atoms are highly ordered in closely spaced 

lattice, unlike the organic semiconductor materials structure. Organic semiconductors 

are molecular or polymeric structure materials which held together with weak Van Der 

Waals forces mainly.  

Despite their variety in structures, conducting polymers share one common property that, 

along their polymeric backbone they all have conjugated alternating single and double 

bonds. This leads to the synonymous application of the terms conjugated and conducting 

[11]. Two widely studied small conjugated organic molecule materials are rubrene and 

pentacene. 
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2.2.1 Organic semiconductor molecular structure 
When the carbon atoms have hybridized-sp2 bonding with single valence electron in one 

non-hybridized p-orbital, then they can have covalent double bonding as Hϋckel model 

suggests. 𝜎 bonds are created with the neighboring atoms in these hybridized orbitals. 

A perpendicular structure exists between the p-orbitals and the plane of the hybridized 

orbitals and a π molecular orbital is created between two neighbouring carbon atoms. 

Figure 2.1 (a) depicts that these π bonds extend in both directions, below and above. 

Symmetric combination of p orbitals is a must to have π orbital bonding, i.e. the wave 

function signs must be of the same sign. An asymmetric p orbital combination results to 

a 𝜋∗ antibonding orbital having higher level energy. Pauli’s exclusion principle tells two 

electrons with opposite spin can be accommodated in each orbital. [12] 

On every single carbon atom, non-hybridized p orbitals are corresponded by the periodic 

single and double bonds in the carbon chain, the orientation between the orbital and the 

zigzagging carbon chain plane is perpendicular. The length of the chain is extended by 

the π molecular orbital, formed by the p orbitals. As a result, electrons get delocalized in 

these orbitals, demonstrated for butadiene in figure 2.1 (b) [13]. 

The number of p orbitals participate in the conjugation is same as the number of created 

π molecular orbitals. The lowest possible energy levels are occupied by the electrons 

what in turn gives rise to the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). Closely spaced energy levels are formed with 

Figure 2.1. Non-hybridized p orbitals create conjugation. There is one electron in each 
orbital originally. Different wave funcions signs are denoted with the gray and white p-
orbital lobes. 
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increasing chain length [14]. This phenomenon is illustrated in figure 2.2 for simplest 

conjugated molecules, i.e. polymers. The first conjugated polymer that demonstrated 

electrical conductivity was Polyacetylene [1]. 

Structural dimerization occurs in polyacetylene due to the so-called Peierls instability 

phenomenon: the carbon bonds in the chain are unequally spaced and alteration of 

shorter and longer lengths are observed. This phenomenon, dimerization, is superior to 

equal bond lengths from energy point of view. Due to this Peierls instability, polyacety-

lene molecules even with arbitrary length accommodates a band gap [2] [15]. 

The average of the extended length by π molecular orbitals is defined as conjugation 

length. Figure 2.2 depicts that the energy band gap between HOMO and LUMO level 

decreases with the increment of the conjugation length. Another way to conclude the 

same phenomenon is the simple quantum mechanical problem: “particle in a box”, that 

prescribes the decrement of the consecutive energy level spacing with an increasing box 

length [16]. The oxidation energy level is also represented by HOMO level of a polymer: 

if the homo level is high, the corresponding oxidation potential is smaller, and vice versa. 

So, a polymer with higher HOMO energy level is more prone to oxidation. 

Only the chain length alone cannot define the conjugation length of a polymer. Disor-

dered polymer structure, mainly in amorphous polymers, is responsible for the π conju-

gation interference. Along with polymer structure, material synthesis and processing pro-

file also affect the conjugation length [14]. 

Figure 2.2. Increasing chain length with alternating single and double bonds results 
higher HOMO level, reducing the band gap. Adapted from [48] 
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2.2.2 Organic semiconductor charge transport mechanism 
The early stage research held the idea that only by oxidizing the polymer conductivity 

could be raised, i.e. with chemical dopants such as halogen atoms. As a result, a radical 

cation was created that moves along the chain. But recent research focuses more on 

polymers what allow charge injection from the electrodes to the material or vice versa. 

This functionality is important in different applications, e.g. FETs, LEDs, solar cells etc. 

[17] 

An anion or radical cation is created when charges are injected into semiconductor pol-

ymer. The surrounding polymer chain sections and the other molecules around gets po-

larized with the charge, the new charge gets accommodated by changing electron dis-

tribution and new configuration is created by relaxing the atomic nuclei. The deformation 

introduced by the charge is defined as the polaron [18]. The polarons are quite localized 

when they are chemically doped, e.g. halogen atom doping. The reason is understand-

able that the opposite charged polarons are stabilized by the counter ions. When the 

charge injection occurs from the electrode to the semiconductor, larger area is gets cov-

ered by the polarons in the material [19]. 

Binding of two polarons creates Bi-polarons in some polymers, depicted in figure 2.3. 

This bi-polaron is a more stable structure. The degenerate ground state of a molecule is 

defined as the lowest attainable energy level with different structures. The molecules 

having such degenerate ground state can form a soliton. Solitons are similar to polarons 

in the way that their creation cause distortion of bonds that can spread along many mon-

omers. Solitons can either be neutral or charged [20]. 

Despite there are several charge transport models for organic semiconductors, yet the 

complete mechanism is not entirely known. Individual atoms’ wave function can overlap 

in inorganic semiconductors due to the periodic lattice structure, resulting in continuous 

band of energy. Within this band the charge carriers can move comparatively freely [10]. 

Figure 2.3. Polaron (positively charged) and bi-polaron (doubly positive)in poly(p-
phenylene), four monomer units are covered [14]. 
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Such band transport in organic materials are prevented with higher disorder in the struc-

ture. Polymeric semiconductors may exhibit complete amorphous structure. As a result 

of this disorder charges are localized as polarons. [15] 

The hopping model is generally the most accepted charge transport model for organic 

semiconductors. This model describes the charge transportation as a sequential occur-

ring redox process throughout molecular sites [21]. According to this model, the conduc-

tivity increases with temperature increment, i.e. hopping is activated thermally. This phe-

nomenon is observable in polymer semiconductors with amorphous structure [22]. 

Charges can also move by tunnelling from one site to the other and this transport occurs 

only at low temperatures. Hopping transport is dominant at standard room temperature 

[23]. Temperature dependence is opposite in inorganic semiconductors; the conductivity 

reduces as the temperature goes higher. This results from greater lattice scattering of 

the charge carriers with temperature rise [10]. 

The Marcus electron transfer theory [24] was proven for redox reaction in solutions, and 

can also describe the hopping transfer mechanism. The Marcus theory presents that 

charge transport can occur only when the initial and final states are altered to a common 

structure. This theory is significant to understand the charge transfer in a microscopic 

process [22]. For large and disordered systems more simpler models are developed [15] 

[25]. 

There are two main types of organic semiconductors: hole (p-type) and electron (n-type) 

transporting semiconductors. In conventional inorganic semiconductors the p- and n-

type materials are represented with completely different definition: doping impurity ma-

terial type determines the charge carrier type. In organic semiconductor classification it 

is simply done by the material performance within devices. Materials with better hole 

injection and transport properties are referred to as p-type materials, while n-type mate-

rials show better injection and transport of electrons. In general understanding, materials 

having high HOMO level are p-type (hole transporting), and materials having low LUMO 

level are n-type (electron-transporting.) 

There is another type of organic semiconductor which is called ambipolar material. Am-

bipolar materials can conduct both holes and electrons [11] [23]. 

2.2.3 Semiconductor and metal electrode interface 
One common scenario of charge injection is from electrode to the semiconductor mate-

rial in devices. Hence inspection and analysis of the semiconductor and electrode inter-

face junction nature is significant. For simple understanding, metal junctions to inorganic 

semiconductors can be examined. Even though the charge transfer mechanism differs 
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in organic and inorganic materials, junction formation principals are the same in both 

cases. Most of the organic semiconductor materials are hole transporting (p-type). The 

material used in this work is also a p-type material. Therefore, metal to hole transporting 

semiconductor material is studied here. 

The charge transfer occurs when the Fermi levels of the metal and semiconductor are 

aligned, and they are in contact. The contact might be a rectifying contact (denoted as 

Schottky contact), or an ohmic contact when there is a free flow of current (following the 

Ohm’s law). This contact type is dependent on the materials’ work functions 𝛷: the re-

quired energy to dislodge an electron from the surface. As the Fermi level is defined as 

the energy level where the probability is ½ to find an electron, therefore, the difference 

between the vacuum level (free electron energy) and the Fermi level essentially denotes 

the work function of a material [10]. 

When the metal work function Φ𝑚 is smaller compared to the p-type semiconductor work 

function Φ𝑆 (meaning that semiconductor has a lower Fermi level), the electrons will 

move to the semiconductor valence band (as it is a lower energy level) from the metal. 

At the interface positive charges are left in the metal. A depletion region at the semicon-

ductor interface is created resulting uncompensated (with holes) acceptor dopant ions. 

As depicted in figure 2.4, hole energy barrier rises at the interface as a result of the 

bending of the valence and conduction bands. This barrier is denoted as the Schottky 

barrier. By applying external voltage this barrier height can be altered (increased or de-

creases). This leads to rectification: current can flow quite freely when forward biased 

(positive semiconductor biasing), but it cannot flow freely in reverse bias [33, pages 227-

230]. 

The charge transfer mechanism of the contact formation is the opposite when the p-type 

semiconductor has a smaller work function than of the metal: holes and electrons get 

Figure 2.4. Metal to p-type semiconductor Schottky barrier. Adapted from [10] 
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accumulated, at the semiconductor and metal side of the junction, respectively. A point 

to note here is that, since organics are usually depleted, there is a high probability that 

there is no band bending. Now, the barrier at the junction for the charge carriers is small 

(figure 2.5) and it can be overcome applying a low external voltage. This type of contact 

is denoted as ohmic contact. [33, page 231-232] 

 

For efficient charge injection ohmic contacts are required in devices. This requirement is 

valid for field-effect transistors. The HOMO level in organic semiconductors corresponds 

to the inorganic materials’ valence band. The metal Fermi level is required to be the 

same (approximately) or lower than the HOMO level of the p-type semiconductor to have 

an ohmic contact, because usually the valence band in p-type semiconductors lies a little 

below its Fermi level. This means that the work function of the metal is required to be 

greater or at least equal to the ionization energy of the semiconductor. 

