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Abstract

Organic thin-film transistors (OTFTs) have attracted increasing interest for their potential
advantages, such as, low cost, lightweight and possible fabricating on flexible substrate, as well
as large-area feasibility. For constructing a high performance top-contact OTFT, it is very
important to understand the influence of interfaces, which play a crucial role in the overall
performance of the device. Mainly there are two kinds of interfaces in the OTFT. First is in
between the semiconductor and the gate dielectric, where the conducting channel forms. The
second one is in between the source/drain (S/D) electrodes and the semiconductor layer where

charge carriers are injected.

First, | particularly discussed the latter interface. Organic and metal interfaces mostly limit the
performance of the device and field effect mobility is also decreased. In earlier reports it has
been shown that the diffusion between the metal electrode and pentacene reduce the hole
injection carrier at the interface which causes the increase in barrier height and contact resistance
which effect the performance of the OTFTs. It is shown that the contact between the S/D
electrodes and the organic semiconductor can be improved by inserting transition metal oxide
layer as carrier injection layers. Because of good electronic properties, transition metal oxides
such as molybdenum oxide (MoQOg), tungsten oxide (WO3) and vanadium oxide (V,0s), and
other oxides such as germanium oxide (GeO), titanium oxide (TiOy) offer a unique opportunity
to control the work function, and hence increase the charge-injection properties. Therefore, by
modifying the organic/electrode interface, the S/D electrodes do not directly contact with

pentacene layer and hence significantly reduces the contact resistance, barrier height and



provides protection from diffusion and other chemical reactions, which increase device

performance.

Second, | investigated that the enhancement of the charge injection and field effect mobility by
inserting a thin (5 nm) MoOs;, GeO, WOj3; and TiO; interlayer between the Au electrode and
pentacene layer in a top contact pentacene based organic thin-film transistor (OTFTs).In
comparison with the pentacene-based OTFT with only-Au electrode, the device performance
with bilayer electrode has been considerably improved. The device performance including field
effect mobility, threshold voltage, and On/Off ratio of all the device after modification was
highly improved, and the highest mobility of 0.96 cm?V's™, threshold voltage of -4 V, and
highest on/off ratio of 5.2x10" were achieved in the device with 5 nm GeO. | further investigated
the temperature dependence of I,—V)p characteristics which showed strong temperature

dependence in all the devices.

Third, the obvious temperature dependence of I5-Vp curves in all devices suggests that the
charge injection characteristics can be fitted by the Schottky emission mechanism. By plotting
the relationship between In(l) vs ¥”? and extrapolating straight lines to the ordinal point, the
current at zero voltage /, is determined. By using the values of /), the relationship between
In(lyT°) vs 1/T is plotted and from the resulting slope of extrapolated lines. While in case of
bilayer MoOs/Au shows 0.03 eV, WOs/Au shows 0.05 eV, TiO2/Au showed 0.04 eV and with
only Au electrodes barrier height of 0.12 eV is achieved. The lowest barrier heights of 0.01 eV
could be achieved in case of bilayer GeO/Au electrodes. It is assumed that the barrier height was

dramatically reduced by inserting thin oxide layer between the Au and pentacene layer.



Similarly, from surface morphology of pentacene, the root mean square roughness is also
decreased after inserting metal oxide layer. The main factor for the improvement in the
performance of the OTFTs with bilayer electrodes was explained in terms of the reduction in
barrier height and smoothed surface roughness of active layer. Therefore, the combination of a
thin oxide layer with Au as a bi-layer electrode is an effective way to improve the characteristics

of OTFTs, which makes the device suitable for commercial applications.

Finally, | further reported the enhanced carrier injection in pentacene OTFTs with a thin MoOs-
doped pentacene layer between pentacene semiconductor and the S/D electrodes. Device
performance including drain current, field effect mobility, and threshed voltage are improved by
employing a MoOs-doped pentacene thin layer. The barrier height at the Au/pentacene interface

is lowered from 0.12 to 0.05 eV after inserting a MoOs-doped pentacene thin layer between them.



Chapter 1

General Introduction and Progress in OTFTs

In Chapter 1 we give the general introduction of organic devices and organic thin-film
transistors (OTFTs). The progress in the development of OTFTs, comparison with inorganic
transistors and application of OTFTs is also reviewed. At the end of this chapter the motivation

and organization of the thesis is also mentioned.

1.1 General Introduction

From last few decades, Organic electronics has been the focus of study and playing a
significant role into the commercial world and it seems if the field continues to progress at its
current rapid pace, electronics based on organic materials will become a mainstay of our
technological existence. More recently, organic electronic and optical phenomena have been the
domain of pure research. The main reason for the attraction of this field has been the ability to
modify chemical structure during deposition in thin film in such ways which could directly
impact the properties of the materials. The use of organic compounds in electronic applications
has known a spectacular evolution. Organic semiconductors are promising materials because of a
few special properties. Mechanical flexibility of organic materials is an important feature for
some future products such as roll able displays and wearable electronics [1, 2]. Also, low capital
cost methods of depositing organic material, such as printing and casting should enable
production of electronics at ultra-low cost and over very large areas (much larger than silicon

wafers). These production methods make organic electronics good candidates for producing very



cheap radio frequency identification (RFID) tags and very large-area electronic displays [3]. The
chemical and electrical tune abilities of organic compounds allow the design of various chemical
sensors and optical devices [4, 5]. In particular, the development of organic thin-film transistors
(OTFT’s), light-emitting diodes (OLEDs), solar cells and photovoltaic cells has attracted a great
deal of interest [6-9]. Such interesting properties of organic semiconductors have attracted a lot
of attention all around the world. As a result the organic electronic industries had very rapid

growth in the last few decades.

A number of different organic materials have been introduced in organic devices. The organic
materials used in electronic and optoelectronic devices are generally split into two groups i.e.,
small molecules and polymers. The former are typically deposited by vapor methods in low or
high vacuum environments and have a well-defined molecular weight. Polymers, on the other
hand, must be processed from solution and have a molecular weight distribution that is described
by the poly dispersity of the materials, giving polymers good glass-forming and mechanical
properties. The use of organic compounds as active materials in electronic and optoelectronic
devices opens the door to a large number of efficient and potentially low-cost methods for
fabricating useful and complicated structures that are inaccessible by conventional methods
using conventional semiconductors. For example, the techniques available for processing and
patterning organic materials move far beyond the lithographic methods that govern inorganic
devices. Organic semiconductors form the basis for a wide range of electronic devices that utilize
their high speed and small size for integration on a massive scale. Organic devices have the
ability to have a great impact. However, they will not compete directly with silicon or gallium

arsenide due to the lower charge mobility’s and device lifetimes of organic based systems.
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Nevertheless, organic devices and circuits are technologically interesting because they have

potential to serve in inexpensive and flexible electronic circuits.
1.2 Progress in OTFTs

Pioneering work on OTFTs started in 1983 by Ebisawa using polyacetylene as anactive
semiconductor [10]. A few vyears later in 1986, Tsumura demonstrated an OTFTs with
polythiophene in which a large modulated current was obtained [11]. Then, OTFTSs using poly
(3-hexylthiophene) as an active semiconductor were reported in 1988 [12]. Most of these early
OTFTs were fabricated using thin films of polymeric semiconductors formed from solution by
spin coating, screen printing or inject printing. The polymer films are typically amorphous, and
the carrier mobility is rather low, ranging from 10-5 t010-4 cm2/Vs. In contrast, small-molecule
semiconductors can be deposited from a gas phase by vacuum thermal evaporation or by organic
vapor phase deposition and the molecules can pack into well-organized polycrystalline films,
which leads to higher carrier mobility. Another advantage of small molecules is that their charge
transport can be controlled by modifying various molecular parameters and deposition conditions.
In 1989, Horowitz et al. demonstrated the first OTFT using a small-molecule semiconductors
exithiophene [13] with higher carrier mobility of 10® cm?Vs and on/off current ratio of 10°.
Pentacene, the most important small-molecule semiconductors so far, was applied to OTFTSs in
1991 [14, 15]. By 1997, the pentacene OTFTs had achieved a high carrier mobility of 1.5 cm?/Vs
and an on/off current ratio of 10°, which are comparable with the electronic performance of
hydrogenated Si TFTs [16]. Later on in 2003, 3M reported pentacene OTFTs with a field-effect

mobility value up to 7 cm?Vs [17]. However, most groups can only routinely obtain mobility



around 1cm?Vs with thin-film pentacene. All the semiconductors mentioned above are p-type in
which the conduction in the materials is due to the positively charged carriers. However, in order
to realize applications such as organic complementary logic circuits [18], both p-type and n-type
organic semiconductors are needed with comparable electrical performance. A small number of
n-type organic materials in which the conduction is due to the negatively charged carriers have
been investigated, including fullerene C60 (buckminsterfullerene or buck balls) [19,20],
fluorocarbon-substituted thiophene oligomers [21-23], naphthaleneandperylene derivatives [24-
26], etc. Among these n-type organic semiconductors, C60 holds promise for high-mobility #-
type OTFTs since Haddon [19] first reported it in1995. Electron mobility’s as high as 4.9 cm?/V/s
and 6 cm*/V/s have been reported by Itaka [27] and Anthopoulos [28], both using C60 as active
materials. However, the on/off current ratio in the former was inevitably reduced with pentacene
(a well-known p-type semiconductor) at the dielectric/semiconductor interface. In the latter
report, C60 was deposited by hot wall epitaxy (HWE) requiring undesirably high deposition
temperatures up to 250 °C. On the other hand, the issue with high threshold voltage in n-type
OTFTs, which greatly hinders its application in circuit operation, has not been addressed in both

