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SUMMARY

This work outlines our findings in understanding and characterizing the
injection and transport mechanisms of charge carriers in solution processed polymer
composite dielectrics organic field effect transistors. One of the aim of this study is to
prepare dielectric composites to obtain better mechanical and electrical properties.
Composite materials based on inorganic fillers dispersed within insulating polymer
matrix have wide range of application. For this purpose, dielectric composites with
inorganic fillers like TaOs, AlOs, were prepared. Ta;Os: PMMA, AlO3: PVA,
TaxOs: Gel PMMA composites at different compositions were prepared by dispersing
inorganic high- « dielectrics (Ta2Os, Al2O3) in organic dielectric solution material.
Their electrical and optical properties were investigated.

Another aim of this study is to fabricate and characterize OFETs which have
composite material as dielectric layers. While doing this, composite dielectric layer
was deposited on semiconductor layer using spin coating technique. P3HT:PCBM,
CuPc were used as semiconductor layer. OFETs with Ta;Os:PMMA dielectric layer,
show ambipolar properties. This behavior is explained due to the presence of high
permittivity metal oxide particles and the interfacial Maxwell-Wagner polarization

with the polymer matrix and filler.

Key Words: Organic Field Effect Transistors (OFETSs), composite dielectrics,
ambipolar OFET, high- k dielectrics.



OZET

Bu ¢alisma, ¢ozelti tabanli polimer kompozit dielektriklere sahip organik alan
etkili transistorlerde yiik tasiyicilarinin enjeksiyon ve iletim mekanizmalarinin
anlasilmasi ve karakterizasyonundaki bulgularimizi 6zetlemektedir. Bu ¢alismanin
amaclarindan biri daha iyi mekanik ve elektriksel 6zellikler elde etmek i¢in dielektrik
kompozitlerin hazirlanmasidir. Dielektrik polimer matrisleri i¢ine dagilmis inorganik
dolgu maddelerine dayanan kompozit malzemeler genis bir uygulama yelpazesine
sahiptir. Bu amagla, Ta>Os, Al203 gibi inorganik dolgular i¢eren dielektrik kompozitler
hazirlanmistir. Farkli kompozisyonlardaki Ta>Os: PMMA, Al,O3: PVA, Ta;0Os: Gel
PMMA kompozitleri, yiiksek dielektrik sabitli (k) inorganik dielektriklerin (Ta2Os,
Al,03) organik dielektrik ¢ozeltiler icinde dagilmasiyla hazirlanmistir. Onlarin
elektriksel ve optik 6zellikleri aragtirilmistir.

Bu ¢aligmanin bir diger amaci, dielektrik tabakanin kompozit malzeme oldugu
OFET' lerin iiretimi ve karakterizasyonudur. Bunu yaparken, kompozit dielektrik
tabaka spin kaplama teknigi kullanilarak yariiletken tabaka iizerine kaplanmistir.
P3HT:PCBM, CuPc yariiletken tabaka olarak kullanilmistir. Ta,0s:PMMA dielektrik
tabakasi ile yapilan OFET”’ ler, ambipolar 6zellikleri gostermistir. Bu davranis, yliksek
dielektrik sabitine sahip metal oksit partikiillerinin varligindan ve polimer matrisi ile
dolgu maddesi arasindaki Maxwell-Wagner (Arayiizey) polarizasyonu nedeniyle

oldugu agiklanmustir.

Anahtar Kelimeler: Organik Alan Etkili Transistorler (OAET), Kompozit
dielektrikler, ambipolar organik alan etkili transistorler, yiiksek dielektrik sabitli
dielektrikler.
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1. INTRODUCTION

We live in an increasingly electronic world, with computers occupying a
central part of our lives. Economic, health, and national security rely on and are
positively impacted by electronic technology. Various resources and methodologies
used to fabricate electronic devices raise urgent questions about easy process.
Although silicon technology is the basis of today's electronic and has solved many of
the challenges associated with our increased use of electronics, there are limits to what
silicon can do. Different types of organic materials have worked by scientists on
electronics. These materials include small molecules and polymers; fullerenes,
nanotubes, graphene, and other carbon-based molecular structures; ensembles of
molecules and molecular structures; and hybrid materials [1]. These materials afford
electronic structures unique properties impossible to obtain with silicon alone, creating
untold potential for novel functionality.

Organic materials are being studied and developed for their potential to build
devices with a flexibility [2]. So, electronic devices that bend, twist, and conform to
any surface. Devices made with organic materials also have the potential to interface
with biological systems in ways not possible with inorganic materials such as an
artificial skin with a tactile sensitivity approximating real skin [3]. Potential
applications of organic electronics span a broad range of fields, including medicine
and biomedical research, environmental health, information and communications, and
national security [4]. Because of the low cost and easy fabrication of organic-based
electronic devices, organic electronics also promise to expand the use of electronic
technology in resource-limited areas of the world. Not only organic materials promise
more innovative and accessible electronic technologies, they also promise more
sustainable electronic technologies. The intention is not that organic electronics will
replace silicon-based electronics. Indeed, organic molecules and materials are often
used in combination with inorganic materials to expand electronic landscape with new
materials that make electronics more functional, accessible, and sustainable [5].

Today, the major focus of research and development in organic electronic is on
three main types of existing applications: displays and lighting, transistors, and solar
cells [6]. Organic Field Effect Transistors (OFETs) have several unique properties not
shared by silicon transistors, most notably their flexibility. Because OFETs can be
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fabricated at or near room temperature, they enable the fabricating of integrated
circuits on plastic or other flexible substrates that would otherwise not withstand the
high-temperature conditions of inorganic-based device process [7]. OFETs are also
highly sensitive to specific biological and chemical agents, making them excellent
candidates for biomedical sensors and other devices that interface with biological
systems.

With the synthesis of new organic materials, charge-carrier mobilities have
improved for small-molecule OFETs from < 1 cm?/Vs in 2000 to greater than 1.0-3.0
cm?/Vs in 2010 [8]. Initially, the improved mobilities were obtained only under very
clean conditions in ultrahigh vacuum chambers. However, recent results suggest that
high-performance OFETs can be fabricated using simple and relatively inexpensive
techniques, such as solution processing. Despite this progress, several challenges
remain before OFETs will become a widespread commercial reality. For example,
only recently have scientists demonstrated the fabrication of thermally stable flexible
OFETs. Organic field-effect transistors (OFETs) has been interested in the
development of innovative optoelectronics products, such as backplanes for flexible
displays and low cost circuits for sensors applications [9]. The discovery of electrical
conductivity in polymers enabled the production of organic electronic devices such as
OFETs, OLEDs and OPVs. OFETs were first reported in 1986 and since then many
advances in device performance have been made [10, 11]. The possibility of printing
flexible electronic devices using OFETs has stimulated research devoted to
discovering organic semiconductors with high conductivity and to optimizing device
performance [12-14].

As gate dielectric materials, high- k inorganic metal oxides are ideal candidates
for fabricating high capacitance OFETs capable of low-voltage operation, which
require generally expensive deposition equipment and usually require high
temperature annealing processes [15]. On the other hand, easily processable organic
materials have low dielectric constants and good mechanical properties, but require
large gate dielectric thicknesses due to high leakage currents [16]. A new approach is
to combine inorganic and organic materials as gate dielectrics. Composite materials
ideally combine high permittivity and high breakdown strength of the inorganic
materials and mechanical flexibility, easy processability of the organic counterparts

[17].
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2. ORGANIC FIELD EFFECT TRANSISTORS

In this chapter, the basic structure and working principle of an organic field-
effect transistor, their current voltage characteristics, and how to extract information
from them will be briefly introduced. It has been used different organic molecules
which is given some background details on these molecules and give an overview of

their chemical and physical properties below.

2.1. Working Principle of OFETs

An organic field-effect transistor requires a semiconducting layer, gate dielectric and
source/drain electrodes. The thin semiconductor layer, which is separated from a gate
electrode by the insulating gate dielectric; source and drain electrodes of width W
(channel width) separated by a distance L (channel length) that are in contact with the
semiconductor layer (Figure 2.1). In OFETs, the semiconductor layer is usually
vacuum sublimed, spin-coated, or drop-cast depending on the semiconductor. The gate
electrode can be a metal or a conducting polymer. As gate dielectrics, SiO2, Ta2Os,
Al>03, Si3Na, or poly (methyl methacrylate) (PMMA), poly(4-vinylphenol) (PVP) are
commonly used depend on the transistor structure [18-20]. The source and drain
electrodes, which inject charges into the semiconductor, are usually high work

function metals such as gold [21-23].

Figure 2.1: Schematic structure of organic field effect transistor.
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placivolt polt

Figure 2.2: a) Schematic structure of organic field effect transistor and linear regime
b) start of saturation regime at pinch-off ¢) saturation regime.

The potential difference between the source and the gate is usually called the
gate voltage (Vgs), while the potential difference between the source and the drain is
referred to as the source-drain voltage (Vps). The source is the charge-injecting
electrode, because it is always more negative than the gate electrode when a positive
gate voltage is applied, electrons are injected, and more positive than the gate electrode
when a negative gate voltage is applied, holes are injected [24].

The basic operate regimes and associated current-voltage characteristics of an
organic field-effect transistor is given in figure 2.2 (a-c). When a positive gate voltage

is applied, it will induce electrons at the insulator/semiconductor interface. For

19



negative Vg, positive charges (holes) will be accumulated. The number of accumulated
charges is proportional to Vgs and the capacitance C; of the insulator. However, all
induced charges aren’t mobile. So, it won’t contribute to the current in an organic field-
effect transistor. Gate voltage (effective gate voltage is Vo -Vm) has to be applied
higher than a threshold voltage Vm, because the traps need to be filled first before the
additionally induced charges can be mobile [25, 26].

If source-drain bias isn’t applied, the charge carrier concentration in the
transistor channel is uniform. A linear gradient of charge density from the carrier
injecting source to the extracting drain forms when a small source-drain voltage is
applied. It is shown in Figure 2.2 (a) that the current flowing through the channel is
directly proportional to Vps in linear regime [27].

If the source-drain voltage is reached Vps=Vgs -V, at which the channel is
“pinched off” (Figure 2.2 (b)). A depletion region is formed next to the drain because
the difference between the local potential V(x). Saturation current (Ipssa) can flow
across this narrow depletion zone. Because carriers are swept from the pinch-off point
to the drain thanks to comparatively high electric field in the depletion region. Further
increasing the source-drain voltage will not substantially increase the current.
However, it leads to an expansion of the depletion. Thus the potential drop between
that point and the source electrode stays approximately the same, the current saturates

at a level Ips,sat (Figure 2.2 (c)) [28].

2.2. Device Structures

The physical nature of the semiconductor as well as the employed gate
dielectric may require or enable different device structures that can show very different
transistor behavior. Thus, transistors which have same components and different
geometries, can show dissimilar behavior.

The most known structures are the bottom contact/top gate (BC/TG), bottom
contact/bottom gate (BC/BG), and top contact/bottom gate (TC/BG) structures in
relation to the substrate. One of the major differences between these device geometries
cause by the position of the injecting electrodes in relation to the gate. While charges
are directly injected into the channel of accumulated charges at the semiconductor-

dielectric interface in the bottom contact/bottom gate structure, the source/drain
20



electrodes and the channel are separated by the semiconducting layer in the other two
structures. [29-31]. Other differences between transistor structures arise from the
dielectric/semiconductor and electrode/semiconductor interfaces, such as different
morphologies at the top and bottom surfaces of a semiconductor film (molecular

orientation, roughness) or trap states [32-34].

2.3. Importance of Gate Dielectric for OFET

Charge accumulation and transport in field-effect transistors occur at very
close to the interface between the gate dielectric and the semiconductor. Thus,
investigation of this interface and dielectric material properties is important for the
device characterization. Gate dielectric layer is one of the most important part of an
OFET, which can directly affect the performance of the device [35]. Mobility,
threshold voltage, capacitance, dielectric strength, on /off ratio, low hysteresis etc. are
the requirements for gate dielectric layer [36]. If the dielectric layer is rough and it
contains valleys at interface, these parts behave as charge trap [37]. So, dielectric and
organic semiconductor layer interface with minimal concentrations of impurities is
also important factor for OFET. Dielectric layer should be environmentally stable,
easily processable, and compatible with subsequent processing steps.

Gate dielectrics are mainly characterized by their dielectric constant ¢ (also
named k), which determines the capacitance C;=¢go/d of a dielectric layer of thickness
d (eo is the permittivity in vacuum) and thus the amount of induced charges per applied
Vs [38]. If electric field is applied to dielectric material, material changes its charge
distribution. Thus, high gate capacitance is also important property for gate dielectrics.
Because the capacitance of the gate dielectric determines the charge density that can
be induced in the semiconductor layer by applying a voltage between the gate and the
semiconductor (Figure 2.3). To obtain a certain amount of charges in the transistor
channel, dielectric layer thickness can be reduced or used a dielectric material with a

higher dielectric constant (g) [20, 36].
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Figure 2.3: Schematic diagrams of OFET geometry.