The semiconductor polymer used in this work, SP-400, is a commercial p-type semicon-

ductor produced by Merck. The HOMO and LUMO level of this material is uncertain as 

the producer did not disclose the full specification of the material. Theoretically we could 

estimate them from cyclovoltammetry but there is a huge uncertainty due to solvent ef-

fects. 

2.3 Field-effect Transistors (FET) 

Modern electronics is almost solely dependent on transistor technology. This trend 

started with the bipolar transistor invention in 1948. This transistor and its field-effect 

version (FET) have a huge influence in modern civilization almost everywhere. Transis-

tors are essentially three terminal devices. For bipolar-junction transistors they are 

named as collector, base and emitter; FET they are named as drain, source and gate 

Figure 2.5. Metal and p-type semiconductor ohmic contact. Adapted from [33] 
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etc. The control parameters are different in different transistors. For example, BJT is a 

current-controlled device, FET is a voltage-controlled device. The discussion here is kept 

mainly focused on the FETs as the developed devices (OTFTs) in this thesis work are 

some special version of FET devices. 

There are several versions of field-effect transistors. With the variation of control voltage 

(gate voltage) of JFET, the width of the reversed biased (p-n junction) depletion region 

of it is controlled. By replacing the junction with a Schottky barrier metal-insulator-semi-

conductor FETs (MESFET) are built [10]. If the metal gate electrode is separated from 

the semiconductor layer by an insulator metal-insulator-semiconductor FETs (MISFET) 

are obtained. When an oxide layer is used as the insulator those devices are called, the 

popular building block of modern electronics, MOSFETs. 

The junction field-effect transistor operation is dependent on the control of the width of a 

junction depletion with reverse bias. The FETs are called unipolar transistor as they are 

majority carrier devices. In the FET, among its three terminals, one terminal’s current is 

used to control the current that flows through the other two electrodes. However, as 

already mentioned above, FET devices are controlled by the third terminal’s voltage con-

trol. In 1930, Lilienfeld proposed the FET for the very first time even without being able 

to make it fully work. The main reason behind it is he partially appreciated the surface 

defects or surface states [10]. Resolving the surface states issue by growing oxide layer 

on top of Silicon, in 1960, Kahn and Atalla first demonstrated the functional MOSFET 

[10]. Despite its supremacy in electronics application in the beginning of the journey BJT 

was eventually superseded by various types of FETs. The main reason behind this was 

the high input impedance of the FETs as the control voltage is applied across a reverse 

biased junction or Schottky barrier, or over an insulator. These devices found its popu-

larity in in controlled switching application, in between conducting and non-conducting 

state. This feature particularly made them suitable for digital circuitry. Another popular 

aspect of this device is its integrability. In other words, millions of MOS transistors can 

be built in a single chip, for example: memory devices. 

2.3.1 Functionality 
A transistor is a three-terminal device [8, pp. 251]. Small current or voltage variation 

across the control terminal is used to provide a control over the current flowing across 

the other two electrodes of a transistor. Such control capability permits us to use these 

devices to amplify a-c signals (small) or to use them as switches.  

The FET usually has three terminals, Drain (D), Source (S) and Gate (G). The gate elec-

trode is the control terminal in FETs. If the source is grounded and a voltage is applied 
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to the control terminal to regulate the current across the other two terminals, drain to 

source, in the presence of a supply voltage across them then a conducting semiconduc-

tor channel is created. The field-effect term comes from this scenario, because, the con-

ducting channel in-between the drain and source is created or induced by the electric 

field due to the applied gate voltage. When FET device is used in the amplification pur-

pose a small variation in the input gate voltage produces a significant variation in the 

drain to source output current. But when the device is used as a switch, its purpose is to 

operate in-between on and off state. It effectively means that the applied gate voltage 

will set the current across the drain and source to zero when the switch is in OFF state 

and in the ON state by allowing the current to flow. The widespread application of this 

switching behaviour is in digital electronics design [10]. 

Let’s study a general structure MISFET with n+-p-n+ doping profile. The following figure 

2.6 depicts what the structure looks like. The whole device is built on/within a piece/wafer 

of p-type (means that the intrinsic semiconductor material was doped with positive 

charged ions or holes) semiconductor. The heavily doped n-type regions (this portion of 

the intrinsic semiconductor was doped highly with negative charged electrons) are used 

to make the drain and source connections. If such a voltage is applied to the gate termi-

nal of this device that will induce a n-type channel in the substrate from drain to source, 

then there is a possibility of current conduction across those two terminals. Another volt-

age, which is applied to the drain terminal will allow that to happen. The substrate can 

also be of n-type. In that case, the conducting channel would be of p-type [10]. This case 

has the opposite drain and gate voltage compared to the first type. [10] [26].  

Figure 2.6 shows the energy band structure for MIS structure. The meatal is the gate 

electrode. Evac, vacuum level energy, is the free electron energy. EV and EC are the va-

lence band and conduction band edges of the semiconductor, respectively. The intrinsic 

Fermi level, Ei, resides approximately in the middle of the band gap. As the figure shows, 

Figure 2.6. The structure and energy bands in a MISFET when the semiconductor is 
p-type. Adapted from [10]. 
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ideally, MIS capacitor energy bands are flat. In reality, the flat bands can be obtained by 

applying an external voltage to compensate for the work function difference between the 

metal and the semiconductor. [10] 

If a negative voltage is applied to the gate electrode, on the metal side of the MIS ca-

pacitor electrons accumulate. As a result, holes get accumulated on the semiconductor 

side of the insulator. Figure 2.7 shows the bending of the semiconductor energy band. 

Just the opposite occurs when a positive voltage is applied across the gate terminal: 

holes get depleted as of the surface of the insulator (Fig 2.7). [10] 

The intrinsic Fermi level Ei crosses EF when the semiconductor band bends so much due 

to enough applied positive voltage to the gate metal. As a result, inversion occurs: in-

creased population of electrons in the conduction band at the interface of the semicon-

ductor and insulator. A conducting path/channel is created from drain to source, along 

the surface of semiconductor and insulator, as a result of the inversion and the device 

gets turned on. [10] [22] 

The operation occurs for normal MISFETs under the inversion conditions. For integrated 

circuit manufacturing this property is useful, because, there are two depletion regions: 

between the rest of the substrate and the channel and the source & drain contacts. On 

the same substrate other devices can also be fabricated, that allows good integration of 

many MISFETs. [22] 

The threshold voltage, VT, is defined as the gate voltage what initiates strong inversion 

of the device. At zero gate voltage, an inversion layer is formed if the VT is negative. This 

state of the device refers to the so-called depletion-mode or normally-on device. To turn 

off this transistor, a voltage is needed to be applied. In enhancement-mode or normally-

off mode refers when there is no channel at equilibrium. To induce the channel a voltage 

is required in this mode. [10] 

Figure 2.7. The effect of an applied voltage in the MIS structure. The energy levels 
are those presented in Figure 2.6. Adapted from [10]. 
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2.3.2 MISFET output characteristics 
To characterize the MISFET output, a constant gate voltage is applied and drain-to-

source voltage, VD, is swept and drain current, ID, is measured. A typical set of output 

curves for different gate voltages is shown in fig 2.8 The current, ID, changes linearly with 

varying VD, up to a certain limit. After that the ID value saturates, meaning no change 

(ideally) with increment of the VD value. The saturation current is higher for higher posi-

tive values of VG. [10]  

The voltage across the insulator reduces from VG to (VG – VD), in the drain side of the 

channel as the drain voltage is increased. This creates the potential difference, as in Fig. 

2.7(c), to be decreased till Ei crosses the Fermi level at 𝑉𝐷 ≈ 𝑉𝐺 − 𝑉𝑇. Hence, no inver-

sion exists at the drain end of the channel. And this phenomenon is called “pinched off”. 

[27] The drain current remains as of the saturation value after this point. Although, in real 

devices, a slight increment of drain current occurs even after the pinch-off point due to 

different effects. 

Equation 2.1 relates the output, drain current ID, as a function of VD and VG; provided that 

the length of the channel L is much larger than the insulator thickness d. [10] 

 
ID =
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(2.1) 

In equation 2.1, channel length and width are the W and L, respectively; the insulator 

capacitance is the Ci; the flat band required voltage is VFB; difference between Fermi 

Figure 2.8. Sample output curves at different applied gate voltages and sweeping the 
drain voltage. Adopted from [11] 
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level and intrinsic level of the semiconductor is represented by  ∅𝐹; 𝜖𝑠 stands for semi-

conductor permittivity; q is a single electron charge and semiconductor hole doping con-

centration is represented by Na. The charge carrier mobility µ describes the speed of the 

carriers at which they can move inside the semiconductor under an applied electric field. 

For a fixed doping concentration in any particular material, for the same carrier type the 

µ is constant. Mobilities range from 102 to 105 cm2/(V.s) for common inorganic semicon-

ductors. [27] 

The equation 2.1 simplifies to the following form when it represents the linear region, 

VD<<(VG - VT) [10]: 

 
ID,lin =

𝜇WCi

L
(VG − VT)VD 

(2.2) 

And the threshold voltage VT is given by [22]: 

 
𝑉𝑇 = 2

∅F

q
+

√4𝜖sqNa∅F/𝑞

𝐶𝑖
 

 

(2.3) 

The equation 2.3 expresses the threshold voltage in terms of the device parameters. 