cases.
1.3 OTFTs vs. Inorganic Thin-Film Transistors

OTFTs, thin-film transistors (TFTs) with organic semiconductors as the active layers, are of
great interest as a potential alternative to amorphous Si TFTs. With remarkable progress in the
synthesis and purification of organic semiconductors and the processing of these materials into

devices, the mobility of the best OTFTs has surpassed that of Si TFTs [29]. A major advantage



of OTFTs vs. Si TFTs is their compatibility with low-cost, low-temperature processes. A typical
Si: H TFT fabrication process involves the deposition of hydrogenated Si as an active layer and
silicon nitride as a gate dielectric by plasma enhanced chemical vapor deposition (PECVD) using
H,/SiH,4 (silane) and NH3/SiH,4, respectively. The process temperature is usually much higher
than 250 °C, which enables the use of inexpensive glass as substrate [30]. However, this
fabrication process is not compatible with colorless, transparent flexible polymeric substrate
materials, which typically require a temperature below 200 °C. OTFTs, on other hand, can be
processed at much lower temperatures using various simple, low cost techniques, including
vacuum thermal evaporation, spin-coating, dip-coating, vapor deposition, micro contact printing,
screen-printing, etc. The combination of low-temperature processibility with the mechanical
flexibility of organic materials thus leads to a wide range of applications in flexible electronics
with a potential for very low cost manufacturing. Secondly, Si technology provides only high
performance n-channel transport which prevents the use of complementary metal-oxide—
semiconductor (CMOS) technologies. In contrast, the versatility of synthetic organic chemistry
has enabled the tailoring and engineering of both n- and p-type semiconductors, giving rise to

many potential candidates for circuit designs based on CMOS technology.

1.4 Application of OTFTs

The earliest applications of organic optoelectronic devices were the solar cells and organic thin-
film transistors (OTFTSs). Inorganic based solar cells and transistors were well developed and are
being deployed worldwide however the high cost of their manufacture ultimately limits their

widespread acceptance as a source of renewable energy. The devices based on organic materials



can be potentially fabricated by simple and easy techniques, not requiring the demanding
environment needed for inorganic based devices. The potential for low-cost manufacturing
afforded by organic devices gives organic solar cells the potential to significantly impact the
energy landscape, making them useful in a wide range of environments. In their contribution,
chemical sensing is also emerging as an important application for organic materials. Uses in
military, biomedical, and industrial environments are ubiquitous, and having the ability to
sensitively detect specific chemicals, both accurately and inexpensively, could vastly expand
their applications. Research on advanced organic materials has led to marked improvements in

the sensitivity and versatility of chemical sensors.

Organic and polymer transistor based circuits are being investigated for a number of low-cost,
large-area applications, particularly those that are compatible with flexible plastic circuit [31-35].
The organic materials that have been used as active semiconductor materials include both
sublimed and solution-processed semiconductors such as pentacene, oligothiophenes,
hexadecafluorocopper, phthalocyanine, polythiophene, etc. This choice of materials opens up
several possibilities to develop integrated circuit technologies based on organic transistors for
various large-area, low-cost applications. Organic thin-film transistors (OTFTs) have been
proposed for applications such as display switches [36], display drivers [37, 38], radio-frequency
identification (RFID) tags [39-41], and sensors [42-43]. OTFTs that are solution processable and
comprise excellent device properties are key requirements in their successful realisation into
large area electronics such as active matrix displays as well as into low-cost electronic devices
such as radio frequency electronic tags. Organic/polymer transistors have also been integrated

with optical devices such as light-emitting diodes (LEDs), electrophoretic cells, and liquid
9



crystals. In recent years, the complexity of circuits made with organic transistors has increased,
and the first large-scale (864 transistor) complementary circuits have been fabricated.
Researchers have reported active-matrix displays and electronic paper with hundreds or
thousands of transistors. The speed of ring oscillators is now in excess of 100 kHz and the clock
speed of clocked sequential circuits such as registers is in the kilohertz range. There is a need to
develop technologies for relatively fast circuits (~100 kHz clock rate) for use in RFID tags and
display drivers. One way to accomplish this is with a complementary technology combing
pentacene p-channel transistors with and n-channel technology utilizing materials with electron
mobility in excess of 0.1 cm%Vs. There have been a few such materials reported in recent years,

with many more currently being synthesized [44-48].

In addition to the applications reviewed above, organic transistors have been proposed for other
applications. Since the first reports of integrated OLEDs and transistors, there have been
advances in the performance of both organic/polymer LEDs and transistors. This has led to
increased research activity in designing organic FET-based pixel electronics for active-matrix
OLED displays. Light emission from an organic transistor has been proposed and subsequently
observed by several groups. This promises to be an interesting area of device research in terms of
both the materials that need to be developed for efficient light emission and transport, and the
device design challenges and opportunities that exist. Another applications area that appears
promising is the use of OTFTs in large-area sensor and detector circuits. Along these lines, it is
anticipated that new and innovative applications that take advantage of the unique properties of
organic and polymer transistors will continue to appear, providing added impetus for advances in

both materials and processing development.
10



1.5 Motivation and Organization of the Thesis

The primary objective present study is to develop the high-performance OTFTs, with special
oxide contact structure through interface engineering at the interface between the organic
semiconductor and the source/drain electrodes. In current research Pentacene a widely used,
commercially available semiconductor is used a active layer and Gold (Au) is used as the
Source/Drain electrode. The mismatch between the HOMO level of pentacene and the work
function of Au results to relatively high injection barrier and contact resistance at the
Pentacene/Au interfaces which mostly limit the electrical performance of the device. Because of
good electronic properties, transition metal oxides such as molybdenum oxide (MoO3), tungsten
oxide (WO3) and vanadium oxide (V,0s), and other oxides such as germanium oxide (GeO),
titanium oxide (TiO,) offer a unique opportunity to control the work function, and hence increase
the charge-injection properties. We modify the organic/electrode interface, by introducing above
mention metal oxides layer between S/D electrode so that the S/D electrodes do not directly
contact with pentacene layer and hence significantly reduces the contact resistance, barrier height
and provides protection from diffusion and other chemical reactions, which increase device
performance. The following aspects are investigated: first, the surface morphology including
root mean square roughness of pentacene layer secondly, the barrier height and energy level

alignment between S/D electrodes and the organic semiconductor.

Through device engineering with an optimized interface at the Pentacene/Au high-
performance OTFTs were realized with excellent device characteristics including a high mobility,

a low threshold voltage, a low sub threshold slope, and a high on/off current ratio.
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According to the motivations and objectives outlined above, the organization of the dissertation
is structured as follows. Chapter 1 reviews the basic background of organic semiconductors and
organic thin film transistors (OTFTSs). The progress in the development of OTFTs, comparison

with Si-based transistors and application of OTFTs were briefly discussed.

Chapter 2, provides a detailed description of experimental methods used in this dissertation
work. It starts with the illustration of device structures and operation, followed by the
electrical characterization of OTFTs. Four common device structures used in transistors are
compared and different source/drain arrangements are explained. The operation of OTFTs
with a p-type semiconductor is systematically analyzed and illustrated. The current-voltage
characteristics and the extraction of electrical performance in the linear and saturation
regimes for OTFTs are explained. The critical steps involved in the OTFT fabrication Such as
semiconductors deposition, preparation of gate dielectrics, and deposition of metal contacts and

theoretical concept of dielectric layer and organic semiconductors are also included.

In Chapter 3, we will discuss the details of charge injection and organic/metal contact in organic
thin film transistors. Interface properties of the metal/semiconductor and insulator/semiconductor
have a strong influence on the device performance. Optimization of the interface between the
source/drain (S/D) electrode and the organic semiconductor is one of the important factors for
the organic thin film transistor (OTFTs) performance along with the insulator-semiconductor
interface.

Later, the main results of our study will be included in which one by one all published paper

will be discussed.
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Chapter 2

Fabrication and Experimental details of OTFTs

Chapter 2 provides a detailed description of experimental methods used in this dissertation
work. It starts device structures and operation, followed by the electrical characterization of
OTFTs. The critical steps involved in the OTFTs fabrication Such as semiconductors deposition,
preparation of gate dielectrics, deposition of metal contacts and theoretical concept of dielectric

layer and organic semiconductors are also included.

2.1 Structure of OTFTs

Transistors as the building blocks of any electronic circuit are the main concern in developing
organic electronics. For high performance organic thin film transistors, with application to
display and focal plane array backplanes, as well as very low cost logic circuits, the organic
material must have high carrier mobility and On/Off ratio. Changes at the molecular level
significantly affect all of these parameters, giving the chemist an unprecedented degree of

flexibility in materials design.