Decreasing the operation voltage is also important for some applications of
OFETs. Three important parameters which affects the operating voltage are mobility
of the semiconductor, capacitance of the dielectric and geometry of the channel. The
most reasonable way of them to decrease the operation voltage is increasing the
capacitance of the dielectric layer by decreasing thickness of the insulator layer or
usage of high dielectric constant material [37]. Because, geometry of the channel can
be changed to decrease the operation voltage, but it is difficult to decrease owing to
limitations of the shadow mask and printing techniques. Mobility of the semiconductor
cannot be altered due to its intrinsic property of the semiconductor material.

Metal oxides with higher € such as, e.g., Al,O3; (¢= 10) and Ta>Os (¢=25) have
also been investigated as possible gate dielectrics for organic transistors [39-41].
However, SiO,, TaOs, AlbOs and other oxides are not ideal dielectrics for the
application of organic semiconductors in flexible electronics. Because they usually
need to be sputtered or anodized to obtain inferior device performance. Another
method is using solution processed dielectric polymers, which do not require high
temperature processing, and whose characteristics can be tuned over a wide range by
changing their chemical structure [42]. Polymer gate dielectrics are easily applied in
top gate transistors. But they have low dielectric constant. To overcome these
disadvantages, a new approach is to combine inorganic-organic materials as gate
dielectrics polymer. So, it is combined that high permittivity of the inorganic dielectric
materials with high breakdown strength, mechanical flexibility, and easy

processability of the organic counterparts [15].
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2.4. Composites and Nanocomposites

Composites are made with the combination of two materials to give the unique
properties of materials in one material. The properties of the composites depend on the
type of the filler, matrix and interface between filler and polymer chains. Interface
between polymer and filler is important to provide better load transfer. Size, shape,
orientation and dispersion of the filler are other factors affecting the properties of the
composites [43]. While the interface of fillers is close to the bulk polymer matrix in
micrometers scale, they have ultra large interfacial area per volume, and the distances
between the polymer and filler components are extremely short in the case of

nanocomposites [44].

2.5. Important of Injecting Electrodes

In order for the current to flow through the transistor channel, injection of
electrons to the LUMO level for the n-channel transistors and a hole for the p-channel
transistors must be injected into the semiconductor HOMO level from the source
electrode. The contacts in organic field effect transistors are based on a direct metal-
semiconductor junction, without any doping, unlike silicon transistors [45-47]. So, the
metal-semiconductor interface is usually treated as a Mott-Schottky barrier. Barrier
height is given by the difference between the metal work function (¢) and the
semiconductor HOMO or LUMO level. A good ohmic contact is expected when the
HOMO or LUMO level of semiconductor is close to metal work function [48].
However, in the opposite case, a potential barrier is created, resulting in a poor charge
injection which causes the transistor to provide extra resistance (it is known contact
resistance). If contact resistance is larger than the channel resistance, it dominates the
performance of this device depending on the semiconductor mobility, which affects
the linear regime of the organic field effect transistors because a large part of the
source-drain voltage already falls in the contacts and does not across the channel [49,
50]. It is important to compare the working function of the injection metal with the
HOMO / LUMO levels of a semiconducting material. Because it can help understand

whether the charge injection is likely or whether a high or low contact resistance is
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expected. In the studies related to this subject, work function of gold (¢p= 5.1 eV) is
well aligned with the HOMO level of P3HT (4.8 eV), which leads to a very low contact
resistance, while almost no charge injection from aluminum (¢=4.0 eV) was observed

[51].

2.6. Charge transport in organic semiconductors

In the efficient operation of modern optoelectronic devices such as light emitting
diodes, field-effect transistors and organic solar cells, understanding the processes that
determine charge transfer is important for designing materials with improved
structure-property relationships. Organic semiconductors are hydrocarbon molecules
with a backbone of carbon atoms. The carbon atom has four valence electrons, each of
which can form covalent bond with other atoms, two of which are in the 2s and the
other in the 2p atomic orbitals [52]. It is said that if the electrons that occupy a
molecular orbital have a lower energy than they had before forming the bonds which
are formed by hybridizing the atomic orbitals to form new molecular orbitals [53]. In
the ground state, the orbitals contain two electrons each, while the higher energy
orbitals are empty up to a certain orbital, because molecular orbitals are filled with
electrons from low to high energy [54]. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) are separated from
each other by the band gap which is known in crystalline inorganic semiconductors
[55].

The simplest organic molecules are alkanes, linear chains of carbon atoms
connected with single bonds and supplemented with hydrogen atoms. For each carbon
atom in an alkane, one 2s and three 2p orbitals hybridize to form four new covalent o-
bonds. The electrons in a o-bond are localized in space [52]. The electrical
conductivity in organic semiconductors originates from conjugation. In a conjugated
molecule, the atomic orbitals of carbon are not sp> hybridized. Instead, double bonds
between two carbon atoms are formed by hybridization of one 2s and two 2p atomic
orbitals [55]. Thus, two carbon atoms are bound via a double bond, an sp2-
hybridization is formed. It forms three coplanar -bonds. One s- and two p-orbitals form
three coplanar degenerated orbitals. Thus, a 6-bond between two neighboring carbon

atoms is formed. Two neighboring p, orbitals overlap with the p, orbital of a
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neighboring carbon atom to form a n-bond. The 6-bond and the n-bond together make
up the double bond. In contrast to a 6-bond, the electrons in a n-bond are delocalized

in space [56].

2.7. Organic Materials

As an active material, solution processed semiconducting blend of n-conjugated
P3HT (poly(3-hexylthiophene-2,5-diyl)) and PCBM ([6,6]-phenyl Cs1 butyric acid
methyl ester) and P-SBTBDT (poly (selenophene, benzotriazole and dialkoxy
substituted [1,2-b:4, 5-b] dithiophene) polymers has preferred. Additionally, CuPc
small molecule have used by evaporation in high vacuum. The evaporation method is
applicable for very short polymer chains. Small conjugated organic molecules are used

to achieve a more crystalline semiconductor.

Table 2.1: Summary of Electrochemical Properties of P-SBTBDT.

Polymer HOMO(eV) LUMO(eV) Eg(eV)

P-SBTBDT -5.17 -3.34 1.81

Schematic representation of synthesized P-SBTBDT containing benzotriazole
and selenophene units, is shown in Figure 2.4 [57]. In order to overcome probable
solubility problems, branched alkyl chain units were incorporated to benzotriazole

moiety. It is given below HOMO and LUMO energy levels and band gap (Ey).

Figure 2.4: Schematic structure of P-SBTBDT.
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P3HT is a derivative of polythiophene, which molecular structure is shown in
Figure 2.5 (a). Polythiophene is widely used in organic electronic devices, and
probably the most widely used polymer in transistors due to chemically stable
conducting polymer. By adding hexyl groups as the side chains to the thiophene rings
which is insoluble makes the polymer soluble in chloroform [31]. The new polymer is
called poly(3-hexylthiophene) (P3HT). PCBM is one of the most commonly used
electron accepting materials in organic photovoltaic devices (Figure 2.5 (b)). PCBM
can be dissolved in common solvents used for donor polymers, allowing the
simultaneous casting of polymer and fullerene and the formation of an efficient bulk
heterojunction. When used in a device with a donor polymer, PCBM enables rapid and
efficient charge transfer and exciton dissociation [58], and has a high electron mobility
[59].

Phthalocyanines are another widely studied organic molecule. They consist of
an alternating nitrogen carbon ring structure. The simplest phthalocyanine molecule
has two hydrogen atoms in the center, which can be replaced by various metal atoms,
such as Fe, Zn, Pb or Cu. Its molecular structure is shown in Figure 2.5 (¢). It is one
of the most investigated molecule for fabrication of OFET structures with p-type
transport properties [ 13]. CuPc is a material with high chemical stability that is widely
used in industry, e.g. as dye for plastics.

Poly (methyl methacrylate) (PMMA) and poly vinyl alchocol (PVA) are
mainly used as dielectric layers in almost all reported literature. PMMA has a
permittivity of approximately 3.5 [20]. Multilayer dielectric of (relatively low-k)
PMMA and (high-k) tantalum pentoxide (Ta>Os) has been used to reduce the operating

voltages of printed transistor [60].
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Figure 2.5: Structure of a) P3HT, b) PCBM, ¢) CuPc, d) PMMA, ¢) PVA.

2.8. Important Parameters for OFETs

2.8.1. Mobility

Mobility is the related the carrier speed in a material and the applied electric
field and mobility unit is in cm?(Vs) . Microscopically, carriers accelerate due to the
force applied by the electric field, which occurs rapidly and across a large number of
carriers. Observed macroscopically, carrier velocity is a viscous flow process in solid

materials [9].
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In OFETs, charge carriers are induced by a gate electrode across an insulating

layer. Applying a voltage Vps between the source and the drain contact gives rise to a

current in the channel. In literature, mobility can be extracted from the experimental

data (OFET output and transfer curves) by using current value and other OFET

parameters. Typically mobility in the saturation regime of the OFET is described by
[24]:

_dlpssar L 1
Msat = =gy WC, Vg — Ve

2.1)

2.8.2. Threshold voltage

Threshold voltage Vm is an important parameter that needs to be controlled to
ensure proper operation of the circuits. Term of threshold voltage is generally used to
specify the gate voltage at which current begins to flow which in OFETs at the onset

of accumulation [61]. While threshold voltage is determined, the linear part of a

v Ips — Vgs curve extrapolated to the intercept on the Vgs axis (it can be seen in Figure

2.6)

Figure 2.6: Extrapolation of V from the \/Ips — V gs transfer characteristic. The
inset shows the section of the Ips-Vas output characteristic where the transfer
characteristic is taken.

Threshold voltages can originate from several effects and depend strongly on
the semiconductor and dielectric used. In particular; impurities, interface states, and,

charge traps contribute to the threshold voltage [20].
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2.8.3. Hysteresis/bias-stress

Hysteresis in OFETs can arise from a number of sources one of which is water
incorporation in the gate dielectric material [62]. Organic gate dielectrics with strong
polar groups can absorb water and experience a slow relaxation which can compromise
device performance. When a gate dielectric is selected, attention should be paid to
either eliminating this issue through selection of a less hygroscopic dielectric material
(e.g. an inorganic or hydrophobic material), or by dehydrating and encapsulating the
device. Slow relaxation of the gate dielectric is usually strongest in polymer-based gate
dielectrics which have polar groups [63] or absorb water [64]. The relaxation of the
gate dielectric invariably increases the dipole in the gate dielectric as time passes. This
causes a decrease in current after a bias change which increases the current flow.
Dielectric charge storage is caused by injection of charges into the gate dielectric. The
driving force for the relaxation increases the field drop across the gate dielectric and
decreases the field which reaches the semiconductor. This generally leads to a decrease
in current after a bias change which increases the current flow.

Several studies, slow relaxation of the gate dielectric, dielectric charge storage,
dielectric charge storage, have identified three major contributions to decrease term

hysteretic effects [62].
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Figure 2.7: Schematic transfer characteristic exhibiting hysteresis.

29



2.8.4. Gate leakage

In an ideal FET with no gate leakage (I = 0) and Ip =—Is. It can be seen in

equation 2.2 that conservation of charge requires:

Ip+I,+1;=0 (2.2)

The simplest measurement of leakage is taken while Vps = 0 over a range of
Vs, but the gate current can be measured over a range of bias conditions [65].
Imperfect gate dielectrics, surface conduction, bulk device transport, or a lack of
semiconductor patterning can lead to gate leakage and affect the performance of many

circuits.

2.8.5. Subthreshold slope

The subthreshold slope is reported at the area of maximum slope which is the
inverse slope of the log Ip vs Vs measured below threshold. It is typically reported in
base 10 logarithmic units of mV/decade [66]. In many thin film transistors the current
begins to increase again at bias points which are normally associated with cut-off.
Increment in current is generally because of increased gate leakage. This may
alternatively correspond to ambipolar behavior and a second region of accumulation

in some materials [67] or hole and electron transporting semiconductor blends [68].
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3. EXPERIMENTAL METHODS

In this dissertation, organic field effect transistors (OFETs) with P3HT:
PCBM, P-SBTBDT, CuPc semiconductors which are built with the Ta;Os:PMMA,
Al,O3:PVA, PC-PMMA composite gate dielectric were studied. This chapter describes
the fabrication process of OFET and the various instruments and methods used for the
electrical characterization of the organic dielectric and semiconductor thin films grown
for OFET. Surface morphologies and cross-sectional images were obtained by Atomic

Force Microscopy (AFM) and Scanning Electron Microscopy (SEM).