The current ID no longer is dependent on the drain voltage when the device is in the 

saturation. The following equation gives the saturation current: 

 
ID,sat =

𝜇WCi

2L
(VG − VT)2 

(2.4) 

Equation 2.4 is found from equation 2.1 at VD = VG – VT and after simplification. [10] 

2.3.3 MISFET transfer characteristics 
Another important approach, along with the above-mentioned output characteristics, to 

examine the transistor operational behaviour is to measure the drain current keeping the 

drain voltage constant and sweeping the gate voltage. This result is the so-called “trans-

fer characteristics”. Equation 2.2 implies that the drain current changes linearly with the 

varying gate voltage in the linear region of operation, i.e. if the ID is low. The drain current 

is dependent on the gate voltage quadratically as shown by equation 2.4. So, it is mean-

ingful to plot the square root of the drain current (saturation) as a function of the VG: 

 

 
 

√ID,sat = √
𝜇WCi

2L
(VG − VT) 

(2.5) 
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Figure 2.9. Left: The square root of the transfer curve in the saturation region, large 
VD; Right: The subthreshold slope of a transfer curve. Adapted from [8] 

The left-hand side plot of the figure 2.9 represents the equation 2.5. The best fitted 

straight line to the curve provides the threshold voltage VT at the VG axis intercept, and 

the charge carrier mobility can be obtained by using the slope of the line k: 

 
𝜇 =

2Lk2

WCi
 

(2.6) 

 The above equation can be used to describe the mobility in the saturation region 

of operation. 

The drain current is not zero, but rather, exponentially dependant on the gate voltage 

when VG is below threshold voltage. When the natural logarithm of the drain current is 

plotted against gate voltage, the plot is a straight line below VT. The “subthreshold slope”, 

S, is defined as the reciprocal of that straight line and usually is given by the unit V/dec-

ade. For instance, a subthreshold slope value of x mV/decade means that the drain cur-

rent magnitude changes by order of one when there is a change of gate voltage by x 

mV. The transistor turns on more sharply with smaller value of S. [33, page 311] 

Transconductance, gm, of FET is another important characterization parameter. It de-

fines the change in drain current with respect to the gate voltage change. This quantity 

can be defined in the linear (low VD) and saturation (high VD) regions of operation with 

following equations respectively [22]: 

 
gm,lin =

𝜕ID

𝜕VG
=

W

L
𝜇CiVD 

gm,sat =
𝜕ID

𝜕VG
=

W

L
𝜇Ci(VG − VT) 

(2.7) 

(2.8) 
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For a good amplification property, a large transconductance is required as it implies that 

a small gate-voltage variation will result a large drain current varication. 

2.4 Thin-film Transistors 

The thin-film transistor (TFT) is a subset of insulated gate field-effect transistors (IGFET) 

with different construction method to implement them. In TFTs, the components of the 

transistor are deposited as thin film form on an insulating substrate, e.g. glass. TFTs’ 

structure and construction method are quite different from classic electronic devices 

where they are implemented on a single crystal semiconductor wafer. A large number of 

defected states are created by the common deposition/implementation methods for 

TFTs, what leads to a lowish charge carrier mobility (in the order of unity cm2/(V.s) [26]). 

But, TFT fabrication methods, especially the semiconductor layer deposition method, 

allows low cost circuit fabrication for large-area application. Although Weimer invented 

thin-film transistors back in 1962, it got popularity only after application in LCDs (liquid-

crystal displays). [28] [29] [30] 

The figure 2.5 presents one of the structures of thin-film transistors that has been used 

in this chapter for discussion. 

  

 

 

 

 

 

 

 

A TFT has three contact electrodes as conventional transistors: gate, drain and source. 

As the figure 2.10 shows, an insulating layer (following the legacy of silicon technology, 

this layer is named as oxide layer), of thickness dox, resides on top of the gate contact. 

This oxide layer separates the semiconductor layer, drain and source contacts from the 

gate electrode. The semiconductor layer (called as the active layer) accommodates the 

channel for the charged carries between the drain and source electrodes. [13] 

As basic field-effect transistor operations rely on the modulation of charge density within 

the active layer, hence, conductivity of FETs is possible to be modulated by the applied 

Table 2.10. Cross section of a thin-film transistor. Adapted from [13] 
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gate voltage. From the source electrode charges are injected and collected at the drain 

electrode. The measurable output quantities are drain-source current Ids, drain-source 

voltage Vds and gate-source voltage Vgs. In ideal case, drain-gate and gate-source leak-

age currents are considered as zero. [13] 

In standard MOSFETs, within the thick semiconductor, band bending is accommodata-

ble in inversion mode. [13] But it is not possible in case of TFTs since they do not have 

a bulk region. Another fact is that, OTFTs are all accumulation channel FETs. In other 

words, band bending can not be maintained, even if the active layer is thick, due to the 

absence of localized states. In case of TFTs, or more generally for accumulation FETs, 

the induced charges inhabit closely to insulator layer. This results in the following simple 

charge-voltage relation: 

 
 
 
 

where, 𝜌 is the local charge per unit area and V is voltage in the channel. In TFTs the 

charges are either mobile or immobile. [13] 

So, TFTs operate in the accumulation region, unlike MISFET inversion operation. Figure 

2.7 (a) presents the p-type semiconductor accumulation. Accumulation of electrons oc-

cur in n-type semiconductors with a positive gate voltage. MISFETs are also different as 

they form ohmic contacts from source and drain electrodes to the active semiconductor 

layer. [26] 

When charges are induced with an applied gate voltage in the semiconductor layer, in 

the beginning they fill many of the localized states within the band gap. If the applied 

gate voltage is sufficiently high, conduction band is gradually filled by the electrons (in 

case of p-type semiconductor material, valence band is filled with holes). This implies an 

important Si TFT property: ‘the charge carrier mobility measured using the field-effect is 

a function of gate voltage, not constant. [28] 

The equation 2.1, describing the linear region current-voltage relationship, can be further 

simplified as follows as depletion region is absent: 

 
𝐼𝐷 =

𝑊

𝐿
𝜇𝐶𝑖 (𝑉𝐺 − 𝑉𝑇 −

𝑉𝐷

2
) 𝑉𝐷 

(2.10) 

 Here, VT is the threshold voltage specified as the voltage at the gate terminal when the 

channel conductance (
𝜕ID

𝜕VD
) is equal to the entire semiconductor layer conductance at 

 𝜌(𝑥) = 𝑉(𝑥) − VgC𝑜𝑥 

 

(2.9) 

 

 



18 
 

low VD and without any gate voltage. The same equation as for MOSFETs provides the 

drain current for TFTs in the saturation region, presented with equation 2.4. [22] 

The charge accumulation in the drain side of the channel goes down as the drain voltage 

magnitude is increased. When the drain voltage reaches VG – VT, the current in the 

channel saturates and in the drain side of the channel a depletion region is created. As 

the gate voltage or more accurately the charge carrier density regulates the mobility, the 

mobility calculated from the equation 2.6 is not essentially reliable. Equation 2.7 should 

be considered instead. That equation gives the transconductance value gm,lin in the linear 

region of operation, hence, at low drain voltage the mobility is given by: 

 
𝜇 =

𝑔𝑚,𝑙𝑖𝑛𝐿

𝑊𝐶𝑖 𝑉𝐷
 

(2.11) 

To find the transconductance, drain current is measured as the function of gate voltage, 

and the slop of the curve in the linear region is calculated. The downside of this method 

of calculation is its sensitivity to the limitations of electrode charge injection. [22] [31] 

A new figure of merit for transistors: the on-off ration (ION/IOFF) is introduced by the TFT 

structure. The ratio of the drain current exactly at the edge of on and off states gives this 

quantity, the drain voltage is kept constant. Since a depletion region keeps the source 

and drain separate in the off state of the transistors, for conventional MOSFET transis-

tors, this on-off ratio is irrelevant. In the off state of TFTs, charges are not accumulated 

in the channel. Moreover, the low conductivity semiconductor ensures a very small cur-

rent flow between the source and drain. The higher the on-off ratio, better the TFT is. If 

the off-state leakage current is substantially high, the on-off ratio gets smaller. A Si TFT 

on-off ratio is of the order of 106 – 108. [26] 

2.5 The OTFTs (organic thin-film transistors) 

Organic field-effect transistors were first invented by Tsumura et. al. in 1986. [7] The 

semiconductor material for their devices was poly(hexylthiophene) and inorganic SiO2 

was used as the gate dielectric. Generally, when the active layer of the devices is organic 

material, then they are called as Organic Field-Effect Transistors (OFET). In OFETs the 

other materials used are might be organic or inorganic. The OFETs most commonly have 

the same structure as of the thin-film transistors. Due to that, these two device names 

are often used as alternatives of each other. 

OTFTs have potential to be used as switching element in active matrix LCDs and active 

matrix organic light-emitting diode displays (AMOLEDs), as logic units in smart card or 

radio-frequency identification (RFID) tags. [32] [31]. OTFTs have different application 
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than traditional Si electronics: large area fabrication, less cost in processing. Although, 

OTFTs cannot contest with Si devices for speed and others point of views. But, OTFTs 

are preferable for the mentioned reasons for several applications. 

2.5.1 OTFT structure and performance 
The characterization equations used for inorganic thin film transistors can also be de-

ployed for OTFTs, as those are established on semiconductors with low-mobility and 

operation region is FET’s accumulation type. On the other hand, there are differences 

as well, e.g. due to the molecular structure of organic semiconductors they do not have 

the trap states created by uncompensated bonds as amorphous Si does. Due to impuri-

ties and disorder (particularly in polymeric semiconductors), OTFTs show other trap 

states. 

The field-effect mobilities vary in OTFTs. It is of order 1 to 5 cm2/(V.s) for small molecule 

semiconductors and of order 0.1 to 0.6 cm2/(V.s) in case of microcrystalline polymers 

that are solution processed. [26] [32] A-Si TFTs have comparable magnitude of mobility 

with the mentioned values. One advantage of OTFTs is that they can be fabricated in 

room temperature. Although there has been quite extensive research on n-type and am-

bipolar semiconductors, most of the OTFTs are of p-type semiconductor (hole transport-

ing). [30] 

There are different structure configurations for OTFTs. Often the choice of structure con-

figuration is made depending on the materials and the used deposition methods. Figure 

2.2 presents different configurations of OTFTs [30]: 

Figure 2.4. Different OTFT configuration for the layers. "OSC" denotes organic semi-
conductor; D, G and S denotes drain, gate and source respectively. 
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Fig. 2.10 (a), (b), (c) and (d) represent the four basic geometries for OTFTs: bottom gate 

bottom contact, bottom gate top contact, top gate bottom contact and top gate top con-

tact, respectively. 