To make OTFTs, need to have organic semiconductor (OSC), gate, dielectric insulator, contact
electrodes and the substrate. Plastic, Silicon and glass substrate were highly used for the
fabrication of OTFTs. The gate insulator should be organic to reduce the thermal stress induced
by the difference in the thermal expansion coefficient between TFT, organic semiconductor layer
and substrate. Many organic semiconductor materials have been analyzed and among them
pentacene is highly used. It consists of three electrodes one of these electrodes is called source
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while the other drain and the third electrode is called gate. Source and drain gold electrodes are
separated by a distance L called the channel length and each other, defining a channel of width
W. OTFTs device structures, determined by the position of the contacts (i.e., gate, source,
and drain) relative to the organic semiconductor film, are similar to those of inorganic
TFTs. The basic structures are either coplanar or staggered. The device cross-sections of the
OTFT test configurations are shown in Fig. 2.1.1. They are simplified structures without
considering individual device patterning. In a coplanar structure, also called bottom-contact
structure, where the gate, source, and drain contacts are all located on the same side of the
organic semiconductor film, as shown in Fig..2.1.1 (a) and (c). In bottom-contact structure the
source/drain is deposited on an insulating and semiconducting material is deposited on the top of
the device. In a staggered structure, also called top-contact structure, the gate contact is on the
opposite side of the organic semiconductor film from the source and drain contacts, as shown in
Fig.2.1.1 (b) and (d). In top-contact structure the source/drain are deposited on top of the device.
Each structure has two different configurations depending on the position of the gate contact, on
the bottom side (bottom-gate or inverted) [Fig.2.1.1 (@) and (b)] or the top side (top-gate)
[Fig.2.1.1 (c) and (d)] of the organic semiconductor film, respectively. Therefore, there are
four basic device configurations based on the definitions above as summarized in
Fig.2.1.1: (a) inverted-coplanar structure, (b) inverted-staggered structure, (c) top-gate
coplanar structure, and (d) top-gate staggered structure. Top-gate device structures as shown
in Fig.2.1.1 (c) and (d) have been applied to fabricate polymer TFTs [1, 2] but have not been
widely used in the fabrication of OTFTs. The electrical performance of OTFT devices with a

top-gate structure can be significantly degraded during the deposition process of the top
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electrodes, and the film growth can be disturbed at the interface of organic semiconductor/metal
contacts. The inverted-coplanar device structure as shown in Fig.2.1.1 (a) is often referred as
bottom-contact in the OTFT literature and the inverted-staggered device structure shown in
Fig.2.1.1 (b) is often referred as top-contact in the OTFT literature. In bottom-contact OTFT
devices, the organic semiconductor is deposited onto the gate insulator and source/drain contacts.
In top-contact OTFT devices, the source/drain contacts are usually deposited on the organic
semiconductor through a shadow mask. To facilitate the evaluation of new organic
semiconductor materials, heavily n-doped silicon (n++-Si) wafer as the gate contact and thermal

SiOqas gate insulator are used in these two structures.

Source Drain
Semiconductor
Stiiiies Diain Semiconductor
Insulator Insulator
Gate Gate
(a) Substrate (b) Substrate
Gate Gate
lisilatis : Insulator
Source Drain -
Semiconductor
Semiconductor Shiiice Drain
() Substrate (d) Substrate

Fig.2.1.1 Cross-sections of simplified OTFT device configurations: (a) Inverted-coplanar
structure (bottom-contact); (b) Inverted-staggered structure (top-contact); (c) Top-gate coplanar
structure; (d) Top-gate staggered structure.
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2.2 Device Operation

The basic device operation can be explained using a bottom-contact OTFTs as an example, as
shown in Fig.2.2.1 (a). An OTFTs device can be considered as two capacitor plates separated by
an insulator. One capacitor plate can be perceived as a conducting channel sandwiched between
source and drain contacts, with the second plate of the capacitor located at the gate contact.
The charge carrier density on this plate is modulated by the voltages applied to the three

terminals: the source, the drain, and the gate.

The gate and the drain are both negatively biased and the source is grounded for a p-channel
OTFT within a p-type organic semiconductor, as shown in Fig.2.2.1 Positive charges (holes) are
injected from the source into the active layer (semiconductor), and then are accumulated at the
semiconductor/insulator interface by the strong electric field across the insulator. The charges
with opposite sign (electrons) are induced along the insulator/gate interface as in an ordinary
capacitor. The newly formed charge carriers (accumulated holes at the semiconductor/insulator
interface) generate a conducting channel between the source and the drain if their mobility is
high enough and the charge carriers are not trapped. The accumulated charge carriers move (drift,
hop, or tunnel) under the influence of the drain-source field and enter the drain. If the insulator
has a capacitance per unit area, Coyx, then the accumulated charge density is simply Cox Vs,
assuming that the voltage drop across the semiconductor and the insulator is negligibly small.
For a large negative gate bias and low drain bias, the accumulated charge carrier density is

uniform throughout the conducting channel as seen in Fig.2.2.1 (a). Assuming a constant
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mobility, the channel current increases linearly with the accumulated charge density Cox Ve

induced in the channel due to a voltage increase at the gate contact [3].
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Fig.2.2.1 Schematic diagram of OTFT operation. “+” represents a positive charge (hole) in the
conduction channel and “-” represents its opposite charge (electron).The schematic diagram
describes the development of the positive accumulation region (a), non-uniform charge density
in the channel (b), and the depletion region by the drain contacts (c), respectively. The arrow
shows the injection direction of holes.
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This is also characterized as a linear regime. As the drain bias becomes increasingly negative,
the voltage drop over the insulator and semiconductor becomes a function of the position in the
channel as shown in Fig.2.2.1 (b). At the source contact, the voltage drop and accumulated
charge density will remain the same. At the drain contact the voltage drop decreases, giving rise
to a lower accumulated charge density, and the accumulation charge density will decrease from
the source to drain contact. If the drain becomes more negative than the gate then a depletion
zone begins to appear and grow from the drain contact as shown in Fig.2.2.1 (c). The channel at
the drain side is pinched off and the current increases sub linearly and even saturates. This is

characterized as a saturation regime.

2.3 Electrical Characterization of OTFTs

2.3.1 Current-Voltage (IV) Characteristics

Several analytic models have been developed to describe current-voltage characteristic in
OTFTs [3-7]. These models, based on the well-developed MOSFET model, usually incorporate
the contact effect, field-effect mobility and other effects to account for non-linear effects in
OTFT characteristics. However, the parameters calculated and reported in the OTFT literature
are mostly extracted using expressions of drain current derived from traditional inorganic

MOSFET model.

Using pentacene as an example, p-channel OTFT operation can be described using a square-
law model developed for MOSFET. The regions are usually determined by the values of applied

voltages Vg and Vpin the MOSFET. As shown in Fig.2.3.1 the device is operated in the linear
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regime for |Vp| < |Ve-V7| and is operated in the saturation regime for |Vp| > |Vs-V4|. Here, Vris

the threshold voltage.
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Fig.2.3.1 Typical electrical characteristic of pentacene based OTFTs: (a) Ip-Vp output curve and
(b) transfer characteristic.

In the linear regime for |Vp| < |Vs-V71|, the drain voltage Vp is very low and the current varies

linearly with it. The channel regime functions as a resistor and can be described as below:

W v 2
I, = o C,, [V, —VT)VD.—% (2.3.1.1)

For small Vps (|Vp| << |Vs-V1|), the second term in the square bracket can the ignored

and Equation (2.3.1.1) can be simplified as:
w
I, :_fﬂ Cou [V V)V, (2.3.1.2)

Where W and L are the channel width and channel length, Coyx is the capacitance of the

insulator, u is field-effect carrier mobility, Vs, Vp and Vr are the gate, drain and threshold
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voltages respectively. W (width) and L (Iength) are the dimensions of the semiconductor channel

defined by the source and drain electrodes.

As drain voltage increases until |Vp| is larger than |Vs-V4, is larger than, the drain current
becomes independent of the drain voltage and varies as the square of the gate-source voltage as
shown in Equation (2.3.1.3). In this case, the device operates in a saturation regime.

w 2
I,=——uC,, V,-V,). (2.3.1.3)
2L

This model is based on the gradual channel approximation and assumes that the field-effect
mobility is independent of the gate voltage, and that the source/drain contacts are Ohmic [8, 9].
Therefore, the expression above does not account for the non-linear behavior of drain current

at low drain bias generally observed in inorganic TFTs and OTFTSs.
2.4 Extraction of Electrical Parameters
2.4.1 Mobility

Field effect mobility is the average charge carrier drift velocity per unit electric field and
measure of how easily charge carriers can move in the device. Large mobility is required for
reliable operation of transistor. Due to weak intermolecular interaction in the solid material state,
impurities, defects and inefficient carrier injection capability at the metal contacts, OTFTs are
characterized with much lower carrier mobility than inorganic MOSFETs. In 2010 Hagen

proposed a solution by self-assembled monolayer in combination with a high quality insulating

24



layer called multilayer [10]. Mobility increases with increase in channel length and active
semiconductor layer thickness. The mobility of organic thin film transistor is gate biased

dependents and tends to increase when gate bias increases.

The carrier field-effect mobility in the linear regime can be extracted from the transconductance

gm Which is the change of I, with V; for a small drain voltage Vp.

From Equation (2.3.1.2), it is given by

al,
oV,

=—%,u CorV)p- (2.4.1.1)

Em =

Vp—small const .

Therefore, the linear mobility p solved from Equation (4) is given as:

11
CVOX VD

(2.4.1.2)

S|~

H==8,

Vp—smalfl const.

The field-effect mobility in the saturation regime is also extracted from the transfer
characteristics (Ip vs. V) for the device biased as |Vp| > |Vs-V7|. Equation (2.3.1.3) shows that
the square root of the saturation current is linearly dependent on the gate voltage. The field-effect
mobility can be extracted from the slope of the curve which plots the square root of the
saturation current as a function of gate voltage Vg, as shown in Fig.2.3.1 (a). The mobility can be

calculated from Equation (2.3) and is given as:

01
U= zii D )2 (2.4.1.3)
wcC, OV,
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2.4.2 I,/1,5 Threshold Voltage (V1) and Sub threshold Voltage (S)

The ratio of current in the accumulation mode over the current in the depletion mode is called
L/l Current ratio depends upon various factors such as materials, channel length, and
thickness of semiconductor. Short channel devices exhibit higher on/off current ratio over larger
channel length. To extract information about impurity concentrations, interface states and traps it
is common practice to use threshold voltage and sub threshold current as device evaluation
parameters. The threshold voltage V7 of OTFTs varies with either the gate insulator capacitance
or the thickness of the organic film. The devices with shorter channel length and thicker
Pentacene films tend to have smaller threshold voltages. Lower V7 is useful in lowering device

power consumption and useful in producing portable devices.