3.1 OFET Fabrication

3.1.1. Preparation of Glass ITO Substrate

The pre-patterned OFET substrates consist of interdigitated ITO fingers (purchased
from Ossila) (20 mm x 15 mm) were cleaned by using deionized water, acetone and
isopropyl alcohol (purchased from Aldrich) in ultrasonic bath for 15 minutes,

respectively. The structure of the interdigitated ITO substrate was given in Figure 3.1.

'l.— 20 mm —.{
2) ' :l 2mm b)
= 0L
15 mm -

Figure 3.1: a) Pre-patterned 50 um channel length substrate consist of interdigitated
ITO fingers dimensions b) The pre-patterned OFET substrate.

31



3.1.2. Preparation of Source/Drain Electrodes with Photolithography

Photolithography is composed a mainly three-step process of deposition,
exposure and development, which is used to pattern a layer of photosensitive polymer,
called photoresist. This photoresist layer is then either dissolved or used as a structural
material, acts as a masking layer for subsequent steps that either add or remove
material to the device. Solvent and a photoactive compound in photoresist, which
keeps the material in a viscous solution form until deposition. Then it is evaporated
causing the photoresist to solidify [69]. The solubility of the light-sensitive photoresist
(in this thesis, it is used AZ5214 as a photoresist) in a developer (in this thesis, it is
used AZ726 as a developer) is controlled by the ultra-violet (UV). The reaction of
photoresist to UV light depends on the type of the photoresist. With positive type

Figure 3.2: a) spin coating of photoresist b) annealing for removal solvent c)
photolithography tool d) dissolving photoresist layer in a developer.

photoresist, photochemical reaction forms scissions in the polymer chain, making it
more soluble in developer. The reaction is the opposite for negative type photoresist,
which strengthens the polymer by UV light crosslinks, making it less soluble. The

photoresist is deposited as a thin (typically 1-10 um) layer on the wafer using a spin
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coating technique (Figure 3.2 (a)). After spin coating of photoresist, to remove solvents
and promote adhesion of resist layer, substrates are prebaked Figure 3.2 (b). Then, the
substrates are exposed in a photolithography tool, where light is spatially patterned
using an optical mask as shown in Figure 3.2 (¢). Finally, the more soluble parts of
photoresist layer are dissolved in a developer for several minutes (Figure 3.2 (d)). Then

Au evaporated on this substrate.

e
; Spin Coating
| Glass —
Annealing

Photoresist
Glass

uw
o P U U 9 U
Mask HEE || || | | | | |

Photoresist
Glass

Developing
t si
Glass
Ewvaporating of Au
Au
Glass

Lifting of Au with Acetone
Au
Glass

Figure 3.3: Steps of the photolithography process with positive photoresist.
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It can be seen interdigitated source/drain electrodes which fabricated

photolithography method (Figure 3.4)

Figure 3.4: Interdigitated source/drain electrodes which fabricated photolithography
method.

3.1.3. Preparation of Active Layer Thin Films

Semiconductor layers of CuPc (sublimation grade, 99.9%) which were
supplied by Sigma—Aldrich, were prepared with MBraun High Vacuum System at
vacuum (Figure 3.5). Semiconductor layers of CuPc were deposited at pressure of 10
6 torr with deposition rates of 0.1-0.2 nm/sec. The thickness of the deposited CuPc

semiconductor layers was about 100 nm.

Figure 3.5: MBraun High Vacuum System to evaporate small molecule polymers.
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The poly(3-hexylthiophene) (P3HT): 1-(3-methoxycarbonyl) propyl-1-phenyl-
[6,6] methanofullerene (PCBM) (Sigma Aldrich) was dissolved in anhydrous
dichlorobenzene (Sigma-Aldrich) at 10:10 mg/Iml. The solution was heated and
ultrasonicated for 24 hours at 50°C. The P3HT solution was spin coated for 30 seconds
at 2500 rpm in ambient conditions as a semiconductor layer on top of interdigitated
source/drain electrode. After the spin coating the substrates were annealed for 15
minutes in 110°C.

P-SBTBDT was dissolved in anhydrous dichlorobenzene (Sigma-Aldrich) at
10 mg/Iml. Then was made spin coating for 30 seconds at 2500 rpm in ambient
conditions as a semiconductor layer on top of interdigitated source/drain electrode.
After the spin coating the substrates were annealed for 15 minutes in 110°C. It can be
find detailed information of the semiconductor materials properties and preparing

active layer in related chapters.

3.2. Device Characterization

3.2.1. OFET Characterization

All device current voltage measurements were performed with Keithley 4200

SCS (Figure 3.6). All measurements were done in ambient conditions.

=T

' @

Figure 3.6: Keithley 4200 Semiconductor Characterization System.
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3.2.1.1. Transfer Characteristic

OFET is measured by holding Vps constant and sweeping the gate voltage. At
least one value of Vps should be selected to test the device in the linear region. The
linear region should be plotted as Ips vs. Vgs. The saturation region characteristic can
be plotted as \/ID_S vs. Vs or on a linear curve [70]. These curves were plotted together
using split axes to conserve space. The determination of threshold voltage from

extrapolation from these graphs was also performed. It can be seen example for

transfer characteristic in Figure 3.7 [66].
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Figure 3.7: A sample device transfer measurement showing both the saturation and
linear characteristic.

3.2.1.2. Output Characteristic

The output characteristic is almost universally presented as the qualitative
proof that a transistor has been formed [9]. The devices were measured by changing

Vgs different values and sweeping the drain voltage.
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Figure 3.8: The output characteristic of OFET.

3.2.1.3 Gate Leakage

Gate leakage (Ig) can be measured plotted as a function of gate bias (Vps =

ov).

3.2.2. Dielectric Characterization

Interest in the fundamental and application aspects of dielectric spectroscopy
of polymer materials is increasing day by day. Dielectric spectroscopy is important for
obtaining wealth of information about different molecular motions and relaxation
process. Dielectric spectroscopy has wide frequency range, from 10> Hz to 10'! Hz,
over which polymers respond to an applied electric field. It enables one to relate the
observed dielectric response to slow (low frequency) and /or fast (high frequency)
molecular events [71]. Using polymer materials in electronic interconnection devices,
optoelectronic switches, printed circuit board microwave assemblies for radar,
batteries, which shows the interest in the dielectric and electrical properties of the
polymer.

When an electric field is applied between the faces of the capacitor with
dielectrics between the plates, the atomic and molecular charges in the dielectric are
displaced from the equilibrium positions and the material is said to be polarized. There

are several different mechanisms that can create polarization in a dielectric material
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when the field is applied [72]. One of these is electric polarization, is extremely fast;
its resonant frequency is in ultraviolet or visible range of the electromagnetic spectrum.
This polarization arises when electrons are displaced from their equilibrium positions
with respect to the atomic nucleus and an induced dipole moment is produced. Another
induced polarization is atomic polarization, and its resonant frequency is in the infrared
range of the electromagnetic spectrum. This polarization is called atomic polarization,
and its resonant frequency is in the infrared range of the electromagnetic spectrum.
Cause of polarization in polymeric materials can be charge migration or orientation of
permanent dipoles [73].

The other major polarization mechanism is dipole orientation [74]. If materials
that contain permanent dipoles are placed in the electric field, dipole orientation or
dipole polarization is produced as a result of the alignment of dipoles in the direction
of the applied field. [75]. However, unlike the electronic and atomic polarization, the
polarization of permanent dipoles involves cooperative motions of molecular segments
in a viscous medium with time-scales measurable by dielectric spectroscopy [76, 77].

There are two additional induced polarization for interpretation of
experimental results. The first one is electrode polarization, which results from the
accumulation of ions at the polymer electrode interface. The second polarization is due
to the charges at the interface between components in heterogeneous systems. This
polarization is called as interfacial or Maxwell- Wagner polarization [78].

Dielectric measurements can be conducted by applying voltage to the electrode
interface and measuring amplitude and phase shift of the resulting current. If the input
signal is the current and the output signal the voltage, the transfer function which the
ratio of the output signal to the input perturbation is the system impedance [71]. The
impedance, Z, is expressed as the complex number; Z=7’-1Z”, where Z’ and Z” are the
real and imaginary components of impedance, respectively. In addition to impedance,
the complex dielectric constant (or dielectric permittivity) that can be obtained from
dielectric spectroscopy [79].

The simplest equivalent circuits are obtained by combining resistance and
capacitance in parallel or series. However, an R-C parallel circuit in Figure 3.8 a) is
simple, it is often an adequate model of polarization by charge migration in a given
frequency range. A single resistance is needed to describe the overall loss because the

dissipative contributions due to electrode polarization and dipole relaxations occur at
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lower and higher frequency respectively. The single capacitance embodies the overall
ability of the dielectric to store the electric field by all polarization mechanism. The
impedance of a parallel circuit is given by the sum of the contributions from resistance

and capacitance.

1
=T (.1
R, +iwC;

7=

il

whereiis (-1)'%, w is the angular frequency, w = 2mf and RC is equal to 1, the circuit

characteristic time. 1 is called the relaxation time when dipole polarization form.
When resistance and capacitance are placed in series (Figure 3.8 (b)), this

circuit combination leads to the classic Debye equations for a single dipole or many

dipoles with a single relaxation time.

a) b)
1

Lo
_FI

Figure 3.9: Circuit diagrams for the modeling of material proper.

Graphical representation of impedance is important, is based on the plots of
imaginary versus real impedance, often called to as Cole-Cole plots. An R-C parallel
equivalent circuit makes a semicircle in the complex plane, with the resistance
obtained from the intersection of the semicircle and the Z’ axis [71]. The other
representation of impedance data consists in plotting the absolute value of impedance,

as a function of the logarithm of frequency.
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4. FABRICATION AND INVESTIGATION OF
P3HT: PCBM BULK HETEROJUNCTION BASED
ORGANIC FIELD EFFECT TRANSISTORS USING
DIELECTRIC LAYERS OF PMMA:Ta0s
NANOCOMPOSITES!

4.2 Introduction

Organic Field Effect Transistors (OFETs) are of primary importance due to
effective implementation of low-cost, flexible and light devices in new generation
electronics [80]. Particularly, ambipolar OFETs are useful alternatives for various
applications because of its operation both with negative and positive voltages. In
addition to the simplification of circuit design, ambipolar character of OFETSs enables
the realization of low power and stable organic integrated circuits [81]. Ambipolar
OFETs can be fabricated by different methods. Bilayer of electron and hole
transporting materials or a single layer that is composed of their mixtures is the most
used structures for ambipolar OFETs [82]. OFETs based on a single organic
semiconductor with different source-drain electrode materials are also reported with
ambipolar properties [83]. Another successful approach for pentacene based ambipolar
devices is to use only Au as source-drain electrodes and employ poly (vinyl alcohol)
(PVA) film as gate dielectric [84]. It is also shown that pentacene OFETs produced
directly on SiO», Al2O3; or Ta;Os with Au source-drain electrodes exhibit p-type
operation [85]. Takebayashi et al. used PVA coated Au source-drain electrodes for
pentacene and fabricated low voltage OFETs [86]. In these devices, Na® ions in PVA
change the character of the injection barrier in Au/Pentacene interface, which leads to
ambipolar behavior of the devices. Bartic et al. have demonstrated low voltage OFETs

with P3HT semiconducting layer and Ta>Os dielectric layer which supply oxygen

! This chapter has been published as B. Canimkurbey, Z. A. Kdsemen, S. E. San,
M.Yasin, S. Berber, A. Késemen, “Fabrication and Investigation of P3HT:PCBM
Bulk Heterojunction Based Organic Field Effect Transistors Using Dielectric Layers
of PMMA:Ta>Os Nanocomposites”, Microelectronic Engineering, (2017).
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atoms during fabrication process and significantly affect the performance of the device
[87].

Chemical Vapor Deposition (CVD) or Pulsed Laser Deposition (PLD)
processed metal oxide dielectric films, such as Al,O3, HfO,, Gd>03, Ta20s, BaTiOs3,
etc., have higher dielectric constants, but these materials are rather expensive and not
compatible with most of the flexible substrates in printed electronics, thus, limiting
large area application [88]. To overcome these disadvantages, polymer nanocomposite
dielectric materials can be used with metal oxide dielectric layers. Solution processed
dielectric layers such as PMMA, PVP and PVA have lower dielectric constants and
gate capacitances [89-92]. Also, these layers are required to be thick enough to avoid
pin holes which are generally observed in solution processed thin films. However,
polymer nanocomposite based dielectric films can be easily processed even at room
temperatures, making them ideal candidates for flexible microelectronic devices [93].
In recent years, much effort has been made by the researchers to tailor the properties
of polymers by mixing various inorganic components to change impurity density of
the film. Impurities and dopants in organic semiconductors trap one type of charge
carriers [94, 95]. It has also shown that dielectric properties of solution processed
PMMA films can be improved due to mixing of high- k inorganic nanoparticles such
as zinc sulphide powders and zirconium oxocluster [36].