The gate contact can be on the top or in the bottom of the structure. Depending on that, 

the order of semiconductor layer and dielectric layers are configured. In bottom contact 

devices, the semiconductor layer lies on top of the drain and source electrodes, and the 

opposite in top contact devices. The dielectric layer may act as a passivation layer for 

the semiconductor in top gate structure, as many organic semiconductors may degrade 

in if they are exposed to air. The top contact configuration may offer a lower contact 

resistance between the semiconductor and the drain and source metal electrodes. This 

results from the penetration and deep rooting of the metal into the semiconductor when 

deposited. [26] 

One important parameter in OTFT operation is the interface smoothness, particularly the 

interface between the insulating layer and semiconductor. There is a chance of in-

creased roughness and interface mixing when the deposition of the two layers, on top of 

each other, is done using solution processing. As a result, at the interface of the dielec-

tric, impairment of charge transport occurs in the semiconductor. Hence, the plan of fab-

rication must be made critically so that the top layer material does not dissolve the bottom 

layer. [31] 

2.5.2 Insulator materials 
 

In the early stages organic field effect transistors were bottom gate structure and for the 

substrate and gate electrode single-crystal Si wafer was used. Thermally developed SiO2 

was used as the gate insulating dielectric material.  Well recognized Si microelectronic 

technology enabled this method of fabrication. In the recent time organic dielectric ma-

terials have drawn more focus due to their advantages of large area fabrication and re-

duced costing, as like organic semiconductor. [13] 

The most significant property of the insulating dielectric layer is its capacitance. At a 

constant gate voltage, more charges are induced in the channel within the semiconduc-

tor layer when the capacitance goes higher. Following equation gives the capacitance 

for the dielectric: 

 
𝐶 =

𝑘𝜖0𝐴

𝑑
 

(2.12) 
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Where k denotes the dielectric constant of the insulating material (represented with 𝜖𝑟 

as well), ϵ0 denotes the dielectric constant of the vacuum, A denotes the electrodes’ 

overlapping surface are, d denotes the height/thickness of the dielectric material. The 

transistor’s current-voltage characteristics C/A is denoted as Ci in the equations. Two 

ways can be followed to increase the capacitance of the dielectric: using higher dielectric 

constant material as the insulator and/or decreasing the dielectric thickness. [32] The 

ratio of the dielectric thickness d to channel length L, d/L, needs be less than 0.1 to get 

an on/off characteristics that is acceptable. [33] Therefore, if device dimension, such as 

channel length L, is reduced then the dielectric layer also needs to be thinner. 

It is a well-established claim that charge transport occurs only in the first few layers of 

molecules in the active layer (semiconductor) at the interface of the dielectric material. It 

implies the importance of the dielectric’s property at the interface. With a rough surface 

at the interface, semiconductor has valleys what can make traps for the charges. For-

mation of large crystal domain within the semiconductor can be impeded by the rough 

interface in case of bottom contact devices. This is not an issue for amorphous devices 

(semiconductor is an amorphous material) quite understandably. The balance between 

the favourable entropy for a large area surface and the interaction energy that is unfa-

vourable for two material are the determining factors for the interface roughness between 

two polymers in question. [29] 

The semiconductor layer surface is often modified with self-assembled monolayer (SAM) 

when fabricating devices with different dielectrics. The SAM deposition method is spon-

taneous chemisorption, what results strong interaction of the active molecules at one 

end with the surface of the substrate. Molecules with same orientation covers the surface 

of the underlying material. 

The SAM layer can induce a moment (dipole) at the interface in between the active sem-

iconductor layer and the insulating dielectric layer, what depends on the molecular ter-

minal group. Dielectric layers can be replaced with self-assembled monolayers them-

selves. This also allows to have thinner insulating layer [2]. Solution processing, such as 

spin-coating, allows to have very thin layer of polymer dielectric. [29] But, new challenge 

is introduced with very thin layer of insulating dielectric: keeping the leakage current low 

through the dielectric from the gate terminal. Therefore, the dielectric should be able to 

prevent from breaking down even at high gate voltages. There also must not be pinholes 

or any other defects that can result in gate leakage current through the dielectric insula-

tion. [34] [22] 
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The higher capacitance can also be achieved by using high dielectric constant (high-k) 

insulators. This is also studied and found having drawbacks as well. Polar groups that 

are ionic impurity susceptible resides in high-k dielectrics. This results hysteresis effect 

in the transistor curves with the drifting polar groups in the gate induced electric field. 

Additionally, yet in absence of impurities, energetic disorder is introduced at the interface 

of semiconductor and dielectric with the randomly oriented dielectric dipoles what leads 

to hindered charge transportation. The density of state (DOS) defines the available state 

distribution what are occupiable by electrons against the electron energy. The charge 

transport hopping model generally states DOS as Gaussian distribution. The DOS is 

broadened by this additional disorder. The scenario is illustrated in figure 2.11. As the 

amorphous semiconductors possess relatively larger disorder within their structure, 

hence, they have detrimental energetic disorder. [22] [34] 

Charge carrier traps can also be produced with the ionic and polar groups at the interface 

of the dielectric. To reduce the carrier trapping, one way is to use a thin layer of buffer 

material, e.g. SAM, in-between the semiconductor and dielectric material. [22] 

 

Some commonly used polymer high-k dielectrics are poly(4-vinylphenol) (PVP) with di-

electric constant 4.5; poly (methyl methacrylate) (PMMA) with dielectric constant 3.5. 

Generally, higher dielectric constant is observed in inorganic dielectrics, e.g. SiO2 has  

 

k = 3.9, Al2O3 has k = 8.4, TiO2 has k = 41 etc. Some commercial low-k dielectric example 

are AP048 with k = 2.5±0.1, D320 with k = 2±0.1 etc. [9] Trade-off is needed when 

Figure 2.11. Gaussian hopping model: dielectric interface polar disorder broadens 
the DOS N(E). Adapted from [34] 



23 
 

selecting the dielectric material between high-k dielectric (polar) that offers higher ca-

pacitance and low-k dielectric material that permits conduction without carrier traps. [34] 

[35] 

2.5.3 Active layer and contact electrodes 
Organic thin-film transistor active layer or the semiconductor materials are of two basic 

types: polymers and small molecule. Small molecule materials can offer higher mobility 

than of the polymers as they can construct bigger domains of crystals. The carrier trans-

portation occurs through conjugated π orbital. In the crystalline materials these orbitals 

are well overlapped. Pentacene, oligomeric thiophene and rubrene are the important 

semiconductors with small molecule structure. These small molecules can be deposited 

using vacuum deposition and from solution. [36] [22] 

Although the processability is better for polymeric semiconductors in general, but on the 

other hand, they also exhibit poorer charge transportation. Amorphous polymers and 

Microcrystalline have their individual benefits. One of the most widely studied polymer 

for TFT fabrication is the microcrystalline regioregular poly(3-hexylthiophene) (P3HT). In 

the ordered crystal, P3HT has a very good adjacent chain π-π interaction. Field-effect 

mobility value of 0.1 to 0.3 cm2/ (V.s) has been reported in conventional organic thin-film 

transistor with P3HT. [22] There were investigations on amorphous polymer (e.g. poly 

(triarylamine)(PTAA)) OTFT devices as well. They show better stability in ambient con-

dition than P3HT devices. But in contrast, they exhibit lower mobilities, 10-5 cm2/(V.s) to 

0.01 cm2/(V.s). As only few polymers have provided efficient n-type transportation in 

organic thin-film transistors, hence most of the OTFT semiconductors are p-type. [36] 

As discussed already in (section 2.2.3) for good transistor performance it is mandatory 

to have energy level alignment between the contact electrodes and the semiconductor 

material. It is also important to take proper care that no extra oxide layer gets deposited 

on the electrodes what introduces further charge injection barrier. This can happen if the 

electrode is exposed to ambient air or humidity. A good idea is to keep the electrode 

materials in inert gas chamber to avoid such occurrence. Another important quantity in 

OTFT performance is the contact resistance between the electrode and semiconductor 

layer, especially if the channel resistance is comparable with the contact resistance. [31] 

[37] 

Research showed that pristine Ag electrode with self-assembled monolayer tuning can 

give carrier mobility of 0.17 cm2/ (V.s) and OTFT current on/off ratio of 105 in bottom gate 

devices. The same research also presents that there is almost no injection barrier for 
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holes into triisopropylsilylethynyl pentacene (TIPS-pentacene) semiconductor from pen-

tafluorothiophenol (PTFT) modified Ag electrode. The SAM treatment makes the Ag 

electrodes robust for repetitive electrical scanning. [38] The detail working principal and 

fabrication procedure of this method is discussed in the next chapter. 
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3. MATERIALS, DEVICE FABRICATION AND 
CHARACTERIZATION METHODS 

3.1 Materials used and their properties 

Two different thin-film transistor structures were used in this work. The first one was the 

bottom contact top gate structure. In this structure the metal used for all the three contact 

electrodes, gate, drain and source, was silver (Ag). The substrate, holding the whole 

structure, was glass. For gate insulation two commercially produced dielectrics, named 

as D-320 and AP-048, were used. The semiconductor material was also a commercial 

polymer, named as SP-400, of p-type. 

After completing the replication work partially, as the mobility value reported and ob-

tained here are different by two order of magnitude 4.1, of producing the OTFTs as pre-

sented by the producer of the dielectric and semiconductor materials, to justify the ma-

terial performance with the prescribed fabrication procedures and structure, we further 

moved towards the goal of this work: to produce organic thin-film transistors with low 

operating voltage. In this step the TFT structure that was used is bottom gate bottom 

contact devices. This time the bottom gate electrodes were replaced with Aluminium (Al). 

For the gate insulation, anodized dielectric layer of Aluminium Oxide (Al2O3) was used. 

For the drain and source contacts the metal remained the same as Ag. To tune the work 

function of the Ag electrodes, a self-assembled monolayer (SAM) was used (discussed 

in section 3.1.5). The organic semiconductor material used remained the same, SP-400, 

as previous. This time the substrate materials those were used included: glass and Kap-

ton. 

The following sections (from 3.1.1 to 3.1.5) present the details of these aforementioned 

materials. In section 3.2, the complete fabrication procedure details are discussed. Sec-

tion 3.3 brings the details of the characterization methods used in this work. 