Transfer characteristics (V¢ vs. Ip) are often plotted on a logarithmic scale, as shown in
Fig.2.3.1 (b),which gives access to other important parameters, such as on-off current ratio /,,
/Ly Threshold Voltage V7 and sub threshold slope S. Note that the negative I, current is
normalized in order to characterize it on a logarithmic scale. Z,,/1,y is the ratio of the maximum
Ip (on” current) value to the minimum I, (“off” current) value, obtained from transfer

characteristics plotted on a logarithmic scale as shown in Fig.2.3.1 (b).

Sub threshold slope S is defined as the rate at which 7, varies (in decades) with V; for device
operation in the sub threshold region. It describes the turn-on characteristics of the device and is

given as:

oV,
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S can be extracted by fitting a line to the steepest part in the sub threshold region and

calculating its inverse.

2.4.3 Contact Resistance

Generally, contact resistance originates from disturbed crystal growth at the edge of metal
contacts and a contact barrier at the interface of the metal/organic semiconductor. The film at the
edge of the contact is quite rough, and pentacene cannot form a well-defined terrace. Smaller
crystal size at the edge forms a large number of grain boundaries that contain many
morphological defects (e.g. void spaces). Those defects play a role as charge-carrier traps which
is considered to be responsible for the degraded performance in bottom-contact pentacene
OTFTs [4].Large contact barrier usually exists when injection or extraction of electrons occurs
from the metal contact to organic semiconductor. Unlike in conventional MOSFETS, the metal
contacts in OTFTs cannot be modified by traditional doping methods, such as ion implantation,
diffusion, etc. The barrier height depends on the HOMO and LUMO levels of the organic
semiconductor relative to the work function of the metal. The voltage drop across the contact
area cannot be negligible compared to the drop across the active region of the channel. For
OTFTs, the contacts are generally not Ohmic, and the resistance associated with carrier injection
and extraction is not the same. This has been confirmed using scanning potential imaging [10]
and scanning Kelvin probe measurement [11]. Z. Bao et. al. give a clear introduction to what an
ohmic contact is and what the origins and techniques used to quantify the contact resistance are
can be found in Ref. [12]. Ideally the contact resistance should be Ohmic and small in order to

make enable the whole voltage applied to the device, contributes to the transport current. For top
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contact devices it strongly depends upon gate bias and sharply increases at low gate-source
voltage, while contact resistance appears to be almost independent of the gate bias in bottom
contact structures. Nowadays, it is an accepted idea that its value decreases with increasing gate
voltage, and for this reason the mobility estimated in the linear regime may be substantially
smaller than that extracted from the saturation region. Interesting theoretical works have been
carried out to explore this effect in a staggered device and important considerations on the
dependence of the resistance on the applied voltage have been provided [13, 14]. In top contact
structure the field effect mobility is higher and contact resistance is lower due to large injection

area whereas contact resistance is higher in bottom contact devices due to poor morphology.

2.4.4 Effect of Channel Length

Drain current strongly depends upon the semiconductor used for channel and it can be
modulated by length of the conducting channel. M. Austin et al quoted drain current dependence
on the length of channel for P3HT (poly (3- hexylthiophene)) in OTFTs with different channel
lengths of 1000nm and 70nm. It has been shown that saturation region was present for long
channel (1000nm) device but no saturation region appeared in the short channel (70nm) device.
Long channel devices are relatively immune to high contact resistance and when scaled to
smaller channel lengths, the device performance may degrade [15]. In a recent feature article, the
group of von Seggern demonstrated how the type of the channel can be change from p to n by
controlling the localized trap states at the dielectric surface, in both SiO, and polymeric

insulators [16].
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Although much progress has been made developing semicon-ducting polymer devices with
higher mobilities, device performance can be improved by reducing the channel length [17].
Previous attempts at fabricating short-channel devices included electron-beam lithography (EBL),
phase shift masks, and cold welding metal transfer [18-21].However, in order to realize the low-
cost advantage of using polymers, the lithography process must be capable of high-throughput,
inexpensive, submicron patterning, qualities that previous techniques have yet to fully

demonstrate [22].

24.5 Effect of Active Layer Thickness

Electrical parameters of OTFT does not solely depend upon gate capacitance, these can be
modulated by film thickness and charge injection from the source electrode. There are trends
which can be expressed as a function of the product of thickness of polymeric film and gate
capacitance per unit area. It has been observed that with increasing the permittivity of gate

insulator and thickness of organic material, the mobility decreases in OTFTs [23].

2.5 Limitations

Almost all electronic devices used in daily life are based on inorganic semiconductors, silicon
or gallium arsenide, since they are extremely stable. It's essentially impossible to destroy silicon.
Organic semiconductors are very soft and sophisticated. They degrade and can break easily.
Characteristics of organic materials changes with environmental conditions after long duration.
So the stability of these devices has to be worked out and modeled properly to better understand

the process of degradation. Researchers agree that most of the instability comes from the
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chemical structure of the compound, and they are trying to find ways to make more stable
organic compounds. Furthermore, the OTFT current-voltage characteristics degrade at higher
temperatures and the noise at low frequency increases. Scientists throughout globe are intending

to develop organic semiconductor with high mobility and fast switching time.

2.6 Device fabrication and Material Used

The transistor devices were fabricated in a cleanroom. All process steps were carried out in
ambient atmosphere and at room temperature unless otherwise noted. All the transistors reported
in the included papers have a bottom-gate top-contact configuration, Device fabrication include
substrate, gate electrode, gate insulator semiconductors and source/drain electrodes. The general
manufacturing process and materials used for the fabrication of such pentacene-based top-

contact OTFTs is presented below.

2.6.1 Substrate

The low temperature fabrication process for OTFT allowing great freedom for the choice of
substrate materials. Plastic substrates, in particular, allow circuits to be fabricated directly onto
smart cards and inventory tags, and open up the possibility of rapid, high volume web processing.
Rugged, flexible displays can also be built using an OTFT active-matrix on plastic, with liquid
crystal or organic light-emitting diodes (OLEDs) as the electro-optic element. Most organic
electronic devices reported so far are fabricated on inorganic substrates, such as glass sheets and
silicon wafers, which has limited the intrinsic flexibility of organic semiconductors [24-27.].

When a rigid substrate was replaced by a plastic foil, for instance, polyethylene terephthalate,
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polyimide, or polyethylene naphthalate, [28-31] the flexibility of organic electronic devices has
been partly released. Inorganic substrates have high melting point and good flatness whereas
polymer substrates have high toughness, flexibility and light weight. In present study the devices
were fabricated by using Corning 1737 AMLCD (2.5x 2.5 mm) glass substrates. Glass has a
very low transmission of liquid water and water vapor while still being transparent, which
prevents damage to the device chemically in addition to physical protection. Glass also is a good
insulator so electrical devices placed upon it will not leak current by conduction. Prior to use the
glass substrate were ultrasonically cleaned by using organic solvents, like acetone, semi co clean
and deionizer water. After that the substrate were dried by air gun before further processing is

performed.

2.6.2 Gate Electrode

For the fabrication of top contact OTFT after the substrate preparation, the next step will be the
deposition of gate electrode. As OTFTs scaled in physical dimension around the 100 nm
technology scale, the integration of high permittivity dielectrics and metal gate electrodes into
organic devices gate stacks will be required. Metal gate technology is particularly attractive
because it eliminates the poly-Si gate depletion effect and the associated degradation in transistor
performance [32-34]. In thermally grown SiO; substrate the gate oxide leakage is increasing with
decreasing SiO; thickness and SiO; is running out of atoms for further scaling. The high- k/metal
gate combination is also important for enabling future high-performance and low gate leakage in
OTFTs [35-37]. Metals are also generally more compatible with alternative gate dielectric or

high-permittivity (high-k) gate dielectric materials than poly-Si. The urgent need for alternative
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gate dielectrics to suppress excessive transistor gate leakage and power consumption could speed
up the introduction of metal gates in complementary metal oxide semiconductor (CMOS)
transistors. To achieve high performance and low gate-leakage current Tantalum (Ta) metal gate

electrode was used in this study. The (Ta) gate electrode was deposited by using RF sputtering.