Top-gate/bottom-contact type configuration has advantages over bottom-gate
ones [96]. This structure has five times improved lifetime when compared with a
conventional OFET. The top-gate insulator can be used as a passivation layer to protect
the device from degradation by moisture and oxygen [97].

Thus, it is possible to develop low-cost solution process gate dielectrics with
mechanical flexibility, high dielectric constants and tunable carrier density. In this
work, a solution based hybrid dielectric material, containing PMMA and a high- «

TaxOs inorganic particle was reported as a gate dielectric layer of the OFETs.

4.3 Experimental Details

PMMA, P3HT, PCBM, Ta>Os and butyl acetate, used for this study, were
purchased from Sigma Aldrich. Glass substrates with interdigitated ITO electrodes
having channel dimensions of 30mm (W) X 50um (L) were purchased from Ossila.

P3HT: PCBM blends with 1:1 wt/wt ratio were prepared in 1,2 dichlorobenzenes (10
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mg/ml) at 50°C using stirring process. P3HT: PCBM semiconducting layer with a
thickness of around 150 nm was deposited on interdigitated ITO electrodes that act as
source-drain electrodes. P3HT: PCBM thin films were annealed at 110°C for 30
minutes. PMMA and Ta»Os (inorganic particles with diameter <20 um) were dissolved
in 1 ml butyl acetate at 0 wt%, 3 wt%, 7 wt%, 10 wt%, 20 wt%, 50 wt% concentration
of Ta;Os particles in PMMA and stirred for one day at room temperature until
homogenous solution is obtained. To promote uniform dispersion of particles, the
particle suspensions were also ultra-sonicated for 2 h. A PMMA: Ta,Os dielectric layer
with a thickness of about 600 nm was spin coated on the P3HT: PCBM semiconducting
layer. The dielectric films were annealed at 110°C on a hot plate for 10 minutes to
evaporate residual solvents in ambient conditions. This annealing parameters were
selected from literature and slightly adapted for our devices taking into account
evaporation time of the solvent [98]. Finally, aluminum was evaporated on dielectric
layer of the sample as a top gate contact. Dielectric properties of PMMA: TayOs
composites were analyzed with metal-insulator-semiconductor (ITO/PMMA:
TaxOs/P3HT: PCBM) structures using HP 4194A dielectric analyzer. Figure 4.1

schematically describes the structure of the device. Electrical characterization of the
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Figure 4.1: A schematic illustration of OFET devices.

fabricated OFETs was carried out using Keithley 4200-SCS at room temperature.
Surface and cross sectional profiles of pure PMMA and PMMA: Ta>Os composite
films were analyzed using SEM (Philips XL 30 SFEG). Semiconductor-dielectric
interfaces were investigated by means of X-Ray Reflectivity (XRR, Smartlab, Rigaku)
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4.3. Results and Discussion

SEM was used to investigate the surface morphology and micro structural
features of PMMA: Ta,Os based dielectric films with varying wt/wt concentration of
TaxOs. SEM images of the dielectric film surface and cross-sectional profile of the
semiconductor/dielectric interface are shown in Figure 4.2 and Figure 4.3,
respectively. As can be seen from the Figure 4.3, SEM images did not show any
significant difference regarding the morphology at the interface for varying Ta,Os
concentrations. In addition, PMMA forms a good interface with semiconducting films,
which is very good agreement with literature [99]. As can be seen in the SEM images,
agglomeration of Ta>Os nanoparticles is noted in PMMA dielectric films with the

increasing concentration of Ta;Os.

Figure 4.2: SEM images taken from the surface of PMMA: Ta>Os based dielectric
films with varying wt% concentrations of TaOs.

Variation in the size of Ta>xOs might be attributed due to difference in thickness
between different regions of solution processed films.

Dielectric constant (g') variation for different concentrations of Ta>Os particles
as a function of frequency is presented in Figure 4.4 All the samples have shown good
polarization over a wide range of frequency. Dielectric constant was found to increase
with increase in the concentration of Ta»Os. Dielectric constant value of 3.6 at 100 Hz
for PMMA:Ta,0s blends with 0 wt% concentration of Ta;Os is in accordance with

43



literature [96]. Increase in the dielectric constant value with the concentration of Ta>Os
strongly confirms linear enhancement in both electron and hole accumulation, whereas

the PMMA film showed preferential electron accumulation [100].

AccV SpotMagn Det WD —— | 1um AccV SpotMagn Det WD |—— 1um
150KV 3.0 25000x SE 144 GTU 15.0kV 3.0 25000x SE 149 GTU

Figure 4.3: Cross-section SEM images of PMMA: Ta>Os based dielectric films at a)
0 wt% and b) 50 wt% concentrations of Ta;Os.

Frequency dependent loss tangent (tan d) and conductivity graphs are given in
Figure 4.5 (a) and 4.5 (b), respectively. Loss tangent values show the dielectric losses
in a dielectric material, and decrease with the decreasing electrical conductivity in
nanocomposites and vice versa [101]. Figure 4.5 (b) shows frequency dependent
electrical conductivity which confirms relation between conductivity and loss tangent.
The inset of Figure 4.5 (b) shows the extended diagram of low frequency region. The

conductivity increases with increasing content of Ta>Os filler. This behavior is in very
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Figure 4.4: Dielectric constant (g') versus frequency graph for PMMA: Ta>Os based
dielectric films for different concentrations of Ta»Os.

good agreement with literature and can be attributed to increase in number of charge
carriers supplied by Ta>Os filler [102, 103]. The frequency dependent AC conductivity

obeys Jonscher’s universal power law which is applicable for polymers.

oac(®) = opc + Ao’ (4.1)
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Figure 4.5: a) tan 6 versus logarithmic frequency graph and b) conductivity versus
frequency graph for PMMA: Ta,Os based dielectric films for different concentrations
of Tax0s. The inset displays the extended diagram from low frequency region for
clarity.
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where, A4 is a constant, @ is the angular frequency and s is the frequency exponent
parameter [104].

In Ta>Os, oxygen vacancies are the most dominant type of defect [105]. Each
oxygen vacancy offers dangling bonds and donates two electrons close to the vacancy
location. The dangling bonds cause electronic states within the bandgap which are able
to trap excited electrons, creating many trap levels within the bandgap of Ta»Os.
Consequently, the presence of oxygen vacancies is expected to make Ta>Os an n-type
semiconductor [106]. On the other hand, the increment with source of charge carriers
pave the way for ambipolar behavior of OFET.

XRR curves recorded from the deposited films are displayed in Figure 4.6. It
can be noted that the critical angles (O¢) for the PMMA: Ta>Os based dielectric films
at 0 wt% and 50 wt% concentrations of Ta>Os are different, thus proving change in
concentration of Ta>Os. According to simulations of the recorded XRR curves, these
critical angle values correspond to mass densities of 0.26 g/cm® and 8.19 g/cm? for

Ta>Os concentrations of 0 wt% and 50 wt%, respectively.
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Figure 4.6: XRR curves acquired from PMMA: Ta>Os based dielectric films with
Ta2Os concentrations of a) 0 wt% and b) 50 wt%.

Output and transfer I-V characteristics of the devices with varying wt/wt

concentration of Ta>Os are shown in Figure 4.7 and Figure 4.8, respectively. Drain to
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source current (Ips) of the devices was found increase with increase in drain to source
voltage (Vps). Gate to source voltage (Vgs) showed excellent saturation trend,
following the behavior of typical OFETs. The I-V characteristics of the devices
processed using 0 and 3 wt% concentration of Ta;Os were found similar to the
characteristics of typical p-type field effect transistors as already known for the case
of P3HT:PCBM blend based transistors [107]. However, devices based on 7 wt% and
higher concentration of Ta>Os followed the behavior of typical ambipolar OFETs.
Kinks in the output characteristics of the devices at lower gate to source voltages (as
can be seen in Figure 4.7(c-f)) and increase in channel current (Ips) of the devices with
positive gate to source voltages (as can be seen in Figure 4.8), confirms ambipolar
behavior of the devices [108, 109]. Meric et al. have developed graphene based
ambipolar transistors and discussed the reasons of kinks (at lower gate to source
voltages) in the I-V curves of the devices with the help of schematic drawings [110].
Recently, Yasin et al. have investigated P3HT:PCBM blends based photo-MESFETs
which showed ambipolar properties similar to the investigated devices with 7% and

higher wt concentration of Ta>Os nanoparticles [111].
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Figure 4.7: Output I-V characteristics of OFETs with PMMA: Ta;Os based dielectric
films for different concentrations of Ta,Os changing from 0 wt% to 50 wt%.

determined using following relation [112]:

In the saturation regime, drain to source current (Ips) of the devices can be

Ips

_ uw¢;
2L

Ves — Ven)?

4.2)

where p is the field effect mobility, C; is the gate capacitance per unit area, W is the

channel width, L is the channel length, Vg is the gate to source voltage and Vy, is the
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threshold voltage. Field effect mobility of the devices in the saturation regime was

obtained using following relation:

2 2L
Wc;

L=m (4.3)

which is derived from equation (2). In the above relation, m is the slope of (Ipg)"?- Vgg
curve and C; is the capacitance per unit area [113].

It was observed that devices processed using 0 wt% and 3 wt% concentration
of TaxOs followed the behavior of typical p-type OFETs with hole mobility of
2.68x107 and 3.42x107* cm?/Vs, respectively. Whereas devices realized using 7 wt%
and higher concentration of Ta>Os showed electron mobility in addition to hole
mobility indicating ambipolar behavior of the semiconducting layers. It was also noted
that electron mobility increases with increase in the concentration of Ta>Os. The hole
and electron mobility values were found to be equal to 1.08x1073 and 4.42x1073 cm?/Vs

at 50% wt concentration of Ta>Os, respectively.

4.4. Conclusion

In conclusion, solution processed P3HT:PCBM bulk hetero-junction based
OFETs, having dielectric layer of PMMA:Ta,0Os nanocomposites with varying
concentration of Ta,Os, were successfully fabricated. The devices with 0 wt% and 3
wt% concentration of Ta>Os exhibited p-type OFETs characteristics. However,
devices processed with 7, 10, 20 and 50 wt% concentration of Ta>Os showed
ambipolar behavior with increasing trend of n-type conductivity. The hole mobility
which is equal to 2.68x10 ¢m?/Vs at 0 wt% concentration of Ta,Os reduces to
1.08x107 cm?/Vs at 50 wt% concentration of Ta,Os. Whereas electron mobility which
is negligible compared to hole mobility value at 0 wt% concentration of Ta,Os rises to
4.42x107 cm?/Vs at 50 wt% concentration of Ta>Os. It is pertinent to mention that all
the devices showed excellent saturation behavior. We conclude that the fabrication

process used to prepare OFET devices is promising due to its simplicity and substrate-
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independent nature. Solutions used in this work are also applicable on flexible
substrates to realize large area arrays using advanced solution processing techniques
such as inkjet printing. It is expected that such devices can be utilized for some

industrial applications in near future with promising results and ease of processing.
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Figure 4.8: Transfer I-V characteristics of OFETs with PMMA: Ta,Os based
dielectric films for different concentrations of Ta>,Os changing from 0 wt% to 50
wt%.
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5. MEDIUM BAND GAP POLYMER BASED
SOLUTION PROCESSABLE HIGH DIELECTRIC
CONSTANT COMPOSITE GATE INSULATORS
FOR ORGANIC FIELD EFFECT TRANSISTORS?

5.1. Introduction

Organic field-effect transistors (OFETs) have advanced rapidly in recent years
due to their potential applications in large-area, low-cost, flexible and printed
electronics such as e-paper, radio-frequency identification (RFID) tags, smart cards,
and biosensors [114]. For a better OFET performance, gate capacitance is one of the
most important parameters that determines the charge density to be induced. One of
the way to increase the capacitance is to use a high dielectric constant (k) inorganic
dielectric material, such as tantalum (V) oxide, barium titanate, barium strontium
titanate etc. which were used to reduce operating and threshold voltages [115]. Higher
gate capacitance enables trap states to be filled at much lower gate voltages, thus
enabling higher mobility due to large number of free charge carriers induced in the
channel [116].