3.1.1 Substrate material and dimension 
Glass was used as a substrate for initial experiments. A commercial highly transparent 

high-quality polished borosilicate glass substrate of dimension 25mm*25mm*1mm was 

used for TFT fabrication. Additional positive properties of glass are resistance to solvents 

and chemicals. This is because, the most common molecules and elements in nature do 

not have sufficient attraction to take electrons from the silica (SiO2, glass) structure and 
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disrupt the silicon-oxygen bonding [39]. Glass substrates also provide very smooth sur-

faces for depositing the different layers of the TFT, providing a consistent device struc-

ture at different sections of the substrate.  

The other substrate material is a flexible one, the so-called Kapton film. This is an easily 

available and most commonly used flexible electronics substrate. [40] This is basically a 

polyimide polymer film. The motivation to select this substrate was to examine the OTFT 

performance on flexible substrate as this could have potential usage in different applica-

tions. The Kapton remains stable across wide range of temperature. It has an excellent 

mechanical and chemical stability as well. An inert and highly hydrophobic surface na-

ture is presented by this Kapton substrate [40]. During the processing of the TFTs spin 

coating, metal evaporation methods were used to deposit different layers. Hence a sup-

porting base substrate was used to hold the Kapton substrate shape consistent through-

out the fabrication steps. Both the supporting and the Kapton substrates were of 

25mm*25mm size. Double sided tape was used to stick them together. The thickness of 

the Kapton film was 25µm. 

Figure 3.8 shows samples of the used glass and Kapton substrates. To clean the glass 

substrates first they were washed with regular liquid soap and water, then washed with 

DI water and dried by blowing air. Then to remove the remaining moister, the substrates 

were immersed into acetone and bathed for 15 minutes in sonic chamber. The same 

procedure was applied with IPA. Then the substrates were dried blowing air. 

3.1.2 Electrode/contact metals 
Two metals, Silver (Ag) and Aluminium, were used to construct the contact terminals of 

the OTFTs. Silver was used to make the drain and source electrodes. Among all metals 

the highest thermal and electrical conductivities are shown by Ag. Nevertheless, as the 

silver work function (work function, Φ𝐴𝑔 = 4.70𝑒𝑉) results to a high injection barrier with 

organic p-type semiconductor materials [41]. But it has been demonstrated [38] that the 

Ag electrode work function can be modified from 4.14 to 5.35 eV by using self-assembled 

monolayer (detail procedure and materials are described in the section 3.1.5). This al-

lows to modify the charge injection into the organic semiconductor layer from the Ag 

electrodes. This method has demonstrated stable operation of OTFT devices with SAM 

modified Ag electrodes [38]. The thickness of the electron-beam deposited (section 

3.2.2) silver electrode layer was 100nm. The purity of the used silver granulates was 

99.99% as specified by the producer. The size of the granulates was 0.7 to 1.5mm. This 

Ag granulates were evaporated thermally (resistive heating) to deposit the layer in inert 

gas chamber (section 3.2.2). 
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The bottom gate contact layer was deposited with Aluminium. Aluminium is a good con-

ductor of electricity, having electrical conductivity value 𝜎 = 3.5 × 107 𝑠𝑖𝑒𝑚𝑒𝑛𝑠/𝑚𝑒𝑡𝑒𝑟 at 

20O C. Thus, this material will provide a negligible resistivity from the probing (for apply-

ing gate voltage) point to the gate and dielectric interface. Another reason to select Al as 

the gate contact is to have a high-k dielectric, aluminium oxide (Al2O3), insulation to the 

gate. The thickness of the gate Al layer was 100nm, 200nm and 300nm for separate 

samples. The purpose of this thickness variation was to get the best possible gate insu-

lation layer by anodization of part of the deposited Al to Al2O3 dielectric (details in section 

3.2.3). The purity of the used Al pellets was 99.999% as specified by the producer and 

the size of the pellets was 1/8” diameter and 1/8” long. This Al pellets were evaporated 

using Electron-beam in low-pressure inert gas chamber (section 3.2.2). 

3.1.3 Organic semiconductor material 
The material used as the active layer of the fabricated devices is a commercial p-type 

semiconductor produced by German based company Merck. The commercial name of 

the product is SP-400. This material is specified for high performance top-gate thin-film 

transistor fabrication and suitable for processing in ambient condition. The two methods 

for depositing the material in TFTs are spin-coating and gravure printing. The following 

are the provided electrical performance parameters for SP-400 using the dielectric stack 

provided by Merck in a top gate structure: 

Field-effect mobility (µ) 

cm2/V. s 

Current on/off ratio Turn-on voltage 

V 

> 0.5 105 0 

Table 3.1. Electrical properties of p- type organic semiconductor SP-400. Collected 
from [42] 

The recommended storage conditions are as follows: 

• Should be kept in room temperature in provided container. 

• Shelf life: 3 months 

The other properties of SP-400 [42] specified by the producer are as follows: 

 

Description SP400 Spin Formulation (SP400-1775) 

Composition 0.8% w/w solid in organic solvents 
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Appearance Red clear liquid 

Viscosity 16-20 mPa.s 

Surface Tension 32-34 mN/m 

Boiling Point 245-249 OC 

Flash point 99 OC 

Water contact an-

gle on dried film 

100-105 O 

Primary Solvent 1, 5-Dimethyltetralin 

Table 3.2. SP400 semiconductor properties. Adapted from [42] 

The spin-coating formulation for the material is shown in the following table: 

Deposition method Recommended 

thickness 

Annealing time Spin-coating rota-

tion speed to obtain 

the recommended 

thickness 

Spin-coating 30-35nm 70OC for 4 

minutes+100OC for 

2 minutes or until 

fully dry 

500 rpm for 15 sec-

onds followed by 

1200 rpm for 120 

seconds 

Table 3.3. Spin coating formulation for SP-400. Adapted from [42] 

3.1.4 Gate insulators 
In the bottom-contact top-gate structure devices using the SP400 semiconductor mate-

rial two different materials are being used to examine the active layer performance as 

reported by Merck [43]. Both dielectric materials are commercial polymers produced by 

Merck to perform optimally in combination with SP400. They are named as D320 and 

AP048. The devices produced with Merck formulation performed as reported with an 

applied gate voltage ranging from -40 to 0 V and current on/off ratio of 106. 

The next step of this work was to optimize the required gate voltage level to lower the 

power consumption. The structure used in these low-voltage devices was bottom-gate 

top-contact. The dielectric material used in these devices is the high-k dielectric material 

Al2O3. All three dielectric materials details are discussed in the next three sections. 
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D320 dielectric 

This dielectric material is prescribed as a low-k dielectric material for high performance 

in top-gate polymer thin-film transistors [44]. This material is suitable for processing in 

ambient condition. The deposition method can either be spin-coating and gravure print-

ing. In this work the spin-coating is used. This material is reported to be compatible with 

SP400 and AP048 [44]. 

Different properties of D320 are presented in the following two tables. 

Dielectric constant 2.0±0.1 @1kHz 

Breakdown strength > 1 MV/cm 

Table 3.4. Electrical properties of D320. Collected from [44]. 

Storage condition In the dark at 2-4oC 

Shelf life 3 months 

Table 3.5. Storage condition. Collected from [44] 

Description D320 spin-coating formulation (D320-148) 

Composition 7% w/w solid in organic solvent 

Appearance Clear colorless solution 

Viscosity 14-18 mPa.s @500s-1 

Surface Tension 24-26 mN/m 

Boiling Point 212oC 

Flash Point 71oC 

Water contact angle on 
dried film 

100-105o 

Primary Solvent Dodecane 

Table 3.6. D320-148 (spin-coat able low-k dielectric) properties. Collected from [44] 

Deposition method Recommended 

thickness 

Annealing time Spin-coating rota-

tion speed to obtain 

the recommended 

thickness 

Spin-coating 250-350nm 100OC for 2 

minutes or until 

fully dry 

500 rpm for 10 sec-

onds followed by 

1000 rpm for 30 

seconds 
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Table 3.7. D320-148 spin-coating formulation. Collected from [44]. 

AP048 dielectric 

This commercial dielectric material from Merck [9] is reported as a 365 nm cross-linkable 

dielectric material to provide high performance in top-gate TFTs. This is advised to use 

on top of lisicon D320 low-k dielectric to provide a robust surface and fitting energy of 

the surface to the further solution processing. This material can be processed in ambient 

condition. AP048 can be deposited either using spin-coating or gravure printing and is 

suggested to use in combination with SP400 and D320. 

Different properties of D320 are presented in the following tables: 

Dielectric constant 2.5±0.1 @1kHz 

Breakdown strength > 1 MV/cm 

Table 3.8. Electrical properties of D320. Collected from [9] 

Storage condition In the dark at 2-4oC 

Shelf life 3 months 

Table 3.9. Table 3.5. Storage condition. Collected from [9] 

Description AP048 spin-coating formulation (D320-102) 

Composition 9% w/w solid in organic solvent 

Appearance Clear colorless solution 

Viscosity 12-16 mPa.s @500s-1 

Surface Tension 28-31 mN/m 

Boiling Point 200oC 

Flash Point 86oC 

Water contact angle on 
dried film 

87-99o 

Primary Solvent Di (propylene glycol) methyl ether acetate 

Table 3.10. AP048-102 (spin-coat able cross-linkable dielectric) properties. Collected 
from [9] 

Deposition 

method 

Recommended 

thickness 

Annealing time Spin-coating 

rotation speed 

to obtain the 

recommended 

thickness 

UV curing of 

the dry film 
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Spin-coating 350-450nm 100OC for 2 

minutes or until 

fully dry 

500 rpm for 10 

seconds fol-

lowed by 1000 

rpm for 30 sec-

onds 

2J/cm2 dose 

of 365nm UV 

light 

Table 3.11. AP048-102 spin coating formulation. Collected from [9] 

Al2O3 High-k dielectric 

The Aluminium Oxide, Al2O3, is one of the cost effective and widely used high-k dielectric 

material in electronics application. It has an excellent dielectric property over wide range 

of frequencies. To form the aluminium oxide layer on top of an aluminium gate electrode, 

a citric acid (CA) solution of 0.1mM concentration was used. 200mg of CA powder was 

dissolved into 100ml of deionized (DI) water. The solution was stirred in room tempera-

ture for more than 15 minutes. The solution was made in room temperature. The glass 

substrates with the gate electrodes patterned on them were almost submerged with a 

hanger. To perform the anodization process, a starting voltage of 5V DC and an initial 

current of 105µA was injected through the gate Al pads. The negative terminal of the 

source was connected to a Titanium electrode to connect electrically through the CA 

solution. The initial voltage across the Al gate electrodes was 0V which increased grad-

ually with time. The current value through the solution and the gate electrodes was 

105µA, which gradually went down with time. The procedure was maintained for 30 

minutes. The final current and voltage reading for different samples are presented in 

Table 3.12. 