2.6.3 Gate Dielectric

In the early times of organic electronics, the attention was essentially focused on the active
layer. The large majority of the devices were made on silicon oxide thermally grown on single-
crystal silicon wafers. Nowadays, it is widely recognized that the physical properties of the
organic semiconductor are not the only parameters to be taken into account for the final
performance of OTFTs. So even if the well-known properties and well-mastered technology of
silicon microelectronics still provides a sound basis for the search of organic semiconductors
with high mobility and stability, great interest is given to other insulating materials, for example,
polymeric dielectrics, that offer the possibility of obtaining large area devices through simple and
inexpensive solution processes. A critical issue that limits the performance of organic transistors
is the large operating voltage that arises from poor capacitive coupling as a result of the thickness
and the low dielectric constant of the insulating layer. This is especially true in the case of
organic insulators which in many cases are preferred to the higher dielectric materials because of
the lower mobility registered in the latter case. An interesting way to get around this problem is
to use low-thickness insulating layers with high dielectric constants. The insulator also plays a
leading role in the characteristics of the device and the motion of carriers is critically determined

by the intrinsic properties of the semiconductor—insulator couple, by directly affecting the
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semiconductor structural order. It has an effect on the flow of carriers in both polymeric and
more ordered small-molecule-based semiconductors. Generally speaking, a high-performance
transistor comprises a surface-smooth dielectric layer in which charge injection from the gate
does not occur and which is free of static charges, for example, as a result of interfaced trapped
carriers that might disturb the threshold voltage of the device. The dielectric material needs to
have very high resistivity to prevent the leakage between gate and semiconductor channel and
highest possible dielectric constant to have enough capacitance for channel current flow.
Polymers have good processability and dielectric properties. Low switching voltage of OTFTs
was obtained by high dielectric constant insulators. For this, we are oriented to other insulators
which have a high dielectric constant called as high-k. Among the most used high-k materials
Tantalum oxide (Ta,0s), Hafnium dioxide (HfOy), titanium dioxide (TiO,;) and
Polymethylmethacrylate (PMMA) were highly used. Tantalum oxide (Ta;Os) is a potential
material alternate to the conventional insulators like silicon dioxide and silicon nitride for
applications as capacitors in dynamic random access memory devices. Ta,Os shows high-k
and it seems to be the most promising candidate as insulators for high performance OTFTs
because of its high dielectric constant, thermal stability and adequate breakdown voltage. Lower
functioning voltage has been observed with Ta,Os insulator layer. The deposition of Ta,Os has
been widely studied by many techniques such as thermal oxidation [38, 39], anodic oxidation of
tantalum [40], reactive sputtering [41], chemical vapor deposition (CVD) [42], plasma-enhanced
chemical vapor deposition (PE-CVD) [43] and RF magnetron sputtered [44]. In the present
investigation, Ta,Os is used as insulator and deposited by RF magnetron sputtering by using

oxygen and argon partial pressures.
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2.6.4 Source Drain Electrodes

For electrode metals such as gold (Au), platinum, aluminum, magnesium, copper and
chromium was highly used. Among the entire metal electrodes, Au electrodes were highly used
in organic devices. The high work function of Au metal leads to considered an essential element
for a good matching between the energy levels at the metal-semiconductor interface. However,
this is not the only possible choice. Lower contact resistances are also obtained using copper in a
pentacene TFT instead of gold, in spite of the fact that the former has a lower work function than
the latter, so that a worse level alignment is expected. In present research Au were deposited by
using thermal evaporation. However for the Gate electrode the tantalum Ta metal is deposited by

using RF sputtering.

2.6.5 Organic Semiconductors

Research on organic semiconductors started in the 1970s and since then several devices such as
LEDs and TFTs have been fabricated using organic materials [45]. The advantages of organic
materials over the inorganic ones are the ease of processing due to their unique mechanical
properties. They can be vacuum deposited at low temperatures, drop cast or spin coated from
solution. The main difference between organic and inorganic semiconductors is that charge
transport takes place in well-defined bands in the case of inorganic crystalline semiconductors,
and as a stochastic process of hopping between localized states in organic materials. This gives
rise to the low carrier mobility in organic semiconductors compared to their single crystal
inorganic counterparts. Organic semiconductors can be arranged in three different group’s fully

conjugated polymers, heterocyclic oligomers and polyaromatic rings. Thiophene oligomers are
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among the best small organic molecules in terms of mobility. Pentacene has shown the highest
mobility among the p-type organic materials and is one of the most promising materials for the
OTFTs [46]. A mobility as high as 35 cm? Vs has been obtained in a single crystal pentacene
deposited by vacuum sublimation [47], which is two orders of magnitude higher than is observed
in rr-P3HT [48]. Use of an evaporation method produces a pentacene film with a mobility of

about 1 cm? V'!s™, which is the same as the mobility in amorphous silicon [49].

Pentacene is a polyaromatic hydrocarbon that consists of five linearly fused aromatic rings. It is
a flat molecule and the carbons can be numbered in the way. Pentacene is a conjugated molecule
and as already mentioned it is the most promising organic semiconductor because of its excellent
transistor characteristics. The chemical structure of pentacene is shown in Fig.2.6.5.1. The
conjugated structure produces a delocalized carrier over the entire molecule. However, the
conjugation length is limited to a very short range by the size of the molecule. When grown by
evaporation in high vacuum, pentacene forms a film with a favorable crystal geometry and
orientation. Due to the morphology of the films, there is a good intermolecular overlap that leads
to the high mobility that is measured. The molecules are arranging themselves into a so-called
herringbone structure with their molecular axes perpendicular to the substrate. When the lattice-
structure is observed, two types of intermolecular interactions can be distinguished. There is an
interaction between the S-orbitals of molecules that lay parallel to each other and this interaction
is called as face to face interaction. Between the molecules that are not oriented in a parallel way
to each other, there is an ‘edge to face’ interaction. Here the S-system of one molecule is
interacting with the hydrogens of the other molecule. These interactions are responsible for the

high mobility and on/off ratio. In spite of these high quality properties, the practical use of
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pentacene in organic thin-film transistors (OTFT’s) has some drawbacks caused by its sensitivity
to oxygen and low solubility, as mentioned at the beginning of this work. Due to the extremely
low solubility of pentacene, only deposition by evaporation is possible. Until very recently, this
was only possible with ultra-high vacuum equipment. Because of the cost and the difficulties of
the production of large-area electronics, this is a severe disadvantage for industrial purposes. A
second problem caused by the lack of solubility, is the difficulty chemists experience while
trying to purify pentacene with common techniques. The commercially available pentacene is

not pure enough for use in OTFT’s. This necessitates intensive purification by train sublimation.

Fig.2.6.5.1 Structure of Pentacene

2.6.5.1 Deposition Methods for Organic Semiconductors

Polymers can be deposited from solution by spin-coating or printing, the small molecule in turn
is deposited from thermal evaporation under vacuum, because almost all the small molecules
used in OTFT are insoluble. The organic material used in this thesis is the p type semiconductor
pentacene. Several methods exist for the deposition of such organic semiconductors. Vacuum
evaporation and deposition from solution either by drop casting or spin coating of soluble
organic semiconductors are the mostly used depositions techniques [50-53]. The physical

properties of the resulting organic semiconductor layer such as morphology and charge transport
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are strongly influenced by the details of the deposition procedure. Additionally, the substrate
properties are very important to determine the morphology of the deposited. The main reasons
why organic semiconductors are attractive for applications is the relatively simple and/or
inexpensive deposition methods required for these materials in contrast to their inorganic

counterparts.

2.6.5.2 Thermal Evaporation

Several methods exist for the deposition of organic semiconductors. The physical properties of
the resulting organic semiconductor layer such as morphology and charge transport are strongly
influenced by the details of the deposition procedure. Organic electronic devices based on short
molecules such as acenes and thiophenes are usually fabricated by thermal evaporation in
vacuum because of the insolubility of these materials. An electrically heated boat containing the
pentacene material is placed inside a vacuum chamber at certain distance from the boat the
substrate was placed. A careful control of the evaporation conditions including substrate
temperatures as well as the evaporation rate allows depositing highly ordered pentacene films.
For instance, the grain size of pentacene has been found to depend critically on the substrate
temperature, vacuum pressure and deposition rate. Evaporation temperatures for organic
semiconductors are lower than the required for inorganic semiconductors. The only drawback is
that it is a time consuming process because of the time required to pump the evaporation
chamber. Due to the high degree order that can be achieved with the evaporation process the
mobilities associated with device using this method are in general higher than with solution

processes.

37



2.7 Other Fabrication Techniques

2.7.1 Photo Resists Coating

For patterning of the device the substrate is loaded on a spinner to coat it with photoresist. First,
the substrate was coated with a layer of hexamethyldisilazane (HMDS) as an adhesion layer and
after that a layer OFPR-800 photoresist was coated. 1 or 2 ml of HMDS and OFPR-800 was
dropped on the surface of the wafer by means of a glass pipette so as to cover the surface. Both

the coating were spun for 5 sec at a speed of 500 rpm and 60 sec at a speed of 3000 rpm.

2.7.2 Soft Baking

It is recommended to wait about a minute before removing the substrate from spinner in order
to dry the film. The photoresist is then baked to make a film that is stable for light exposure. The
process is called soft baking, in which the photoresist was heated while placing the substrate on

hotplate for 60 sec at 80 °C.

2.7.3 Mask Alignment and Exposure Conditions

A photo mask was to apply the desired pattern. The photoresist coated wafer is loaded and
following that the mask is put in the mask aligner. The contact mode is chosen which puts the
mask on top of the sample without any gap between the two. Then UV light is shined for 8 s. The
exposure timing for the UV light is very critical as under exposing or overexposing cause’s non
developed or over developed patterns. Therefore its very important that the user will check the

calibration of the light intensity regularly.
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2.7.4 Developing

The non-exposed area of the photoresist is chemically more resistant, whereas the exposed area
was washed away more readily by the developer. The NMDW developer solution was used.
Around 100 ml of NMDW was placed beaker and then the substrate was kept in the beaker. In
~2 minutes the pattern appears on the photoresist while the user is shaking the bath. The sample
is then put in a water bath (deionized) for about 2 minutes to wash the developer from the sample.
It is then dried using air gun. For micron scale feature sizes it is recommended to check the
pattern using an optical microscope to be sure that the pattern is well developed. If it is
underdeveloped, it can be put back into the developer solution for one minute more, but if it is
overdeveloped, the photoresist has to be removed from the surface and the process started over
again. For the etching process the substrate were backed again for 60 sec at 80 °C. Chemical and

Reactive ion etching was used in this study.

2.7.5 Lift off

To remove the photoresist the sample is sonicated in acetone for about 5 minutes. The buried
photoresist lifts off and the metallic micro-electrodes stay on the surface of the substrate. Then
the sample is washed with acetone to remove the chemical residue and rinsed with deionized

water and dried with air gun.