Polymeric OFET insulators (e.g. poly (methyl methacrylate), poly-4-
vinylphenol, polyvinyl alcohol, etc.), which are solution processable and have low
dielectric constant (k), have to be fairly thick to avoid pinholes [117-119]. Metal oxides
(Gd203, Al>O3, Tax0s, etc.) have higher dielectric constants than those of polymers,
but their vacuum evaporation or atomic layer deposition processes are rather expensive
and time-consuming [120-122]. Additionally, the high processing temperature
required for metal oxides is not compatible with roll-to-roll manufacturing of OFETs
and the flexible polymeric substrates which are used in printed electronics [123]. To
overcome these handicaps, it was proposed to combine the desirable properties of high-

k metal oxides and polymeric dielectrics such as PVP, PS, PVA, etc. [16, 124-127].

2 This chapter has been submitted as B. Canmimkurbey, H.Unay, C. Cakirlar, S.
Biiyiikkose, A. Cirpan, S. Berber, E. Altiirk Parlak “Medium Band Gap Polymer Based
Solution Processable High Dielectric Constant Composite Gate Insulators for Organic
Field Effect Transistors”, Journal of Polymer Science Part B: Polymer Physics, (2017).
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Deposition of the hybrid inorganic-organic dielectric layer can be achieved
directly with dispersion of inorganic nanoparticles in a polymer matrix [125]. Recently,
high-k barium titanate nanoparticles were used as the nanocomposite gate insulator for
solution processable, high quality, and low leakage current OFETs [128]. Titanium
dioxide was also used as the nanocomposite high-k dielectric for low voltage top-gate
OFETs [129].

Ambipolar OFETs are needed in fabrication of inverters and logic circuits for
digital electronics, in which both electrons and holes exist depending on the applied
gate voltage [130]. To achieve an ambipolar OFET behavior, bilayer structures of n-
type and p-type semiconductor layers or their mixtures are used [82]. In addition, there
are some reports on ambipolar OFET devices that have source/drain electrodes with
different work functions and one type semiconducting material in the accumulation
channel of the OFETs [83]. Another successful approach is using only Au as the
source/drain electrode with a spin-coated PV A film as the gate dielectrics. Takebayashi
et al. have demonstrated ambipolar behavior using Au source-drain electrode on the
pentacene active layer [86]. In their work, it has been considered that Na" ions in PVA
modify the injection barrier in Au/pentacene interface. An enhancement of hole
transport and injection for an n-type dominant polymer was also reported by using a
fluorinated high- « dielectric [131]. Impurities and dopants in the active layer act as
traps for one type of the charge carriers. For example, oxygen plays a role as a p-type
dopant for most of the organic semiconductors by suppressing conduction of electrons
and yielding mobile holes [94, 95].

In this work, a solution processed high-k tantalum pentoxide (Ta;0s): PMMA
nanocomposite material was used as the dielectric layer. As an active layer P-SBTBDT
material, known as a low band gap and high hole mobility semiconductor, was used
[57] .Top-gated OFETs were fabricated on an interdigitated ITO coated glass substrate.
The fabricated OFETs exhibited high field-induced current and air-stable ambipolar
behavior with relatively high hole and electron mobilities. In addition, dielectric
properties of Ta,Os:PMMA nanocomposite films were investigated. Relatively high
dielectric constant (x~5,3) was obtained with the 50 wt.% TaOs:PMMA

nanocomposite film.
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5.2 Experimental Details

Poly (methyl methacrylate) (PMMA) (Mw= 350,000), tantalum pentoxide
(TaxOs) and butyl acetate were purchased from Sigma Aldrich. Pre-patterned
substrates with interdigitated finger electrodes having channel dimensions of 30mm
(W) x 50um (L) were purchased from Ossila. Poly(selenophene, benzotriazole and
dialkoxy substituted [1,2-b:4, 5-b’] dithiophene (P-SBTBDT) were synthesized using
the method reported previously [57] (Figure 5.1), and dissolved in 1,2 dichlorobenzene
(10 mg/ml) at 50°C using stirring process. Approximately 150 nm thick P-SBTBDT
semiconducting layer was spin coated on the interdigitated ITO electrodes on glass
substrates, and annealed at 110°C for 30 minutes on a hot plate. PMMA and Ta»Os
(inorganic particles with diameter <20 um) were dissolved in 1 ml butyl acetate at 0
wt.%, 3 wt.%, 7 wt.%, 10 wt.%, 20 wt.%, 50 wt.% of Ta,Os particles in PMMA and
stirred for 1 day at room temperature until homogenous solution was obtained. To
promote uniform dispersion of particles, the particle suspensions were also ultra-
sonicated for 2 h. Ta,Os:PMMA dielectric layer with a thickness of about 800 nm was

spin coated on the active layer.

Figure 5.1: A schematic illustration of OFET devices and chemical structure of P-
SBTBDT.

Finally, aluminum was evaporated on dielectric layer as a top-gate contact.
Dielectric properties of Ta2Os:PMMA composites were analyzed in the 100 Hz to 15
MHz range with metal-insulator-semiconductor (MIS) structures using Hewlett-

Packard (4194A) impedance/gain-phase analyzer. Temperature dependence of the AC
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conductivity was measured at 100 Hz over the temperature range between 303 K and
383 K. Figure 1 schematically describes the device structure. Electrical
characterization of the fabricated OFETs was carried out using Keithley 4200-SCS at
room temperature. Surface profiles of pure PMMA and Ta,Os:PMMA composite films
were analyzed by using Scanning Electron Microscope (SEM) (Philips XL 30 SFEG)
and Atomic Force Microscope (AFM).

5.3 Results and Discussion

Figure 5.2 shows frequency dependent electrical conductivity between 100 Hz
and 15 MHz. Electrical conductivity increases with increasing content of Ta»Os filler.
The inset shows zoomed area in low frequency region. This increment in conductivity
can be attributed to increase in number of charge carriers supplied by TaOs filler [102,

103]. Additionally, there is a correlation between conductivity and activation energy
[132].
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Figure 5.2: Variations of conductivity with respect to frequency for Ta20s:PMMA
based dielectric films with varying concentrations of Ta>Os. The inset figure displays
the extended graph for low frequency region.
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Activation energy can be calculated experimentally by using following formula [133],

o = Aexp(—E,/KpT) (5.1)

is the conductivity, A is the pre-exponential factor of conductivity, Kb is the
Boltzmann constant, T is the temperature, and Ea is the activation energy.

Figure 5.3(a) shows temperature dependent conductivity. The activation energy
E. was evaluated from the linear fit of 1/T vs In 6 graph according to Equation 5.1 and
filler ratio dependent E, is given in Figure 5.3(b). It is clear from figure that activation
energy value decreases with increasing the Ta>Os concentration. The addition of Ta>Os
inorganic particle to PMMA matrix enhances the electrical conduction of PMMA due

to the electronic and impurity contributions arising from the Ta>Os particle.
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Figure 5.3: a) Temperature dependence of the conductivity o plotted as In(c) versus
1/T. b) The E. activation energies obtained from the linear fits in a) for the filling
ratios of 0, 10, 50, 70 wt. %.

Graphs indicate that a significant reduction in activation energy for the AC
conductivity in the composite materials is achieved. Activation energy profile for AC
conductivity of the composite concentrations shows that E, levels are drastically
reduced. Our results, showing that the incorporation of the additive significantly
reduces the E, for the AC conductivity of the composites, compared to the pure

PMMA, are well match with the literature [134].
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Cole-Cole plots for different concentration of Ta,Os given in Figure 5.4
indicate depressed semicircles. The origin of the semicircular loops at lower

frequencies (the right side of the £'axis) is the electrode polarization at samples [135].
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Figure 5.4: Cole-Cole plots of dielectric constants for PMMA:Ta,0Os based
nanocomposite dielectric films with varying concentrations of Ta>Os. The inset figure
on the right shows the frequency dependent real part of permittivity. The inset figure
on the left side shows the equivalent circuit of nanocomposite thin films.

The second loops indicate bulk property of the samples [136]. Our Cole-Cole
plots reveal that a non—Debye type relaxation mechanism is dominant in the system.
Equivalent circuit model analysis of the Cole—Cole plots shows serial connection of
two parallel Resistance-Capacitance (RC) circuit elements for the investigated
samples. The inset in Figure 5.4 demonstrates that static dielectric constants measured
at 100 Hz increase with increasing concentration of Ta;Os. The obtained dielectric
constant value (3.6) for PMMA films is in very good agreement with the literature
[137]. Presence of TaxOs strongly provides in both electron and hole accumulation,
while PMMA film shows preferential electron accumulation as known[100].

The increment of frequency dependent dielectric constant due to the increase

of filler ratio is evidently seen in Figure 5.4 inset. This behavior is explained by the
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presence of higher permittivity metal oxide nanoparticles and the interfacial Maxwell-
Wagner polarization of the polymer matrix and filler [138]. Shift in Cole-Cole plots of
nanocomposites with different percentage of Ta>Os points out the increment of
dielectric constant with the increasing filler ratio [139]. Increasing filler ratio is a
source of rise in oxygen vacancies. Each oxygen vacancy, which is the most dominant
type of defect in Ta,Os, offers dangling bonds and donates two electrons close to the
vacancy location[105]. The dangling bonds result in electronic states within the band
gap. These electronic states may trap excited electrons, creating many trap levels
within the band gap of Ta>Os. Consequently, the presence of oxygen vacancies is
expected to make TaOs an n-type semiconductor [106]. On the other hand, the
increment with source of charge carriers pave the way for ambipolar behavior of
OFET.

Scanning Electron Microscopy (SEM) showed surface morphology and micro
structural features of Ta;Os:PMMA based dielectric films with varying wt.%
concentrations of Ta>Os particles in Figure 5.5 SEM images of dielectric film with 0
wt.% of TaxOs shows a smooth surface. As wt.% concentration of Ta,0s increases in
PMMA solution processed dielectric films, the incorporation of more and more Ta>Os
nano-particles with varying sizes is noted in the microstructure of PMMA. It could be

seen that the TaxOs particles were tended to agglomerate on the films randomly.

Figure 5.5: SEM images for the surfaces of PMMA:Ta,0s based dielectric films with
a) 0 wt.%, b) 3 wt.%, c) 7 wt.% d) 10 wt.%, e) 20 wt.% and f) 50 wt.%
concentrations of Ta>Os.
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Figure 5.6: AFM images taken from the surface of (a) P-SBTBDT, (b) PMMA:Ta,0s
based dielectric films with 0 wt.%, (c) 10 wt.% and (d) 50 wt.% concentrations of
Tax0s.
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Figure 5.7: Schematic view of OFET devices are on the left (a,c), and the
corresponding energy level diagrams are on the right (b,d).
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The structure of a top-gate OFET comprises ITO source/drain electrodes, P-
SBTBDT semiconductor layer, PMMA dielectric layer and Al gate electrode. By
applying negative gate voltage, positive charges are accumulated and confined at the
interface between P-SBTBDT and PMMA layer forming a conductive channel (see
Figure 5.7 (a,c)). Energy level diagrams for OFET devices are illustrated in Figure
7(b,d).

Output characteristics of the OFET devices can be seen in Figure 8(a) and (b)
for Owt% and 50wt% concentration of TaOs, respectively. In semiconductor channel
n type charge carriers are dominant up to -60 Vgs voltage. Then positive charge carriers
are accumulated in semiconductor for higher voltages. This behavior can be explained
by the oxygen vacancies of [140]. These vacancies donate electrons with the presence
of dangling bonds, cause electronic states within the bandgap. Electronic states are able
to trap excited electrons, creating many trap levels within the bandgap of Ta>Os. We
propose that Ta,Os particles located at the PMMA/P-SBTBDT interface determine the

accumulation mode of OFET due to these trap levels.
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Figure 5.8: Output I-V characteristics of OFETs having semiconducting layer of P-
SBTBDT and dielectric films of PMMA:Ta,0s with (a) 0 wt.% and (b) 50 wt.%
concentration of TaxOs.

Transfer characteristics of the devices with 0 wt.% and 50 wt.% concentration
of TaxOs are shown in Figure 5.9. Drain to source current (Ins) of the devices was

found to increase with increase in drain to source voltage (Vps) and gate to source
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Figure 5.9: Transfer characteristics of the devices with (a) 0 wt. % and (b) 50 wt.%
concentration of Ta>Os.

voltage (Vgs) with excellent saturation trend, following the behavior of typical OFETs
(Figure 5.9 (a)). Although not shown in Figure 5.9, the I-V characteristics of the

devices processed using 0 wt.% and 3 wt.% concentration of Ta>Os were found
to be similar to the characteristics of a typical p-type field effect transistor. However,
devices with 7 wt.% and higher concentration of Ta>Os followed the behavior of typical
ambipolar OFETs. Kinks in the output characteristics of the devices at lower gate
voltages and increase in channel current (Ips) of the devices with negative gate voltages
confirm ambipolar behavior of the devices [108, 109]. In our previous work, we have
investigated P3HT:PCBM performance as the active layer of OFETs with
TaxOs:PMMA blends and observed ambipolar properties similar to the investigated
devices with 7 wt.% and higher concentration of Ta>Os nanoparticles [141].