Sample number Current (µA) Voltage (V) 

1 4 5 

2 3 5 

3 2.7 5 

4 3 5 

Table 3.12. Current and voltage reading across the Al gate electrodes. 

The thickness of the Al2O3 layer is reported as 12nm using the same electrolysis proce-

dure [8].  
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3.1.5 Self-Assembled Monolayer (SAM) 
The low voltage P-channel OTFTs were fabricated with bottom gate geometry. SP400 

was used as the active p-channel layer, Aluminium as the gate electrode, high-k dielec-

tric Al2O3 of thickness ~10nm, Silver (Ag) drain/source contacts of thickness 100nm were 

deposited using thermal evaporation in inert gas chamber using shadow mask to pro-

duce the desired pattern (L=60µm and W=1000µm). The self-assembled monolayer was 

deposited by immersing the patterned silver drain/source electrodes in 1 mM solution of 

ethanol of 4-flurothiophenol (4-FTP) and pentafluorothiophenol (PTFT) for an hour, re-

spectively. The SAM treated samples were then removed from the liquid solution and 

washed several times with ethanol. Then the wet samples were dried in the nitrogen gas 

chamber overnight. The energy levels of pristine Ag electrode, 4-FTP and PTFT treated 

Ag electrode are presented in Figure 3.1 [38]. The pristine Ag work function is reported 

as 4.70 eV [38]. The effective work function of the 4-FTP and PTFT SAM modified Ag 

electrodes are reported to be 5.21 and 5.35 eV, respectively [38]. The 

 

 

 

 

 

 

 

 

 

 

  

work function modification done by the 4-FTP and PTFT SAMs can be credited to the 

molecular dipole moment [45]. The work function of the pristine silver (ΦAg = 4.70 eV) 

energetically is unlikely to match with the SP400 HOMO level, as air stable materials 

general have low-lying HOMO levels, as discussed above. Between the metal Ag and 

active layer there is the high barrier for hole injection. But, the 4-FTP or PTFT modified 

Ag electrode show an Ohmic behaviour with the active layer [38]. 

The reported IDS (drain to source current of the OTFTs) vs VDS (voltage across drain to 

source) characteristics presented that 4-FTP-Ag (~5.21 eV) and PTFT-Ag (~5.35 eV) 

Figure 3.1. Energy level diagram of pristine Ag, 4-FTP-Ag and 
PTFT-Ag electrodes. Adapted from [38]. 
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match the HOMO level of the IDTBT solution [38] leading to the conclusion of efficient 

hole injection into the active layer. Due to the energy level alignment between the mod-

ified electrodes and the active layer, drain to source current, IDS, is reported to be en-

hanced [38]. The similar effects are also observed (discussed in chapter 4) in the fabri-

cated devices in this work implying the verification of the claim [38]. 

3.2 Fabrication of the devices 

The TFT stacks those were implemented in this work are bottom contact top gate 

(BCTG) and bottom gate bottom contact (BGBC). These two stack fabrication proce-

dures are discussed in the following two sections. 

3.2.1 Bottom-contact top-gate 
In the beginning of this work the target was to replicate the claimed performance of the 

OTFTs produced by Merck, and inspect the Merck semiconductor (named as SP-400 by 

the producer) and low-k dielectric materials (named as AP-048 and D-320 by the pro-

ducer) performance together to fabricate organic thin-film transistors. The structure used 

in these devices were bottom-contact top-gate structure as shown below: 

 

Figure 3.2. Top-gate bottom-contact OTFT structure with SP 400 active layer and two 
low-k dielectric materials 

As figure 4.1 depicts, a glass substrate of square shape with each side of 1cm was used. 

To clean the substrate, the procedure described in the 3.1.1 was followed. To deposit 

the Ag bottom contacts electron beam deposition in nitrogen fill chamber was used. The 

height of this Ag contact was 100nm. The used mask for this deposition is shown in 

figure 4.2. 

Then the SP-400 semiconductor was spin-coated with a rotation combination of 500 rpm 

for 15 seconds followed by 1200 rpm for 120 seconds to get a thickness of about 35 nm 

as suggested by the producer [42]. To dry the wet layer of semiconductor the film was 

dried on a hotplate at 700 C for 4 minutes followed by 1000 C for 2 minutes. These pa-

rameters were advised by the producer to achieve their claimed performance. 
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On top of the semiconductor layer, the low-k dielectric D-320 was spin-coated at 500 

rpm for 10 seconds followed by 1000 rpm for 30 seconds. This formulation was sug-

gested in the product datasheet to achieve a film thickness of 320±30 nm, what is the 

thickness to achieve the optimum performance from this material. To dry the surface the 

sample was annealed on the hotplate at 1000 C for 2 minutes. 

To provide a robust surface and suitable surface energy [9] for further solution pro-

cessing, Merck advised cross-linkable dielectric AP048 was then spin-coated. The rec-

ommended film thickness is 350-450 nm. To achieve the thickness within that range, 

producer suggested spin-coating formulation of 500 rpm for 10 seconds followed by 

1000 rpm for 30 seconds were used to deposit the AP048 dielectric layer. According to 

the literature [9] this provided a film thickness of 420±40 nm. To dry the deposited film, 

the sample was annealed for 2 minutes at 1000 C on hotplate. The dry film was cured 

with a 2J/cm2 dose of 365 nm UV light. 

The Ag gate electrode was deposited using the same electron-beam evaporation 

method in the nitrogen gas chamber. The thickness of this gate layer was gain 100nm. 

The measured drain current of these devices versus applied gate voltage at different 

drain voltages are depicted in Figure 3.3. 

 

The transistor parameters for these results were: W = 1000µm, L = 60µm, W/L ≈ 16.7; 

total dielectric thickness ≈ 700nm. The current values are: 

Figure 3.3. ID vs VG characteristics for the replicated OTFTs. 
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Off current = 10-10 A 

On current = 10-7 A 

On/off ratio = 103 

This obtained results were compared with the Merck provided reference results shown 

in Figure 3.4. The Merck provided TFT parameters are as follows: 

W = 500µm, L = 55µm, W/L ≈ 9.1, total dielectric thickness = 700 nm 

Off current = 10-12 A 

On/off ratio = 106 

In Merck results the used transistor parameters and results are as follows [9]: 

 

 Channel 

width, W 

(µm) 

Channel 

length, L 

(µm) 

W/L Total di-

electric 

thick-

ness 

(nm) 

On cur-

rent 

(A) 

Off cur-

rent 

(A) 

On/off 

ratio 

This the-

sis work 

1000 80 12.5 700 10-7 10-10 103 

Merck 

[9] 

500 55 9.1 700 10-6 10-12 106 

Table 3.13. Result comparison between this work and Merck devices 

It shows that the on and off current difference is quite significant. There could be different 

reasons behind this low on/off ratio that was obtained. High gate leakage current, high 

contact resistance between the semiconductor layer and drain/source contact pads, low 

carrier mobility in the region of low values of VG are some assumptions those could cause 

this reduced on/off current ratio. Degradation of the polymer is also a possible explana-

tion, since the material was significantly older than the shelf life claimed by Merck. 
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Further investigation was done to address the difference. It’s already mentioned that the 

SP-400 has a similar property of IDTBT solution. One of the prime concerns for this 

different behaviour was the contact resistance between the active layer and the Ag con-

tact electrodes. Here it is needed to clarify the “contact resistance” term. The contact 

resistance can be characterized using two quantities: the contact resistance (ohms) and 

the specific contact resistance [46]. The later quantity is not measurable [46]. The useful 

term for ohmic resistance is the specific contact resistivity as it does not depend on the 

contact area between the metal and the semiconductor and it is a convenient parameter 

while comparing various size contacts [46]. To measure the contact resistance a com-

monly used method is the Transfer Length Method (TLM). In this method, contacts (of 

the same metal that is to be used in the devices, Ag in this case) of Ag metal with different 

spacing (60, 120 µm etc) among them are deposited and the semiconductor is deposited 

on top of those contacts. Then the total resistance between consecutive contacts are 

measured. This resistance readings are plotted versus the spacing distance between 

the consecutive contacts. The y-axis intercept, for spacing distance d=0, gives the 

2*RC(contact resistance). The contact resistance measurement plot is presented in fig-

ure 3.5.  

Although this TLM method is commonly used, it has problems of its own. Perhaps a 

serious problem lies within the uncertainty of the sheet resistance beneath the contacts 

[38]. Another issue in this study RC was the contact spacing, even the smallest one of 

60 µm, was not narrow enough to find the accurate estimation of the contact resistance. 

Figure 3.4. Reference results from Merck; ID vs VG Adapted from [9] 
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So, this estimated RC value gives just a very rough insight into the contact behaviour 

between the metal and the semiconductor layer. Nonetheless, it is well assumable that 

the contacts in the fabricated devices were far from being ideal ohmic contacts. Hence, 

to lower the contact resistance improved alignment of the energy level of the active layer 

and the Ag electrodes are achieved by using 4-FTP and PTFT SAM layers on top of the 

Ag drain/source electrodes (already discussed in 0). 

 

3.2.2  Bottom-contact top-gate with SAM 
In effort to reduce the contact resistance, the drain/source Ag electrodes were dip casted 

in 1mM ethanol solution of 4-FTP and PTFT SAM solution. Rest of the TFT structure and 

fabrication processes were kept same as the structure described in 3.2.1. The structure 

including the SAM layer is presented in Figure 3.6. 