2.8 Device Characterization

In this section we will review the main electrical and microscopic characterization techniques
used for investigation of organic electronic devices.
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2.8.1 Electrical Characterization

Electrical characterization techniques are the aggregate of techniques applied in OTFTs for the
characterization of charge carrier traps and carrier transport properties in organic semiconductor
materials. The material is usually processed into a very thin film through which a current passes.
Thus, the ability to characterize transport properties of an organic film is of special importance in
organic electronics. In these experiments, the mobility measurement can be performed if the
organic active layers are amorphous. In the OTFT experiment, the organic active layers are
commonly thin and ordered, and other electrical characterization techniques are also well applied
for the carrier measurement. The experimental set-up used for current-voltage characterization of
the fabricated organic electronic devices. Later, results of the results of these measurements are
given. Electrical measurements were performed at room temperature using a semiconductor
parameter analyzer (HP 4155B). The drain current Vs drain voltage (Ip-Vp) curves with varying
temperature at a fixed gate voltage of 0 VV are measured for investigation of carrier transport
properties by loading the fabricated devices into a cryostat. The temperature was varied from 133

to 293 K by flowing liquid nitrogen into the sample holder in the vacuum chamber.

2.8.2 Microscopic Characterization

All the challenges relating to organic transistors are actually on the micro or nanoscale level. In
order to meet these challenges, there is a clear need for characterization techniques to correlate
our macroscopic manipulation with important properties of organic electronic devices. Therefore,

in this section we will introduce the tools available for the characterization of OTFTs. The
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surface morphology including root mean square roughness of pentacene layer was characterized

by using atomic force microscopy techniques.

2.8.2.1 Atomic Force Microscopy

AFM belongs to the family of scanning probe microscopy (SPM) techniques where a sharp
probe is scanned across the sample surface and some probe-sample interaction is monitored. The
resulting AFM image is directly related to the surface topography because it is based on scanning
the atomic force between a sharp tip attached to a cantilever and the atoms on the sample surface.
Another form of SPM is scanning tunneling microscopy (STM). AFM uses a sharp tip attached
to the end of a cantilever and can operate in three operation modes. In contact mode AFM the
change in cantilever deflection is monitored by the system and the feedback loop maintains a
constant cantilever deflection. The vertical displacement to keep the cantilever deflection is
recorded to produce the topographic image. This is the only AFM technique capable of atomic
resolution. In tapping mode AFM the cantilever oscillates at a frequency around resonance with
amplitude in the range between 20 and 100 nm. The tip contacts the sample surface at the bottom
end of the oscillation. The feedback maintains constant the amplitude of the oscillation and the
vertical position is recorded. Finally, in non-contact mode AFM the cantilever oscillates at a
frequency slightly above the resonance frequency with amplitude shorter than 10 nm. The tip
oscillates above the adsorbed fluid layer on the surface. The feedback loop maintains constant
the amplitude or the frequency of the oscillation by moving the tip vertically. The resonance
frequency of the cantilever is decreased due to the van der Waals and other long-range forces

that act 1 to 10 nm above the adsorbed fluid layer.
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Chapter 3

Charge Injection and Organic/Metal Contact in Organic Thin-Film Transistors

3.1 Charge Injection in OTFTs

It is generally recognized that interfaces play important roles in organic semiconductor devices.
Taking metal/organic interfaces as an example, the contact between a metal electrode and a
single, a small group, or a thin film of molecules can play a critical, if not dominant, role in the
performance of molecule-based electronics. The central issue is: how does an electron cross a
metal-molecule interface? From a theoretical perspective, a quantitative answer to this question
consists of three components: energetic alignment, electronic coupling, and dynamic localization
due to polarization in nuclear coordinates. These three concepts are not unique to molecular

electronics but have been at the center of chemisorption studies [1].

The schematics of an ideal Schottky barrier formed between a metal and a semiconductor is
shown in Fig.3.1.1. The vacuum level at the metal/semiconductor interface is aligned, and as the
thermal equilibrium is reached, the Fermi level of the bulk of the semiconductor is aligned with
that of the metal. A charged region in the semiconductor forms with a voltage drop of eVB equal
to the contact potential difference between the metal and the bulk of the semiconductor. The
interface dipole is established in part to satisfy the thermal equilibrium condition between the
two materials. It can be facilitated by the surface states of the semiconductor, either intrinsic or

induced by the metal contact.
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Fig.3.1.1 The schematics of (a) an ideal and (b) a realistic Schottky barrier formed between a
metal and a semiconductor. The ideal Schottky barrier height FSB is simply the work function
difference between the metal and the semiconductor, FM and FSM, respectively.

For organic semiconductors, the van der Waals nature of the interactions between the

molecules results in low energetic expenses in severing the bonds at the surface, and as a result

the existence of extensive intrinsic surface states is unlikely. The energy level alignment at the
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interface involves a number of physical and chemistry processes. In these processes, the most
important ones related to the device performances include possible chemical reaction, interface
dipole, diffusion, charge transfer and possible band bending [2-5]. Charge transport in organic
semiconductors is a very complex phenomenon. The behavior of organic semiconductors may
vary drastically depending on the range of the physical parameters such as temperature, charge
carrier density, electric field intensity, energy distribution of carriers, correlation of charge
carriers and filling of energy bands. Moreover, it can be further complicated by experimental

factors such as presence of charge traps and material inhomogeneity.

3.1.1 Metal Work Function

Despite the considerable progress made in recent years to improve the performance of organic
TFTs, many of the design, material, and process parameters are still poorly under stood and
poorly controlled. Along with the material properties of each layer in the device, interface
properties of the metal-semiconductor [6-10] and insulator-semiconductor [11-14] have a strong
influence on the device performance. Optimization of the interface between the source/drain
(S/D) electrode and the organic semiconductor is one of the important factors for the organic thin
film transistor (OTFT) performance along with the insulator-semiconductor interface. In the
semiconductor—insulator interface, a channel is formed in the semiconductor side near the
interface and carriers flow through this channel. The interface roughness, defects and charges
around this region have a strong effect on the carrier life time and the mobility. In the S/D
electrodes and semiconductor interface, contact resistance and barrier height will affect the

carrier movement through the interface and low barrier height contact is needed [15-19]. With
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the decreasing device dimensions, the contact resistance as a part of the total device resistance
will dominate over the channel resistance, and therefore the speed of organic integrated circuits
may be limited by the contact resistance, not by the intrinsic carrier mobility of the organic

semiconductor [20].

3.1.2 Schottky Thermal Injection

If the bottle neck in carrier transport is injection at the contacts, a device is said to be injection
or contact limited. In the case of metal/organic layer the interface may show Ohmic or nonlinear
I-V characteristics. The band offset between the metal work function and organic layer
(depending on whether the transport is p-or n-type) is one important factor in determining the
type of contact at the interface. One theoretical approach used to explain the carrier injection

results in organic semiconductor devices is the Schottky thermonic emission model [21].

I=A'T?exp oy -4V T475.4) . (3120

kT

where A is the effective Richardson constant, 7' the temperature, ¢ the barrier height at the
interface, g the electronic charge, V' the applied voltage, ¢; the dielectric permittivity of the mixed

organic layer, d the dielectric thickness, and & the Boltzmann constant.

Schottky thermonic emission is usually more significant at high temperatures where the carriers
have sufficient thermal energy to overcome the potential barrier. At very low temperatures or in
the cases where the height of the potential barrier is relatively large, thermonic emission loses its

significance. In such situation, carriers are injected only by means of quantum mechanical
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tunneling through the barrier. This process is called field emission and is the dominant injection-
limited mechanism at high fields and low temperatures. The /-V I predicted by fowler Nordheim

equation given below [22].

3/2

I = V—*exp -4 : (3.1.2.2)
7h pm

3.2 Improving Charge Injection

Two different aspects essentially govern the charge-carrier injection: the energy-level
alignment at both sides of the interface and the morphology of the active layer in the contact
region. Both of these factors are difficult to control, because the presence of an interface dipole
most often prevents an easy tuning of the injection barrier height, and the step between the metal
and the insulator is always an unavoidable surface energy discontinuity at the origin of disorder
in the active layer, particularly in a bottom contact configuration. As a result, a misalignment
between the molecules deposited on the metal and on the insulator is difficult to avoid. A recent
analysis of pentacene transistors with printed electrodes have, for example, shown devices with
relatively high performance comparable with those prepared by conventional lithography
processes [23]. This simple technique, compatible with large area micro and nanofabrication,
gives devices with a mobility of 0.2 cm® V's™ and a high on/off ratio of 10° but a careful
determination of the contact properties have shown that it also leads to higher contact resistance.
The charge injection is limited by a poor coverage of the semiconductor at the non-planar edges

of the contact. The most important approaches have been employed to reduce contact effects is
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certainly the modification the electrode surface by means of SAMs. Using this technique, both an
increase of the quality of the semiconductor morphology, [24] and a better matching of the work
functions of the two materials [25] can be achieved. It is interesting to note the different effects
of the SAMs in the obtained pentacene bottom-contact devices. An improved charge injection
has also been reached through other interesting surface treatments [26]. By dipping gold
electrodes in a sulfuric acid and hydrogen peroxide mixture prior to pentacene deposition, a high
mobility of 0.66 cm? V''s™ was obtained, even with a bottom-contact transistor with a channel
length of 3 mm clearly limited by the contacts. In this case, the increase of the performance is
attributed to a better energy level matching. Other different approaches employed to reduce

contact resistance and to improve charge injection are explained as under.