In the saturation regime, Ips of the devices can be determined using following

relation [112]:

wc; 2
Ips =5 (Vs = Vin) (4.2)

where p is the field effect mobility, C; is the gate capacitance per unit area, W is the
channel width, L is the channel length, Vg is the gate voltage and Vi, is the threshold
voltage. Field effect mobility of the devices in the saturation regime is obtained using

following relation which is derived from Equation 4.3:

(4.3)
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where m is the slope of (Ipg)"*- Vgg curve.

It was observed that devices processed using 0 wt.% and 3 wt.% concentrations
of Ta,Os followed the behavior of typical p-type OFETs with hole mobility of
~0.39x10 and ~0.37x107 cm?/Vs, respectively. Whereas devices with 7 wt.% and
higher concentration of Ta>Os showed electron mobility in addition to hole mobility
indicating ambipolar behavior of the semiconducting layers. It was also found that
electron mobility increases with increase in the concentration of Ta>Os. Mobility
values together with other important parameters of devices can be seen in Table 1. The
hole and electron mobility values were found to be equal to ~0.30x10 and ~1.41x10"

3 em?/Vs at 70 wt.% concentration of Ta,Os, respectively.

Table 5.2: OFET characteristics and effective capacitances for the different
wt/wt ratio of Ta,Os: PMMA films in ambient condition.

TaxOs WUmax C
concentration (em?/1's)x103 | Vin (V) | lowoff (A) |  gerr | (NFlcm?)
(wt.%)
0 (Pure PMMA) unr=0.39 Vinh+=42 | ~10%-10° | 3.63 0.93
He= - Vin(e-)= -
3 un=0.37 | Vinw=34 [~10%-10° [ 3.68 | 0.78
He= - Vin(e)= -
7 wn=037 | Vinwe=34 [ ~10210% | 3.83 0.82
He= - Vin(e-)= -
10 1h=0.36 Vinh+)=34 | ~10%-10° | 4.32 1.47
pe=1.34 Vin(e-)=8.5
20 1h=0.32 Vinh+)=34 | ~10%-10° | 4.45 1.35
ne=1.37 Vihe-)=8.5
50 1h=0.30 Vinh+=34 | ~10%-10° | 5.26 1.60
ne=1.41 Vine-)=8.5

5.4 Conclusion

In summary, we have fabricated solution processed P-SBTBDT organic

semiconductor based OFETs, using dielectric layer of Ta2Os:PMMA nanocomposites
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with varying concentration of Ta»Os. Fabricated OFETs with 0 wt.% and 3 wt.%
concentrations of Ta;Os exhibited p-type behavior while the rest of the devices
demonstrated ambipolar behavior with an increasing trend of n-type conductivity with
the increasing concentration of TaOs. Hole mobility reduces with increase in
concentration of Ta>Os. Whereas electron mobility is raised to 4.42x1073 cm?/Vs at 50
wt.% concentration of Ta;Os. All the devices showed excellent saturation behavior.
Broadband dielectric analysis revealed that the nanocomposites with higher
concentration not only showed increment in dielectric constants, but also a rise in
conductivity due to the increment of charge carriers. We conclude that solutions used
in this work are also applicable on flexible substrates to fabricate large area arrays. It
is pertinent to mention that such devices can be utilized for some industrial applications

in near future.[82]
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6. SOLUTION PROCESSABLE HIGH
DIELECTRIC CONSTANT NANOCOMPOSITES
BASED ON ALO; NANOPARTICLES FOR
ORGANIC FIELD EFEFCT TRANSISTORS

The dielectric properties and AC electrical conductivity of Pure PVA and Al>O;
nanoparticle doped PVA films were analyzed by HP 4194A Impedance Analyzer
within the frequency range of 100 Hz— 15 MHz at room temperature. The complex

dielectric constant, s*(oo) is defined as,

8*(0))=8'(03)-s"(co) (6.1)

where €'(m)is the real and €"(o) is the imaginary part of the dielectric constant. The
angular frequency (w), referred as the radial frequency; w=2nf, dependent real part of

the dielectric constants was given in Figure 6.1(a).
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Figure 6.1: Variation of a) real and b) imaginary parts of dielectric constant with
frequency for Al,O3:PV A nanocomposites with different wt % of Al,Os.

The resulting dielectric relaxations are explained by the movement of dipoles
(dielectric relaxation) and the existence of free electrical charges (ionic relaxation) due
to the presence of electric field. Debye relaxation model is applied to characterize the
response of molecules to an applied field. The static dielectric constant of Pure PVA
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films were found around 7.5, consistent with the previous work on dielectric
measurement of PVA [142].The increment of dielectric constant is obviously seen in
Figure 6.1.a with the increment of Al>Os ratio of the nanocomposite polymer films.
PVA is a very stable polymer with its high relaxation frequency in the interval of
100Hz- 15MHz. Interpolation of Al,O3 nanoparticle into PVA matrix has modify the
dielectric relaxation frequency of pure PVA. The real part of the dielectric constants
decreases with increasing frequency. Moreover, some ratio of AlO3 -PVA
nanocomposites gives double dielectric relaxation at the same frequency range. The
critical frequencies of each polymers are evaluated by getting the maximum of the
peaks in dielectric loss graphs, are given in Figure 6.1.b.

The dielectric strength (Ae=¢s5-e) of each nanocomposite are also given in
Table 6.1. Investigated nanocomposites indicates a significant combination of
relatively higher and large dielectric strength, yielding a high energy-storage capacity.

Analysis of the dielectric relaxation type of nanocomposites, relaxation time, T,
and absorption coefficient, a, were determined by the fitting dispersion curve obtained

from Origin Lab. 8.0. The equation of dispersion curve is represented by Equation 6.2.

a1
1+(wt)1~%*sinzat

Sl(w) = [S;ligh freq. + (ggow freq. — E;ligh freq.) 2 (6-2)

1+2(wTt)1~* sin%ar+(wr)2(1—“)

where & is the static dielectric constant and & is the infinite frequency dielectric
constant at given frequency range.

The absorption coefficient, a, could take the values from zero to one (0<a <1).
When the absorption coefficient equals to zero, it represents to standard Debye type
relation. If the a parameter is almost zero this behavior could be defined as nearly
Debye type relation. The non-Debye type occurs when the value of absorption
coefficient varies between; 0<o<1 region.

The absorption coefficient and the relaxation frequencies obtained by fitted
curves and given in Table 6.1. It is seen that the fitting results of relaxation frequency
is and the critical frequency values are almost same. The investigation of o parameters
indicates non- Debye type relaxation phenomena is occurred with all weight ratios of

the nanocomposite polymers.
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Table 6.1: Dielectric Parameters of Al2O3:PV A nanocomposites.

%3 %S5 %10 %20 %50 %70
Ag 7.2365 10.0066 | 10.4017 | 11.5464 | 16.4663 | 17.2894
T1 9.79x107 | 5.22x107 | 4.82¢-4 2x10° |5.84x10* | 3x10?
T2 - 4.05x107 | 7.09x107 | 6.02x107 | 1.76x10° | 1.09x10°°
fe1 0.10x107 | 2.35x10” | 4.00x107 - 3.50x10™* -
fe2 - 1.2x107 [ 1.50x107 | 1.20x1077 | 6.90x10° | 1.7x10%®
o1 0.66 0.57 0.41 0.12 0.44 0.04
o2 - 0.19 0.34 0.44 0.29 0.49

Dielectric relaxation mechanism of nanocomposite films was also investigated

by Cole—Cole plots given in Figure 6.2. Cole-Cole plots are represented by plotting the

real component of dielectric constant, €' to the imaginary component of dielectric

constant, " for each frequency. Cole-Cole plots of all nanocomposites demonstrated

depressed semi-circle which points non-Debye type behavior. Cole-Cole plots of

nanocomposite polymers are well-matched with the absorption coefficient results.
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Figure 6.2: Cole-Cole plots of dielectric constants for PVA:Al,O3 based
nanocomposite dielectric films with varying concentrations of Al,O3
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Depressed semi-circles are indicating resistive circuit element is parallel to
internal capacitor. Additionally, graphs with second circle is representing serial circuit
of another R-C circuit. Last tails of the Cole-Cole plots (from the lower frequency
range) are due to the serial R element of the equivalent circuit. The presence of a tail
on the low frequency side (ie. increasing &;"), as shown in Figure 6.2, indicates large
distribution of relaxation times and is because of the high losses in the nanocomposite.
By-products of PVA synthesis are sodium acetate ions, which is the reason of ionic
relaxation phenomena in lower frequency range. At the relatively larger frequencies
relaxation is due to the dipolar molecules of the nanocomposite films. Almost all
nanocomposite polymers are demonstrated the similar Cole- Cole plots. But the
nanocomposite with the weight ratio 70% is giving only one semi-circle. This means,
increasing the Al,Os ratio in the composite is screening the ionic polarization at the
end, where the first loop of Cole-Cole plots is giving the ionic polarization and the
seconds are dipolar polarization model.

The graphical representation of AC conductivity versus In(w) are given in
figure 3. The AC conductivity of the Al,O3-PV A films presents the Jonscher universal

power-law behavior:

oac(®) = opc+ Aw® (4.1)

where, A is a constant, ® is the angular frequency and s is the frequency exponent
parameter which determines AC conduction mechanisms.

The values of parameter s (angular frequency exponent) were calculated from
the slopes of In || versus In(w) graphs. During the fit slope, linear equation y=a+b*x
was used, expressing b=Inw/In ¢ with R-Square: ~0.99. The s parameter values can be
explicated by conductivity mechanisms for frequency dependent conductivity given by
0<s<0.7 for Correlated Barrier Hoping (CBH) conductivity mechanism, 0.7<s<1 for

Quantum Mechanical Tunneling (QMT) conductivity mechanism.
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Figure 6.3: Output and transfer I-V characteristics of OFETs with PVA: Al,O3 based
dielectric films for 0 wt% concentrations of AlOs.

Output and transfer I-V characteristics of the devices with varying wt/wt
concentration of AlbO3 are shown in Figure 6.3 and Figure 6.4, respectively. Drain to
source current (Ips) of the devices was found increase with increase in drain to source

voltage (Vps). It was also found that source/drain current increases with increment in

the concentration of AlLOs.
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Figure 6.4: Output and transfer -V characteristics of OFETs with PVA: Al,O3 based
dielectric films for 50 wt% concentrations of Al>Os.

SEM was used to investigate the surface morphology and micro structural

features of PVA: Al,O3 based dielectric films at 0 wt% and 50 wt% concentrations of
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AlO3. SEM images of the dielectric film surface and cross-sectional profile of the

semiconductor/dielectric interface are shown in Figure 6.5 and Figure 6.6,

% %
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=
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Figure 6.5: SEM images taken from the surface of PVA: AlbO; based dielectric films
ata) 0 wt% and b) 50 wt% concentrations of Al,0s.

respectively. As can be seen in the SEM images, agglomeration of Al,O3 nanoparticles

is noted in PVA dielectric films with the increasing concentration of Al>Os.
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Figure 6.6: Cross-section SEM images of PVA: Al>O; based dielectric films at a) 0
wt% and b) 50 wt% concentrations of Al,Os.
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7. EFFECT OF Ta:0s INORGANIC PARTICLES ON
POLYMER GEL DIELECTRIC BASED OFET
PERFORMANCE?