 

Figure 3.6. Bottom contact top gate TFT structure including SAM layer. 
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This structure with SAM provided quite comparable on and off current with the Merck 

reported results. The current versus voltage plot of the fabricated devices are shown in 

the following Figure 3.7. Similar results are presented in Figure 3.4. 
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Figure 3.7. Drain to source current, IDS vs gate voltage for the SAM mod-
ified devices. 

Figure 3.8. Single OTFT with dimensions. 
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Further results and analysis are presented in the next chapter. The next effort of this 

work was to reduce the operating gate voltage of the OTFTs. The bottom contact top 

gate structure was implanted to reach a lower gate voltage. 

3.2.3 Bottom-gate bottom-contact structure with high-k dielec-
tric 

In order to implement lower gate voltage operated devices a higher gate dielectric ca-

pacitance is needed, which can be achieved by using a thinner layer and/or a high-k 

material. Al2O3 is a high-k dielectric material which is commonly used in device fabrica-

tion. To enable the usage of Al2O3, the bottom gate material is changed to Aluminium 

(Al) in this structure. An Al gate electrode of width 1 mm and depth 100 nm is electron 

beam evaporated over the glass substrate. The Al2O3 layer (~10nm) was deposited us-

ing the electrochemical deposition method described in 3.1.4. Silver drain/source elec-

trodes were thermally evaporated on top of the insulator layer. Then to reduce the con-

tact resistance between the contact pads and semiconductor layer, the same 1mM eth-

anolic SAM solution of PTFT was used in the same procedure as described in 0. Then 

a 30-35 nm thick layer of SP400 semiconductor was spin-coated by rotating at 500rpm 

for 30 seconds and 1200rpm for 120 seconds. Then the samples were annealed on the 

hot plate for 2-3 minutes at 700C and for 4 minutes at 1000C. The structure cross section 

is shown in Figure 3.9. 

The main challenge to produce devices of this structure was to deposit a uniform Al2O3 

layer over the gate Al electrode. To find an estimation of the thickness of the deposited 

Al2O3 layer optical profilometry was used. Figure 3.10 and Figure 3.11 show the Al gate 

Al gate layer 

AL2O3 

layer 

Organic SC 

Glass substrate 

Ag drain and 
source contacts 

E-beam evaporation,100nm 

Deep casted, ~10nm 

Thermal evaporation,100nm 

Spin coated, 30-35nm 

Figure 3.9. Bottom gate bottom contact devices with Al2O3 as the gate insulator. 
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layer thickness after depositing the Al2O3 layer. The reported [8] thickness of the dielec-

tric layer is ~12 nm, deposited with the exact same procedures. The results are dis- 

 

 

 

 

 

 

 

 

 

 

 

 

cussed in the next chapter. 

Figure 3.11. Cross section profile of the Al gate with insulating layer. 

Figure 3.10. Three-dimensional profile of the Al gate layer with insulator layer. 
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3.2.4 Stack used for C-V and C-f measurement of the dielectric 
 

The dielectric capacitance was measured with the stack shown in Figure 3.12. In this  

 

 

 

 

 

 

stack the Al2O3 layer is deposited over the Al gate contact and then the Ag drain/source 

contacts are deposited on top of that. The key difference here with the transistor struc-

ture is the absence of the semiconductor layer. 

3.2.5 Characterization methods 
The device characteristics were analysed using a Keysight N1301A semiconductor de-

vice analyser, SDA. This device has four probes to connect with the contact pads of the 

device. The Figure 3.13 shows the four-probe unit of the SDA used in this work for 

measurement purpose. Figure 3.14 shows the measurement unit with one of  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Keysight semiconductor device analyzer probe station. 

Figure 3.12. Dielectric capacitance measurement stack. 
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the setups used to characterize the OTFTs. 

Two of the probes were connected to the gate and drain contact pads of the devices to 

apply the DC inputs: VGS and VDS. The third probe was probed to the source contact to 

create the ground connection. To measure the ID vs VGS, for different drain voltages, the  

 

 

 

 

 

 

 

 

gate to source voltage was swept over the range of operating voltage at different values 

of VDS. The gate leakage current, IG, was also measured in the same setup. The ID vs 

VD was measured by sweeping the drain voltage at different gate voltages. To measure 

the dielectric capacitance, only two of the probes (which were connected to the capaci-

tance measurement module of the SDA) were connected to the gate contact and one of 

the drain/source contacts. Then the dielectric capacitance was measured over a range 

of applied voltage at different frequencies. To measure the capacitance vs frequency (C-

f) response of the devices, the probing was kept the same as for the C-V measurement, 

just the capacitance was measured over a range of frequencies (0Hz to 5MHz). The 

results and related discussions are presented in the next chapter. 

 

 

 

Figure 3.14. Main measurement unit of the SDA. 
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4. RESULTS AND ANALYSIS 

In this chapter first we will discuss the reference OTFT characteristics reported by the 

producer of the organic semiconductor material (SP400 by Merck) and the reproduced 

ones in this work, and second, the characteristics of the low voltage organic thin film 

transistor that is fabricated using high-k dielectric as the gate insulating material. 

4.1 Reference OTFT 

To compare the reference device with the claimed performance of the commercial OSC 

and p-channel OTFT the same stack, top gate bottom contacts (TGBC), prescribed by 

Merck is fabricated, as shown in Figure 3.2. The device parameters are presented al-

ready in 3.2.1. The SAM modified TGBC devices’ performance was compared to the 

reported results, discussed in the next section. 

4.1.1  Output characteristics of the reference TGBC OTFT 
The transfer characteristics of the reproduced reference OTFTs are presented in Figure 

4.1 The notable characteristics as seen from the figure of the Merck prescribed reference 

OTFT are the lowish output current ID and the required high voltage that is required for 

the operation of the OTFT. The obtained current on/off ratio is lower by order of two 

compared to the Merck reported result. There is difference in device channel parameters 

as seen in the following table. The SAM solution used in this work to align the energy 

levels of the OSC and the Ag electrodes is also based upon the assumption of the type 

of material this SC. So, there are quite a few factors which could have affected the device 

performances in this comparison.   

Table 4.1. High voltage OTFT parameters comparison between reference and repro-
duced devices. 

The notable point in this device comparison is that the channel length is different in this  

 Channel 

width, W 

(µm) 

Channel 

length, L 

(µm) 

W/L Total dielec-

tric thickness 

(nm) 

On cur-

rent (A) 

Off cur-

rent (A) 

On/off 

ratio 

This the-

sis work 

1000 80 12.5 ~700 10-7 10-11 104 

Merck 

[9] 

500 55 9.1 700 10-6 10-12 106 
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work and the Merck devices. The organic dielectric thickness and the SC thickness are 

almost same in both works as the deposition methods used in the two works are exactly 

same. The semiconductor layer thickness is ~30-35nm as reported by Merck. 
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Figure 4.1. Output drain current vs drain voltage of the reference 
OTFT at different gate voltage. 
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Figure 4.2. Gate leakage current vs gate voltage at different drain volt-
ages for the reference OTFT. 
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Figure 4.2 presents the gate leakage current of the reproduced devices. According to 

IEEE standards [47] the leakage of an acceptable OFET should be at minimum two or-

ders of magnitude below the drain current. All the leakage curves show a well acceptable 

value in accordance to that [47]. 

4.1.2 Transfer characteristics of the reference OTFT 
The reference OTFT transfer properties are examined applying different drain voltages 

and in Figure 4.3. the result from the high drain voltage (saturation region) regime is 

plotted. The capacitance vs voltage (between the gate and drain/source contacts) plot is 

presented in Figure 4.4. The measured parallel plate capacitance of the dielectric layer 

(~700nm) is around 12.5pF and the overlapping area between the contact pads is 

~5 × 10−3 cm2, hence providing an approximate dielectric capacitance of 2.5 nF/cm2.  

To calculate the field effect mobility the following equation is used to calculate the hole 

mobility in the semiconductor layer of the OTFT. 

𝜇𝑠𝑎𝑡 =

(
𝜕(√𝐼𝐷)

𝜕𝑉𝐺
)

2

1
2

𝐶𝐺
𝑊
𝐿
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Vgate (V)

|I
d

| 
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)

Vd= -27V

50,0µ
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150,0µ

200,0µ

250,0µ

300,0µ

√
Id

 (
√
A

)

Equation y = a + b*x

Plot Sqrt|Id| (sqrt(A))

Intercept -7,92783E-5 ± 1,44649E-6

Slope -8,73327E-6 ± 5,3394E-8

Figure 4.3. Reference OTFT transfer curve in the saturation region. 
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Here, 𝐼𝐷 is the drain current at the saturation regime, 𝑉𝐺 is the applied gate voltage, 𝐶𝐺  is 

the gate insulating dielectric capacitance (2.5 nF/cm2 in our case), W and L are the chan-

nel width and length respectively. The slope of the √𝐼𝐷 vs 𝑉𝐺curve from Figure 4.3 gives 

the differential current quantity of the above-mentioned equation and the 𝑥 −intercept of 

the same slope line gives the threshold voltage, 𝑉𝑇𝐻 = −7.9 𝑉. 

𝜇𝑠𝑎𝑡_𝑟𝑒𝑓 =
(8.73 × 10−6)2

0.5 × 2.5
nF

cm2
× 16.7

 

≈ 5 × 10−3 𝑐𝑚2𝑉−1𝑠−1 

𝜇𝑠𝑎𝑡_𝑟𝑒𝑓  is used to represent the field effect mobility of the reference devices in the satu-

ration region of operation. The 𝜇𝑠𝑎𝑡_𝑟𝑒𝑓  value is lower by order of two than of the reported 

value by Merck. One possible explanation for this could be degradation of the polymer, 

since the material was significantly older than the shelf life claimed by Merck, but the 

issue is not yet fully understood and since the main goal was to make low-voltage TFTs 

this was not further explored. 

There is also a significant amount of uncertainty in the mobility determination of the ref-

erence OTFT. This mobility calculation included the organic dielectrics plate capaci-

tance. To do so the stack that was used only had the contact pads and the dielectric 

layers in-between. This spin coated dielectric layers can have a significant spreading 

difference when spread over the semiconductor layer and when spread over only the 

metal contacts. 
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Figure 4.4. Dielectric capacitance vs voltage plot for the 
reference OTFT. 
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4.2 Low-voltage OTFTs using high-k dielectric Al2O3  

This section describes the low-voltage OTFT performance characteristics. The high -k 

dielectric Al2O3 that was used to fabricate these low-voltage devices and the bottom gate 

bottom contact (BGBC) stack played a vital role in the significant drop of operating gate 

voltage. These notable observations are discussed sequentially in the next subsections. 