3.2.1 Doping of Organic Layer

Apart from the bilayer source and drain electrodes, the importance of the active layer doping
for an increase of the device performances have been shown recently [27-29]. Working in a top-
contact configuration, it is, for example, possible to reduce the resistance of the contact, and
consequently increase the on current, by introducing iron chloride as a dopant in the pentacene
film. By changing the doping profile under the contact, the effect of the bulk region between the
contact and the conductive channel can also be analyzed. The result obtained is that both the
resistance connected to the interface, and those related to the bulk of the active layer under the
contact can be reduced with the doping process. A lower potential drop in the series resistance

leads up to a higher voltage applied to the conductive channel.
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As the injecting contacts are usually evaporated or patterned gold electrodes. The high work
function of this noble metal leads to it being considered an essential element for a good matching
between the energy levels at the metal-semiconductor interface. However, this is not the only
possible choice. Some recent works reported, for example, better performance for rubrene single-
crystal devices using a nickel source and drain electrodes, although this metal oxidizes in air.
Using short-channel contact-limited devices, a lower contact resistance and also a higher
reproducibility of the experimental results were achieved even if at the time being there is no
clear explanation for these experimental results [30]. Lower contact resistances are also obtained
using copper in a pentacene TFT instead of gold [31]. In spite of the fact that the former has a
lower work function than the latter, so that a worse level alignment is expected. The interesting
explanation for this unexpected better performance is that a narrow exponential trap distribution
at the metal-semiconductor interface influences the charge motion and a subsequent less resistive

region in the semi-conducting film is present near the electrodes.

3.2.2 Bi-layer Electrode System

Other important and commonly practiced approach to overcome the injection barrier for and to
reduce contact effects is the modification of the organic/electrode interface by insertion of a
suitable charge injection layer. The range of electronic properties of the transition metal oxides
offers a unique opportunity to control the work function, and hence, the charge-injection
properties. Therefore modification of the organic/electrode interface by inserting a transition
metal oxide has received considerable attention in regards to organic electroluminescent devices.

Similarly, the source-drain (S-D) contacts in the organic TFTs have significant influence on
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device operation, through their contribution to the contact resistance arising from mismatch of
the work functions, and/or interaction between the metal electrodes and the organic
semiconductor [32-34]. Inserting a metal oxide, such as MoOs, WO3, TiO,, GeO between the S-
D contact and organic active layer can greatly reduce the contact resistance for the organic TFTs
[35-37]. To achieve the Ohmic characteristics it is necessary that the work function of the metal
is closer to the HOMO or LUMO of the organic materials, which lead to enhance the charge
injection. For Pentacene/Au contacts there is small mismatch between the work function of Au
and HOMO level of pentacene which results to relatively high contact resistance at the
Pentacene/Au interfaces. When a metal is directly deposited onto the pentacene, either it will
penetrate into the upper layer of pentacene or diffuse into pentacene to form a mixture of metal
and pentacene in spite of pure metal. Therefore high contact resistance is observed resulting from
the formation of interface dipole barrier which shifts the HOMO level of pentacene downward
causing an increase in the difference between the HOMO level of the pentacene and the Fermi
level of the Au, hence increasing the barrier height. The highest molecular orbital’s (HOMO) of
pentacene and Au lie at 5.0 eV and 5.1 eV respectively. The HOMO of metal oxide is much
deeper than the Au and pentacene and aligned them with the HOMO level of pentacene which

reduce the barrier height between the two layers.
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Chapter 4

Mobility Enhancement of Top Contact Pentacene Based Organic Thin-Film Transistor

with Bi-layer GeO/Au Electrodes

The enhancement of the charge injection and field effect mobility by inserting a thin (5 nm )
germanium oxide (GeO) interlayer between the Au electrode and pentacene layer in a top contact
pentacene based organic thin-film transistor (OTFTs) was reported. In comparison with the
pentacene-based OTFT with only-Au electrode, the device performance has been considerably
improved which exhibits the highest field effect mobility of 0.96 cm? V's™. The improvement
was attributed to significant reduction of barrier height at Au/pentacene interfaces and smoothed

surface of pentacene layer after inserting a thin GeO layer.
4.1 Introduction

To achieve high performance and high mobility organic thin film transistor (OTFTSs), it is very
crucial to improve the contacts between the metal electrodes and organic semiconductors. When
a metal is directly deposited onto the pentacene, either it will penetrate or diffuse into upper layer
of pentacene and form a mixture of metal and pentacene, which causes a large energy difference
between the Au Fermi level (EF) and the highest occupied molecular orbital (HOMO) level of
pentacene [1-4]. Thus, high contact resistance and hole injection barrier will appear, which limits
the device performance and field-effect mobility. Transition metal oxides like molybdenum
oxide (Mo0Qs3), tungsten oxide (WOs), vanadium oxide (V20s) and titanium oxide (TiO,) and
other metal oxides such as aluminum oxide (Al,O3) and copper oxide (CuQO) have been widely

used as bi-layer electrode or hole injection layer (HIL) to reduce the barrier height and contact
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resistances at the Au/pentacene interface, which gave better performance and produced higher
field-effect mobility compared to the device with only metal electrodes [5-8]. It suggests that the
bi-layer electrodes for pentacene based OTFTs could be better scheme for achieving high

performance and high field-effect mobility.

In this study, the impact of using GeO and Au as a bi-layer electrode on the electrical
characteristics of top contact pentacene based OTFTs was reported. We observed that the
performance of the device including field effect mobility, threshold voltage and on/off ratio was
highly improved when optimizing the thickness of GeO as 5 nm. Therefore, the combination of 5
nm GeO with Au as bi-layer source-drain electrode could be a promising scheme for achieving

high performance in pentacene-based OTFTs.
4.2 Experimental Details

The cross sectional diagram of top contact pentacene based OTFT is shown in Fig.4.2.1. The
devices were fabricated by using cleaned glass substrate on which 50 nm thick tantalum (Ta) as
gate electrode and 180 nm tantalum oxide (Ta;Os) as gate insulator which were deposited by
radio-frequency (RF) sputtering. Then, a 40-nm-thick pentacene (Sigma-Aldrich, 98% purity)
was thermally evaporated with slow deposition rate of 0.15 A/s and at a substrate temperature of
60 °C. Finally, the devices were completed by evaporating GeO with varied thickness of 2-20
nm and Au 60 nm onto the pentacene layer through a shadow mask to form bi-layer source-drain
electrodes. The devices had a channel length and width of 250 um and 1 mm, respectively. For
comparison, a similar device under same conditions with only-Au electrodes was also fabricated.

The electrical measurements were performed at room temperature using a semiconductor
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parameter analyzer (HP 4155B). The drain current (Ip) vs drain voltage (Vp) curves with varying
temperature were measured for investigation of carrier transport properties by loading the
fabricated devices into a cryostat. The temperature is varied from 93 to 293 K by flowing liquid
nitrogen into the sample holder in the vacuum chamber. The surface morphology of pentacene

films were evaluated using atomic force microscopy (AFM).

Drain (Au) Source (Au)

Gate electrode (Ta)

Glass substrate

Fig.4.2.1 Device structure of OTFTs with bi-layer GeO/Au electrodes

4.3 Results and Discussion

Fig.4.3.1 (a) and (b) shows the output characteristics (Vp - Ip) of the OTFTs with only-Au and
with 5 nm GeO, respectively. It is clearly seen that the drain current is highly increased in the
device with 5 nm GeO, suggesting the formation of a good Ohmic contact. Fig.4.3.2 shows the
transfer characteristics of the device with only-Au and with 5 nm GeO. The transfer
characteristics were measured in the saturation regime with a source-drain voltage of ¥ = —15.

The device with 5 nm GeO also shows little improvement in threshold voltage and on/off ratio.
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Fig.4.3.2 Transfer characteristics of pentacene based OTFTs corresponding to
only-Au and with 5 nm GeO.
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The field-effect mobility was estimated in the saturation region using the following equation as

w 2
ID:(ZJ Co Ve =7, ). (43.)

Where, W and L are the channel width and length respectively, C; is the gate dielectric
capacitance per unit area, V' and Ip are the gate voltage and drain current, respectively. The
threshold voltages and on/off ratio were extracted from (Vs - Ip) characteristics. The device
characteristics including field-effect mobility (u), threshold voltage (V7) and on/off ratio
(Zow/Iog) with varied thickness of GeO is summarized in Table 4.3.1. It can be clearly seen that
the electrical performance in terms of p, VT and on/off ratio of the devices with GeO bilayer
electrodes was better than the device with only Au electrode. The devices with 5nm GeO shows
the best performance with highest field effect mobility p of 0.96 cm? V's™, V7 of -4V and the
highest Io,/Ioy ratio of 5.2x10% The nature of OTFTs with an optimized 5 nm GeO is further

investigated.

GeO Mobility Threshold On/Off ratio
Thickness (cmZ/Vs) voltage (x 104)
(nm) V)
0 045 -0.5 15
2 0.62 -1.0 3.6
5 0.96 -4.0 52
10 0.81 -0.5 45
20 0.54 1.0 2.8

Table 4.3.1. Device characteristics varied with GeO thickness
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Fig.4.3.3 (a) and (b) shows the temperature dependence of /p-Vp curves in two devices with
only-Au and with 5nm GeO, respectively. The Ip-Vp characteristics showed strong temperature

dependence in both devices.
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Fig.4.3.3 Temperature dependence of Ip-Vp characteristics of pentacene based OTFTs. (a) only-
Au and (b) with 5 nm GeO.