7.1. Introduction

Organic field effect transistors (OFETs) have been used in many electronic
applications such as sensors, electronic papers, radio frequency identification (RFID)
tags, smart cards, skins for robotics, and organic active matrix displays due to the
provided unique properties like mechanical flexibility, light weight, transparency and
low cost [143-145]. Since the performance of OFETs is not enough to take the
inorganic counterpart's place, the main trend is to improve the electrical properties of
them. In recent years, OFETs have a promising future owing to the performance that
has been shown great advance with better material performance property and different
device structure studies [146, 147]. CuPc is one of the commonly used materials for
OFET's because of its high carrier mobility, self-organizing tendency and large
absorption coefficient in the region of visible light. It was presented that CuPc based
OFETs worked under low operation voltages, and low threshold voltages [148] by
using high boiling point solvent, post thermal treatment and improved gate surface
properties. The gate dielectric material has a critical role on not only OFETs
performance but also device stability. OFETs should have as low operating voltages
as possible, as high field-effect mobility and on/off ratio as possible. Therefore, high
specific capacitance of gate dielectric leads to greater induced charges in the active
semiconductor layer. Thus, OFETs present high performance and long term stability
at lower operating gate voltages, if tailored improvement is satisfied from material
point of view. Poly (methyl methacrylate) (PMMA) is a well-known dielectric polymer
with low dielectric constant, smooth and hydrophobic surface [149]. Ukah et al.
presented that gate material's solvent is strongly dependent on device performance,

which is correlated with solvent dipole moment. They obtained stable and low

3 This chapter has been published as Z. A. Kdsemen, A. Kosemen, S. Oztiirk, B.
Canimkurbey, Y. Yerli, M. Erkovan, “High Mobility and Low Operation Voltage
Organic Field Effect Transistors by Using Polymer-Gel Dielectric and Molecular
Doping”, Solid-State Electronics, (2017).
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operating voltage (-3 V) OFETs with PMMA that was dissolved in propylene
carbonate (PC), which has a large dipole moment (4.9D at 20 °C) high dielectric
constant (64.42 at 25 °C), low freezing point (—49 °C), and high boiling point (241 °C)
[150]. PC has also used as a plasticizer [151], which is important to prepare gel
materials. PC settles between the chains of PMMA and keeps them further apart which
reduces the forces of attraction between them and makes the material more flexible.
The gel has a reduced strength and stiffness compared to PMMA because of the PC.
To get high specific capacitance dielectric (over 10 uF/cm2), it is very common
to use electrolyte for obtaining ion-gel gate dielectric layer for OFETs [152].
Polyelectrolyte as ion gel dielectric was used to fabricate high performance OFET,
which operated under 2 V. The device performance presents high field effect mobility
and on/off values ~2 cm?/(Vs) and 10° respectively [153]. However, electrolyte based
OFETs suffer from long term stability because of the ionic content. In this study, we
have proposed to improve the operation voltage and field effect mobility. The non-
ionic gel dielectric material was used to induce more charges in the active
semiconductor layer near the gate dielectric. In addition to study on this article [148]
PMMA dielectric layer is doped with an inorganic dielectric particle. The control
device group is made from pure PMMA as dielectric layer and CuPc as active

semiconductor layer.

7.2. Experimental Details

Materials were used for preparation of gel purchased commercially from
Aldrich; Acetonitrile (ACN), propylene carbonates (PC) and poly (methyl
methacrylate) (PMMA). The mixture is 70:20:10 in weight ratio, respectively. PMMA
dissolved in ACN at 150 °C and PC was added in the mixture. Mixture was stirred until
becoming gel viscosity. In order to incorporate the Ta,Os particles in the gel mixture
before the adding PC, Ta,Os particles were added in the ACN solution. Weight ratio
of TaOs particles to PMMA were arranged as 10%, 30%, 50%, 100%.

Capacitive properties of the polymer gel dielectric analyzed with MIS structure.
CuPc was coated on Au coated glass substrate and gel dielectric material sandwiched

between CuPc coated electrode and Platinum (Pt) coated ITO electrode. Pt was coated
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on ITO from solution by brush and purchased from solaronix. Dielectric measurements
of MIS structure were made by HP 4194 A dielectric analyzer.

The sandwich type OFET devices were fabricated using interdigitated Au
source-drain electrodes on glass and Si wafer substrates. The source-drain electrodes
were photo lithographically produced. Source-drain electrodes are configured as
interdigitated fingers with a channel length of 50 um and 100 um. Figure 7.1 shows

that schematic illustration of produced OFET devices.

Figure 7.1: Schematic illustration of OFET device.

Cr (5nm) was coated on glass substrate and then Au (100nm) was coated on Cr
layer by using thermally evaporation method. Au electrode was etched with photo
lithographically method to produce interdigitated source-drain electrode. CuPc was
evaporated on Au source-drain electrodes. Polymer gel dielectrics were sandwiched
between CuPc coated source- drain electrodes and Pt coated ITO electrodes with 10
um separator. Pt coated ITO electrode was used as gate electrodes. Output and transfer

characteristics of designed OFET’s were investigated with Keithley 4200SCS.

7.3 Results and Discussion

Capacitive properties of the PMMA thin film and gel dielectric material are
given in the Figure 7.2 at different frequencies. The capacity of gel and PMMA can be
extracted from the Figure 7.2 as 43 nF/cm? and 3.9 nF/cm? respectively at 100 Hz
[148].
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Figure 7.2: Capacitive properties of gel-dielectric material and thin film PMMA at
different frequencies.

Although, the capacitance of the gel is decreasing rapidly with increasing frequency
until 1000 Hz then stays constant, the capacity of the PMMA is decreasing slowly until
107 Hz. It is clearly seen from the Figure 7.2, capacitive behavior of the PMMA is
changed by adding propylene carbonate (PC) into the PMMA. PC is a high- « and
aprotic plasticizer material and behaves as a normal polar liquid with a strong dipole-
dipole interaction [154]. This material enters among the PMMA chains and provides
gel property. Thus, significant improvement in the dielectric properties by using PC is
related to the mean square end-to-end distance which is proposed by Tung et al. [155].
The mean square end-to-end distance increases with an increase in the dipole moment
that mainly due to an enhanced interaction of forces between the polymer and the
solvent cluster. The capacitance value of the gel dielectric decreases with an increasing
frequency, as expected, because the PC polarization in polymer chain of PMMA is
limited. Therefore, the total polarization response time is limited at high frequencies.
Figure 7.3 a) and b) show the output characteristic of OFET having semiconducting
layer of CuPc and dielectric films of gel:Ta,Os with 0 wt.% and 50 wt.% concentration
of TayOs, respectively.
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Figure 7.3: Output I-V characteristics of OFETs having semiconducting layer of
CuPc and dielectric films of gel:Ta>Os with (a) 0 wt.% and (b) 50 wt.% concentration
of TayOs.

The I-V characteristics of the devices processed using 0 and 50 wt% concentration of
Ta>Os were found similar to the characteristics of typical p-type field effect transistors.
But drain to source current (Ips) of the devices was found increase with increase in
gate to source voltage (Vgs), following the behavior of typical OFETs. The I-V
characteristics of the devices processed using 0 and 50 wt% concentration of Ta>Os

were found similar to the characteristics of typical p-type field effect transistors.
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8. SYNTHESIS AND ELECTRICAL
CHARACTERIZATION OF GRAPHENE OXIDE FILMS*

8.1 Introduction

During the past decade, materials such as fullerenes, nanotubes and graphene
were demonstrated as promising candidates for potential applications in electronic
industry due to superior electrical and optical properties. Graphene is a two dimensional
monolayer of hexagonally arranged sp? hybridized carbon atoms [156]. Due to excellent
physiochemical, electrical, thermal and mechanical properties, graphene is effectively
used in many technological applications such as hydrogen storage, field effect
transistor, ultra-capacitors and organic solar cells [157-159]. Graphene can be produced
from water soluble graphene oxide using reduction process [160-162].

Graphene oxide (GO) has sp” and sp® hybridized carbon atoms and can be
considered as insulating material compared to graphene. GO exhibits various carboxyl
and hydroxyl functional groups and is soluble in water. The electrical properties of GO
can be changed by varying the content of oxygen [163], water molecules and impurities
[164]. Graphene Oxide (GO) which is reported to be highly sensitive to humidity [165],
has been recently investigated/ demonstrated as dielectric & semiconducting material
for Thin Film Transistors [166] and efficient hole transport material for Organic Solar
Cells [167]. Due to the presence of oxygen based functional networks on the basal plane
of GO, it can make bonds with variety of organic and inorganic materials [168-170].
The optical and electrical properties of GO can be enhanced using composites with
conductive polymers. Solution processed semiconducting layers based microelectronic
devices are preferred over conventional in-organic semiconducting materials based
devices due to their low cost, room temperature fabrication and other promising features
which include flexibility and potential to develop large area sensing arrays, etc.
However, efficiency and response time of these devices is comparatively low. For

drastic advancements in this evolving domain and to enhance the performance of

* This chapter has been published as M. Yasin, T. Tauqgeer, S. Zaidi, S. E.San, M. Asad,
M. E. Kése, B. Canimkurbey, M. Okutan, “Synthesis and electrical characterization of
Graphene Oxide films”, Thin Solid Films, 590, 118-123, (2015).

74



devices, one way is to synthesize new materials with desired features and to develop
the devices using these newly developed materials. Purpose of this work is to synthesize
and investigate temperature dependent transport properties of solution processed
Graphene Oxide films in order to explore the possibility of their usage for flexible
organic microelectronic devices. Electrical properties of GO were studied using
impedance spectroscopy, a well known technique used for similar investigations. In
spite of a large number of studies on GO thin films, limited attempts have been made
to investigate the effect of temperature on the dielectric properties of GO films. The
underlying physical mechanism involved in the variation of dielectric/ relaxation and
transport properties caused by the temperature variation in GO thin films is still not
clear and thus needs to be further investigated. Temperature dependent AC
conductivity analysis of the films indicated its semi-conductive behavior. Further, GO
films have shown DC and CBH conductivity mechanisms at lower and higher frequency

ranges, respectively.

8.2. Experimental procedure

8.2.1. Synthesis of graphene oxide

0.5 g of graphite (Aldrich) and 25 ml of sulfuric acid (98%) was mixed at room
temperature for 2 hours. Then, 3 g of KMnO4 (Aldrich) was added into this solution.
The mixture was stirred at 50° C for 24 hours and left to cool down to room temperature.
Distilled water of about 40 mL was gradually added to above mixture. Then, 100 mL
of distilled water was added and then 3 ml of H>O> (35 wt % aqueous solution, Aldrich)
was added drop wise to the above solution until the reaction solution turned yellow. The
yellow graphene oxide dispersion was centrifuged at 7000 rpm for 2 hours to precipitate
the GO. The supernatant was removed after centrifugation. 30 mL of distilled water was
further added to the dispersion. The resulting dispersion was ultrasonically treated for
15 minutes to make a uniform dispersion and remove any agglomeration. The
dispersion was centrifuged again at 5,000 rpm for 30 minutes. This centrifugation
process was repeated several times and supernatant was removed at each cycle until the

excess of acid was removed from the GO solution. Acid removal was monitored by
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measuring the changes in the pH of supernatant. The neutralized GO solution was then

homogenized ultrasonically for 2 h to prepare Smg/mL graphene oxide solution.

8.2.2. Structure fabrication

ITO coated glass substrates were ultrasonically cleaned using methanol, ethanol,
isopropyl alcohol and de-ionized water, and dried using nitrogen blow. 3um thick GO
films were coated on the substrates using drop casting technique and samples were
baked in oven at 55° C for 3 hours. Finally, around 50 nm thick conductive contacts
were made on the GO films by evaporating silver in the vacuum chamber at a pressure
of 10° mbar using Univex Leybold Vacuum Evaporator. The active area of the
investigated samples was 0.06 cm?. The schematic view of the fabricated parallel plate

structures and, the chemical formula of graphene oxide is presented in Figure 7.1.

Figure 8.1: Schematic view of parallel plate structures and (b) Chemical formula of
GO.

8.3. Characterization

Surface properties of the active layers (GO films) were investigated using
Nanoscope Multimode Atomic Force Microscope (AFM). Absorption and
transmittance spectra of the films were taken using Cary5000 UV-Vis-NIR. Electrical

parameters of the samples were measured using the setup presented in Figure 7.2 [171].
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This setup consists of an impedance analyzer, HP 4194A and NOVOTHERM

Temperature Control System interfaced with computer.
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Figure 8.2: Experimental set up for temperature dependent electrical analysis of GO
Films. PC: Computer Station, IA: Impedance Analyzer, NH: Novotherm Heating
System, NM: Novotherm Microprocessor controller unit.

Electrical parameters such as real and imaginary dielectric constants, dielectric
loss and AC conductivity of the sample were measured as a function of frequency at
different temperatures. An AC signal with amplitude of 1V (RMS) was applied to the
samples during these measurements. The temperature was monitored with the help of a
PT 100 resistor which was in direct contact with the sample. The temperature was
varied from 25 °C to 100 °C in steps, and measurements were performed with accuracy
better than 0.1°C by using NOVOTHERM Temperature Control System mentioned

above. Thicknesses of active layers were measured using Dektak-8 Profiler.

8.4. Results and Discussion

AFM images and absorption & transmittance spectra of GO film having
10umx*10pum dimension are shown in Figure 7.3. The Root Mean Square and Average
roughness values of the film were found equal to 18.18 nm and 14.38 nm, respectively.

Surface and 3D AFM profiles of the GO film present distribution of GO particles.
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Agglomerations of GO particles are observable in AFM profiles, in particular in 3D
AFM image shown in Figure 7.3 (b). These agglomerations and rougher surface of the
glass substrate may be the reason of higher roughness values of GO film. Further, it is
clear from the AFM profiles that films are free of any major structural disorder. The
absorption peak found at around 220 nm, can be associated with the 1 — 7* transition

of carbon bonds (C-C) in aromatic ring.
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Figure 8.3: a) Surface and b) 3D AFM profiles, ¢) Absorption and d) Transmittance
Spectra of GO Films.