4.2.1 Capacitance of the Al2O3 
The anodization procedure described in 3.1.4 to deposit the Al2O3 layer provides a thick-

ness of d = 12 nm [8] of the gate insulator. The dielectric constant of the material is 

reported to be k = 9.3 [8]. To calculate the parallel plate capacitance of the material the 

following formula is used. 

𝐶 = 𝑘𝜀0

𝐴

𝑑
 

where 𝜀0 is the dielectric constant of the free space and A is the overlapping area be-

tween the capacitor plates. 

This calculated value of capacitance C = ~0.70µF/cm2 from the above equation is used 

to calculate the field effect mobility of the carrier in the following section. 

The above cross-sectional transmission electron microscopy (TEM) analysis was re-

ported [8] to determine the thickness of In2O3 TFTs. The reported TEM analysis revealed 

the dielectric, Al2O3, thickness to be 12nm. As both in these works, this thesis work and 

the cited work, the anodization procedure was kept the same, the dielectric thickness is 

Figure 4.5. Reported cross section TEM image of Indium Oxide devices. The Alu-
minum Oxide dielectric layer was deposited using the same procedures in both 
works. Collected with permission from [8] 
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also considered to be the same. One thing to note here is that there might be some 

porousity in the dielectric layer despite the nominally identical deposition method. 

4.2.2 Low-voltage Al2O3 OTFT 
The final version of the OTFTs that provided a significant improvement in terms of oper-

ating gate voltage was of bottom gate bottom contact devices (BGBC) as shown already  

in Figure 3.9. The Al2O3 gated OTFT are measured for the transfer characteristics and 

output (current). The leakage current through the gate insulator in the OTFT structure is 

also measured. 

The output of the aluminium oxide gated transistors is measured over the range of drain 

voltage at different gate voltages applied as presented in Figure 4.6. The drain currents 

at VGS = 0 V and -0.5 V are showing an unstable behaviour. The probable reason behind 

this is the deficit of accumulated carriers in the channel at a low voltage at the gate. The 

output current curves in the linear region are not clearly separated from each other at 

VGS = -2.0 to -3.0 V. 
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Figure 4.6. The output characteristics of the aluminum oxide gated OTFTs. 
The measurement speed was 10 mV/s. 
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The gate leakage current plot is presented in Figure 4.7. The gate leakage current is 

reasonable, but higher than desirable. That is a probable reason behind the low off cur-

rent, and hence, resulting an on/off current ratio 103. 

The largest leakage occurs when there is no voltage applied to the drain terminal and 

the gate voltage is raised to its maximum value of |-3V|. The leakage current drops as 

the applied drain voltage is increased in magnitude and the minimum is when Vd = -2 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transfer characteristics of the Al2O3 gated OTFTs are measured at different drain 

voltages and plotted for Vd = -2.0 V in Figure 4.8. The square rooted curve of the drain 

current is also plotted (red line in Figure 4.8) and a linear fit line (blue dashed line in 

Figure 4.8) to that curve is also plotted to get the required differential current quantity 

required in mobility calculation. 

The field effect mobility in the saturation region is calculated using the same equation as 

used in 4.1.2. To calculate the mobility of the dielectric capacitance value is used as 

mentioned in 4.2.1. The calculation presented below: 

𝜇𝑠𝑎𝑡 =

(
𝜕(√𝐼𝐷)

𝜕𝑉𝐺
)

2

1
2 𝐶𝐺

𝑊
𝐿
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Figure 4.7. Gate leakage current vs gate voltage at different drain 
voltages for the aluminum oxide gated OTFTs. 
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where the 
𝜕(√𝐼𝐷)

𝜕𝑉𝐺
= −2.2 × 10−4 is found from the slope value mentioned in the inset table 

of Figure 4.8. The gate insulator capacitance value 𝐶𝐺 = 0.70𝜇𝐹/𝑐𝑚2 is already dis-

cussed in 4.2.1. Channel width to length ratio, 
𝑊

𝐿
= 12.5, is already mentioned in Table 

4.1. 

∴ 𝜇𝑠𝑎𝑡_𝐿𝑉 =
(−2.2 × 10−4)2 𝐴

𝑉2⁄

0.5 × 0.70𝜇𝐹/𝑐𝑚2 × 12.5
= 0.01 𝑐𝑚2

𝑉 ∙ 𝑠⁄  

 

where 𝜇𝑠𝑎𝑡_𝐿𝑉 is used to represent the saturation region field effect mobility for the Al2O3 

gated low-voltage OTFTs. One key point to note that there is significant uncertainty in 

this calculated mobility value due to large gate leakage current and possible hysteresis. 

The ratio of the on and off current is calculated from the readings of Figure 4.8 . 

𝐼𝑜𝑛

𝐼𝑜𝑓𝑓
=

200𝑛𝐴

100𝑝𝐴
= 2 × 103 

 

The turn on voltage for these low-voltage devices is found from the x- intercept of the 

linear fit line to the square root of ID vs VG curve. As read from the inset table of Figure 
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Figure 4.8. The magnitude of drain current and square root of that vs gate 
voltage plot for the aluminum oxide gated OTFTs. The blue dotted line is a 
linear fit to the square root curve of drain current 
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4.8, the turn on voltage for the developed OTFTs is almost 0V. But this threshold voltage 

value has significant uncertainty when we see at the black curve in Figure 4.8, which 

shows that the drain current starts to increase at about -0.8 V. Therefore, it is under-

standable that the linear fit line is providing only a rough estimation for the threshold 

voltage value. 
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5. SUMMARY 

The goal of this thesis work was to develop and study the characteristics of organic thin 

film transistors which can operate at a low gate voltage. To achieve the primary target 

to lower the operating voltage, a high-k dielectric used in combination with a commercial 

organic semiconductor to fabricate the transistors. A bottom gate bottom contact stack 

was used to make the devices. In the reference OTFT, two low-k organic dielectrics in 

combination with the same semiconductor material were used. The reference OTFT was 

also made using a different stack: top gate bottom contacts. These differences between 

the reference OTFTs and this work’s OTFTs brought a significant drop in operating volt-

age range. The reference OTFT had an operation range of 0 to -40 V whereas the high-

k dielectric gated OTFTs have an operating voltage range from 0 to -3 V. The thick layers 

of the low-k dielectrics were not suitable for low voltage operation of the transistors as 

achieving large current at low voltage with a thick dielectric layer (and thus low dielectric 

capacitance) is a contradicting target to achieve. The thickness difference of the two 

dielectrics is notable: ~700nm in the reference OTFTs and ~12nm in case of the devel-

oped OTFTs. The dielectric constant of the organic dielectrics was not reported by 

Merck, but is also far lower than that of Al2O3. 

The bottom gate contact material was Aluminium with thickness of 100nm. The Al gate 

electrode was deposited on 1mm*1mm glass substrates using electron beam deposition 

using an evaporator located in a nitrogen glovebox. The reason to select the metal was 

to deposit the aluminium oxide dielectric layer using electrochemical anodization. The 

solution used for the anodization process was 0.1M citric acid solution in deionized wa-

ter. A constant 5V and an initial current of 105 µA was applied to deposit the 12nm layer 

of Al2O3 over the gate electrode. The literature reported thickness and C-V measurement 

values were used for the calculation purposes. 

The drain/source contact material was silver of thickness 100nm. Ag was deposited us-

ing thermal evaporation in the same evaporator. To form the targeted device structure 

shadow masks were used. The transistor channel length and width were 1000 and 80 

µm, respectively. The selection of Ag as the drain/source contacts was made based on 

literature reports, with the caveat that the chemical structure of SP400 has not been 

revealed by Merck. The characteristics after the trial experiments proved our assumption 

was somewhat close. The semiconductor layer of ~30-35nm (producer referred proce-

dures were followed to achieve this reported optimal thickness) was deposited on the Ag 

electrodes, as the top layer of the whole OTFT stack, by spin coating. To match the 
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energy levels between the Ag electrodes and the OSC, a self-assembled monolayer 

(SAM) was used. The SAM layer was deposited on the Ag electrodes using dip casting. 

0.1mM pentaflourothibenzol (PTFT) ethanolic solution was used as the SAM solution. 

The key device parameters are stack used: Al/Al2O3/Ag/SAM/SP400, channel length = 

80µm and width = 1mm, dielectric capacitance = 0.7µF/cm2, dielectric thickness = 

~12nm and semiconductor thickness = ~30 to 35 nm. 

The key device performance parameters are 𝐼𝑜𝑛 𝐼𝑜𝑓𝑓⁄ = 103, gate voltage range of op-

eration 0 to -3 V, turn on voltage ≈ −0.8 𝑡𝑜 − 1.0 V and field effect mobility in the satura-

tion region 𝜇𝑠𝑎𝑡 = 0.01𝑐𝑚2/𝑉 ∙ 𝑠. 

Future works relevant to these reference OTFTs and low-voltage, Al2O3 gated devices 

might include different studies. One major point to note is the significant reduction of field 

effect mobility for the reference OTFTs. The reported mobility value is higher by two 

order of magnitude than the value found in this work. The possible spreading issue of 

the low-k dielectrics on the metal contacts is not perhaps enough reason to clarify the 

reduction of the value. Hence, further effort to address more concrete reason behind this 

scenario is a reasonable starting point. The gate leakage current for the reference OT-

FTs is not reported and the values found in this work are reasonable, but there is possi-

bility to further improve it. A lower gate leakage current for the reference devices should 

lead to an improved on/off current ratio. 

For the low-voltage, Al2O3 gated OTFTs, to study the charge carrier phenomena inside 

the semiconductor layer, trap state density measurement is a good point to start with. At 

the same time, addressing the reason behind highish leakage current could also clarify 

the reason behind lowish current on/off ration comparing with the reported results [8] of 

its n-channel counterpart. 
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