The absorption peak of the investigated GO film is in accordance with the
literature [172, 173]. Further, GO film showed excellent transmittance characteristics,
in agreement with earlier investigations [174], over the investigated wavelength range.
The variation in real & imaginary dielectric constants (¢’ and €”) and dielectric loss of
GO film as a function of frequency at different temperatures is shown in Figure 7.4.
The frequency of the applied AC signal was varied from 100 Hz to 10MHz. Figure 7.4
(a) shows the real dielectric constant - frequency plots of the films in the frequency
range of 100 Hz to 10 MHz. At 100 Hz, the magnitude of ¢’ was observed to decrease
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from 2.81 at 30 °C to 1.12 at 100 °C. Furthermore, magnitude of & was found to

decrease with increase in frequency from 100 Hz to 2 KHz.
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Figure 8.4: a) Real and b) Imaginary Dielectric Constants, and ¢) Loss Tangent Plots
of GO film as a function of frequency at given temperatures.

However, no significant effect of frequency and temperature variation was
observed as frequency becomes higher than 2 KHz. The magnitude of ¢’ was found to
be equal to around 0.5 within the frequency range of 2 KHz to 10 MHz at all the
investigated temperature values. Capacitance (C) of the film can be calculated using

the following equation [175]:

C = eoe'A/d (8.1)

Where ¢, is the dielectric constant of free space, A is the surface area and d is the
thickness of active layer. Figure 7.4 (b) presents the €” - frequency plots of the films in
the frequency range of 100 Hz to 10 MHz at selected temperatures (30, 40, 50, 60, 70,
80, 90 and 100°C). The behavior of &" as a function of frequency at different
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temperatures was found similar to €'- frequency trend. The magnitude of €” is given as

[175]:

g’ =¢'tan o (8.2)

Where tan 0, is called as loss tangent or dielectric loss. Thus €” is measurement of the
tan o of the investigated films. The variation of the tan 6 as a function of frequency and
temperature is shown in Figure 7.4 (c). The magnitude of tan & was observed to
decrease with an increase in both frequency and temperature. Further, at higher
frequencies tan & showed insensitive behavior similar to the behavior of dielectric
constants. The insensitive behavior of real & imaginary dielectric constants and
dielectric loss, at high frequency range can be explained with the help of molecule
dielectric physics. At high frequencies, applied electrical field changes at a rate higher

than the relaxation time of the ions of adsorbed water molecules [176].

10+ Frequency = 100Hz|

-9
G,.[1x10°S/cm]

0.1

v )
30 40 50 60 70 80 90 100

Temperature [°C]

Figure 8.5: Plot of AC conductivity of GO film as a function of temperature at 100
Hz.
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Variation in the electrical conductivity of GO film as a function of temperature
at 100 Hz is shown in Figure 7.5. As can be seen, proportional decrease in conductivity
of the film with increase in temperature was observed. The conductivity of film
decreases 85 times with the increase of temperature from 25 °C to 100 °C at a fixed
frequency of 100 Hz. This behavior of the sample is similar to earlier investigations
[164] where it was concluded that the dissipation of water molecules and impurities,
out from GO sample, with increase in temperature at low frequency might be the reason
of decrease in conductivity of the sample.

Thus, conductivity of the investigated GO film can be tuned to a specific value
by controlling the amount of water molecules, as already known [177, 178], with
temperature. Yao et al. [179] have investigated the effect of ambient humidity on the
electrical properties of GO film and AC impedance was reported to increase
significantly with decrease in ambient humidity level in particular at low frequency
ranges. Investigations of Yao et al. [179] also support our findings. The temperature
sensitive behavior of GO film highlights the potential of investigated sample for the
realization of low cost disposable temperature sensors.

The plots of Incac - Inw of the GO film at different temperatures is shown in
Figure 7.6, inset presents comparison of Go film conductivity at room temperature and
100°C as a function of frequency. These plots show strong dependency of AC

conductivity (cac) on temperature, in particular at low frequencies.
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Figure 8.6: AC Conductivity of GO film as a function of frequency at given
temperature values, inset: Comparison of GO film AC conductivity at room
temperature and 100°C as a function of frequency.

At low frequencies, a plateau was observed which characterizes the direct current
conductivity (DC), while at high frequency; the conductivity was observed to increase
gradually with an increase in frequency. AC conductivity was observed to decrease
with an increase in temperature. The sample has demonstrated semi-conductive
behavior within the investigated temperature range similar to earlier investigations
[180] for the case of GO paper. The AC conductivity dependence of the angular
frequency can be expressed by the following relation, as the empirical Jonscher's

universal law [181, 182]:

oac(®) = opc+ Aw® 4.1)

Where, A is a constant, o is the angular frequency and s is the frequency exponent
parameter which identifies AC conduction mechanisms. The magnitude of exponent s,

which represents main body interactions of electrons and impurities, is usually less
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than unity [183]. The magnitude of parameter s (angular frequency exponent) was

calculated from the slopes of Figure 8.6.
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Figure 8.7: Complex impedance spectra/ Nyquist Plots of GO film at various
temperatures, inset: Equivalent RC network.

In this work, the value of parameter s was found equal to 0 at low frequency
region, showing DC conductivity behavior [182] of GO film and very close to unity at
high frequency region. Furthermore, its magnitude was found to vary slightly with
increase in temperature. So, based on the magnitude of parameter s (which is close to
unity at high frequency region) and its temperature dependent behavior, it can be
concluded that the results are consistent with the correlated barrier hopping (CBH)
model [184-186] at high frequency regimes. This model proposes temperature
activated hopping of charge carriers between localized sites [187]. Thus, GO film
contains DC and CBH conductivity mechanisms at low and high frequency regimes,
respectively. The transition region from DC to CBH conductivity shifted to low
frequency with increase in temperature.

The complex impedance spectra of Graphene Oxide (GO), obtained by plotting

Zs' vs. Zg" at different temperatures is shown in Figure 7.7. This pattern not only
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informs about the electrical processes occurring within the sample but also presents
their correlation with the microstructure of the sample when modeled in terms of an
electrical equivalent circuit [188] as presented in the inset of the Figure 7.7 R2 in the
equivalent circuit represents contact resistance whereas R1 in parallel with Zci
(impedance of C1) represents polarization resistance. The impedance spectrum of the
GO is based on semicircular arcs whose pattern is found to change with increase in
temperature. As can be seen, in the Nyquist plots of GO sample, complete semicircles
do not form at higher temperatures. This is due to very high impedance of GO sample
at higher temperatures.

It is pertinent to mention that variation in the dielectric and electrical
parameters of GO film as a function of frequency and temperature is in good agreement
with the literature [164, 179, 180, 189-191]. Detailed investigation of the effect of
surface roughness in addition to temperature and frequency on the dielectric and
electrical properties of GO film is in process and expected to be published in near

future.

8.5. Conclusion

In this work, we have synthesized Graphene Oxide using modified Hummers
Method and investigated the effect of temperature and frequency variation on its
dielectric and transport properties using impedance spectroscopic technique. Graphene
Oxide films were prepared using drop casting method on Indium Tin Oxide (ITO)
coated glass substrate. Atomic force microscopy was used to characterize the films
microstructure and surface topography. Electrical characterization was carried out
using LCR meter in frequency regime (100 Hz to 10 MHz) at different temperatures.
Results showed that AC conductivity G of the films varied with angular frequency, ®
as ®°, with S < 1. Temperature and frequency variation has significantly influenced on
the electrical properties of GO film, in particular at low frequency regions. Analysis
showed that film contains DC and CBH conductivity mechanisms at low and high
frequency ranges, respectively. Realization and understanding the transport properties
of similar solution processed films will provide potential and foundation for the

development of advanced microelectronic devices in future.
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9. CONCLUSION

In recent years, organic semiconductors have attracted considerable attention
for application in electronic devices such as solar cells, photodetectors, light-emitting
diodes and field-effect transistors. This thesis discusses the application of solution-
processed composite dielectric and low voltage organic field-effect transistors. A great
deal of effort for the device engineering has been given to the control and modification
of the interfaces directly in contact with the semiconductor layer, which are between
the semiconductor and dielectric. We investigated a series of outstanding problems
related to charge injection and transport in organic field-effect transistors. This is a
more work needs to be done in way of understanding the nature of charge transport in
these devices.

In chapter 4, poly(3-hexylthiophene) (P3HT): [6,6]-phenyl C61-butyric acid
methyl ester (PCBM) blend with 1:1 wt/wt ratio was used as a semiconducting layer,
and poly (methyl methacrylate) (PMMA): Ta,Os blends with varying concentration of
TaxOs were used as dielectric layers of OFETs. Dielectric layers were used as the
blends of PMMA: Ta>Os with different Ta>Os concentration. Once concentration of
Ta,0s were increased, dielectric constant of PMMA: Ta>Os nanocomposites were
found to increase. Additionally, devices with 7 wt% and higher concentration of Ta>Os
showed electron mobility in addition to hole mobility indicating ambipolar behavior
of the devices. Based on excellent saturation behavior and promising mobility values
of the investigated solution processed devices, it is expected that the investigated
devices can possibly be utilized in some practical application such as low-cost large
area sensing arrays in future.

In chapter 5, present a novel ambipolar OFET composed of a hybrid dielectric
thin film of TaxOs: PMMA nanocomposite material, and solution processed poly
(selenophene, benzotriazole and dialkoxy substituted [1,2-b:4, 5-b’] dithiophene (P-
SBTBDT)-based organic semiconducting material as the active layer of the device. It
has been observed that activation energy value decreases with increasing the Ta;Os
concentration. The addition of Ta>Os inorganic particle to PMMA matrix enhances the
electrical conduction of PMMA due to the electronic and impurity contributions arising

from the Ta>Os particle.
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Frequency dependent dielectric constant was increased due to the increment of
filler ratio. This behavior can be explained with the presence of higher permittivity
metal oxide nanoparticle and the interfacial Maxwell-Wagner polarization with the
polymer matrix and filler. Additionally, shift in Cole-Cole plots of nanocomposites
with different percentage of Ta>Os points out the increment of dielectric constant with
the increasing filler ratio. Increasing filler ratio is a source of rise in oxygen vacancies.
Each oxygen vacancy, which is the most dominant type of defect in Ta20s, offers
dangling bonds and donates two electrons close to the vacancy location. The dangling
bonds result in electronic states within the band gap. These electronic states may trap
excited electrons, creating many trap levels within the band gap of TaxOs.
Consequently, the presence of oxygen vacancies is expected to make Ta>Os an n -type
semiconductor. It was also seen that electron mobility increases with increase in the
concentration of TaOs from output and transfer curves.

In chapter 6, widely used small molecule CuPc in the production of OFET is
preferred. Solution processed Al,O3: PVA composite layer was used as the dielectric
layer. It has been observed dielectric constant is obviously increased with the
increment of Al>Os3 ratio of the nanocomposite polymer films. Interpolation of Al,O3
nanoparticle into PVA matrix has modified the dielectric relaxation frequency of pure
PVA. The real part of the dielectric constants has decreased with increasing frequency.
Moreover, some ratio of AlbO3;: PVA nanocomposites has given double dielectric
relaxation at the same frequency range.

In chapter 7, we present a method to increase the performance in organic field
effect transistors (OFET) by using gel as dielectric. In order to compare the
performance improvement, Poly (methylmethacrylate) (PMMA) and CuPc material
system were used as a reference. Propylene carbonate (PC) is introduced into PMMA
to form the gel for using as gate dielectric. The mobility values are increased and
operation voltage decreases from —80 to —0.8 with gel dielectric. The increase in
performance is discussed in terms of better charge inducing by high dielectric
properties of gel.

In chapter 8, we have synthesized Graphene Oxide (GO) using modified
Hummers method and investigated its electrical properties using parallel plate
impedance spectroscopic technique. Graphene Oxide films were prepared using drop

casting method on Indium Tin Oxide (ITO) coated glass substrate. Atomic force
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microscopy was used to characterize the films’ microstructure and surface topography.
Electrical characterization was carried out using LCR meter in frequency regime (100
Hzto 10 MHz) at different temperatures. AC conductivity 6ac of the films was observed
to be varied with angular frequency, ® as ®°, with S < 1. The electrical properties of
GO were found to be both frequency and temperature dependent. Analysis showed that
GO film contains direct current (DC) and Correlated Barrier Hopping (CBH)
conductivity mechanisms at low and high frequency ranges, respectively. Photon
absorption and transmittance capability in the visible range and excellent electrical
parameters of solution processed graphene oxide suggest its suitability for the
realization of low cost flexible organic solar cells and organic thin film transistors,

respectively.
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