In general, there are two possible injection mechanisms for the interface of metal/organic layer,
i.e., Schottky thermionic emission and tunneling [9, 10]. The obvious temperature dependence of
Ip-Vp curves in two devices suggests that the charge injection characteristics can be fitted by the
Schottky emission mechanism which is discussed in detail elsewhere [11, 12]. By plotting the
relationship between /n/ vs ¥'”*and extrapolating straight lines to the ordinal point, the current at

zero voltage lo is determined. By using the values of lo, the relationship between lnly/T° vs 1/T is
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plotted as shown in Fig.4.3.4 (a) and (b). From the resulting slope of extrapolated lines, the

barrier heights of 0.12 eV and 0.01 eV were obtained corresponding to the case of only-Au and

with 5 nm GeO, respectively. We can see that the barrier height was dramatically reduced by

inserting 5 nm GeO between the Au and pentacene layer.
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Fig.4.3.4 Relationship betweenlIn (7,/T°) and 1/T. (a) without and (b) with 5 nm GeO layer.

Fig.4.3.5 (a) and (b) shows the AFM micrograph of only pentacene layer and with 5 nm GeO,

respectively. The root mean square (rms) roughness for both devices with only pentacene layer

and with 5 nm GeO is 5.95 nm and 5.21 nm, respectively. It is clearly seen that with 5 nm GeO

layer the surface of pentacene become more smooth which might be beneficial for achieving

good Ohmic contacts. Noticeably, in the case of 2 nm thin GeO, the pentacene surface was not

fully covered, and for 10 nm or thick GeO, the morphology of pentacene was completely

eliminated and the new morphology of GeO was observed (micrograph not shown here).
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Therefore, 5 nm GeO is enough for guaranteeing the fully covered pentacene layer until there

was no direct connection between the active layer and the Au electrodes..
Ta, 05 (180 nm)/Pentacene (40 nm) Ta, 05 (180 nm)/Pentacene (40 nm)/GeO (5 nm)
(a)

5000
[nm)]

-b‘\\‘L/'/
Rms : 5.20 nm D
0.00 15.00 x 15.00 [ym] Z-Max 50.00[nm]

Rms : 5.94 nm

0.00
15.00x 15.00 (um) Z-Max 50.00(nm)

Fig.4.3.5 AFM images of pentacene films for (a) with only pentacene layer and (b) with 5 nm
GeO.

Fig.4.3.6 shows the energy level diagrams for Au, GeO and pentacene. The (HOMO) of
pentacene and Au lie at 5.0 eV and 5.1 eV, respectively [13, 14]. Germanium (Ge) metal has a
high work function of around 4.7 eV and GeO has an electron affinity relative to Ge of around
2.7 eV and band gap of 2.8 eV [15, 16], which implies the valance band and conduction band
position for GeO is located at 7.4 eV and 4.6 eV, respectively. Clearly the valence band position
for GeO lies below the HOMO level of pentacene, resulting in no barrier for injection of holes
into the pentacene layer. In addition, after modifying the organic/metal interface by inserting a
thin layer of GeO, the source drain electrodes do not directly contact with pentacene layer which
minimizes the penetration of the Au layer into the pentacene layer and provides a protection

against the thermal diffusion of metal into the active layer, which avoids unfavorable chemical
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reactions between organic and metal electrode. Therefore, it is easily understood that the barrier
height and contact resistance at Au/pentacene interface is significantly reduced after inserting 5

nm GeO, which enhances the charge injection and device performance.

3.0 |— LUMO
3.2 3.2
4.0 |— Pentacene Pentacene
-~ HOMO
?& 5.0 — 5.1 —_— 5.1
5.0
&= Au Au
5.0
6.0 —
7.0 — 7.4
(a) (b) GeO

Fig.4.3.6 A schematic energy level diagram for (a) with only Au and pentacene interfaces and (b)
with 5 nm GeO.

4.4 Conclusion

In conclusion, a top contact pentacene based OTFTs with bi-layer GeO/Au electrodes was
investigated. The performance of the device after modification was highly improved and the
highest mobility of 0.96 cm?Vs™, threshold voltage of -2 V and highest on/off ratio of 5.2x10*
was achieved in the device with 5 nm GeO. The main factor for the improvement in the

performance of the OTFTs with bi-layer GeO/Au electrodes was explained in terms of the
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reduction in barrier height and smoothed surface roughness of active layer. Therefore, the
combination of a thin 5 nm GeO with Au as a bi-layer electrode is an effective way to improve

the characteristics of OTFTs which makes the device suitable for commercial applications.
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Chapter 5

Performance Enhancement of Top-Contact Pentacene-Based Organic Thin-Film

Transistors with Bilayer WO3/Au Electrodes

We fabricated top-contact pentacene-based organic thin-film transistors (OTFTs) with bilayer
WO3/Au electrodes. Compared with those of a device without a WO3 layer, the performance
characteristics including field-effect mobility, threshold voltage, and On/Off ratio were highly
improved in a device with a 5Snm WOs; hole injection layer inserted. The field-effect mobility was
increased from 0.47 to 0.69 cm*V's™ and the On/Off ratio was also increased from 1:8x10* to
4:1x10". From the results of evaluating the temperature dependence of I,—V), characteristics and
the surface morphology of pentacene, the improved device performance was attributed to
reductions in barrier height and surface roughness after inserting a suitable WO3 layer between

the pentacene and gold electrodes.
5.1 Introduction

Nowadays, organic thin-film transistors (OTFTs) are widely used as driving elements for
displays and logic circuits because of their envisioned applications in flexible, large area, low-
cost, and light weight organic electronics, such as smart cards, identification tags, chemical
sensors, and biochips [1-3]. Several studies on OTFTs revealed that the device performance is
significantly improved through improvements in the device structure and fabrication techniques
[4-8]. The performance of the OTFTs is highly dependent on the chosen semiconductor and
dielectric materials. Pentacene is widely used as a semiconductor material owing to its high

field-effect mobility [9, 10]. In particular, the performance of pentacene-based OTFTs is highly
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dependent on the surface properties of the dielectric layer, such as surface roughness, and
pentacene deposition conditions. By controlling the surface roughness of the dielectric material
and the deposition conditions of pentacene, a large grain size and a high mobility could be
achieved [11,12]. For constructing high-performance top-contact OTFTSs, it is very important to
understand the effect of metal diffusion into the organic film on its electrical performance. The
metal diffusion mostly increases the contact resistance and limits the performance of the device
[13-15]. To improve the hole injection and reduce the contact resistance at the organic/metal
interface, a thin transition metal oxide layer is usually introduced between the metal electrode
and the pentacene layer. It was also reported that hole mobility and current On/Off ratio were
optimized after inserting a thin layer of V,0s, M0Os, copper phthalocyanine (CuPc), or TiO;
between the organic semiconductor and metal electrodes, owing to energy barrier reduction and
an improved hole injection [16-20]. Among all transition metal oxides, tungsten oxide (WQOs3)
has excellent electrical, structural, and optical properties, which have attracted much attention in
recent years [21, 22]. Because of its high work function, barrier-lowering properties, and charge
generation abilities, WO3 is often used as a hole injection layer in organic light-emitting diodes
(OLEDs) and solar cells [23, 24]. Li et al. [25] and Cheung et al. [26] reported that the contact
resistance in OTFTs can be reduced by inserting a WOs; layer between the source/drain
electrodes and the organic semiconductor. In this study, the main parameters that we investigated
are the barrier height at the organic/ metal interface determined by evaluating the temperature
dependence of drain current versus drain voltage (/p—Vp) characteristics, and the surface
morphology of pentacene. In this study, top-contact pentacene-based OTFTs were investigated

by introducing WO3 layers of different thicknesses between Au electrode and a pentacene layer

70



to study the temperature dependence characteristics and estimate the barrier height. As a result,
the hole mobility and the drain current were highly increased by inserting a 5 nm WO; layer. The
surface morphology of the pentacene/WO; films was also characterized by atomic force

microscopy (AFM).
5.2 Experimental Details

A schematic diagram of top-contact pentacene-based OTFTs is shown in Fig.5.2.1. The devices
were fabricated by using a cleaned glass substrate, which was ultrasonically cleaned in acetone,
organic alkalies, and deionized water (18 MQ) successively and then dried using an air gun.
Subsequently, 50-nm-thick tantalum (Ta) as gate electrode and 180-nm thick tantalum oxide
(Ta20s) as a gate insulator were deposited by RF sputtering. Following the sputtering of the gate
insulator, 40-nm-thick pentacene (Sigma-Aldrich, 98% purity) was thermally evaporated at a low
deposition rate of 0.15 °A/s. During the deposition of pentacene, the substrate temperature was
maintained at 60°C. Finally, WO3 and 60-nm-thick gold were thermally evaporated onto the
pentacene film through a metal mask to form the source/drain contacts with a channel length and
width of 250 pum and 1 mm, respectively. The thickness of WO3 was varied to 2, 5, and 10 nm.
All thermal evaporations were performed under a pressure of less than 2x10™° Torr. For
comparison, a similar device without a WO3 layer was also fabricated under the same conditions.
Electrical measurements were performed at room temperature using a semiconductor parameter
analyzer (HP 4155B). The Ip—V)p curves with varying temperature were measured to investigate

carrier transport properties by loading the fabricated devices into a cryostat. The temperature was
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varied from 93 to 293K by introducing a flow of liquid nitrogen into the sample holder in the

vacuum chamber. The surface morphology of pentacene films was evaluated by AFM.

Drain (Au) Source (Au)

T s

Gate electrode (Ta)

Glass substrate

Fig.5.2.1 Structure of organic thin-film transistor with bilayer WO3/Au electrodes.

5.3 Results and Discussion

Fig.5.3.1 (a) - (d), shows the Vp—Ip characteristics of the top contact pentacene-based OTFTs
without and with 2, 5, and 10 nm WO; layers, respectively. For all devices, V' ranged from 0 to -
15 V and gate voltage (V) varied from 0 to 15 V. Fig.5.3.2 shows the transfer characteristics of
all the devices without and with 2, 5, and 10 nm WOj; layers. Vs was varied from 15 to -15V

with a fixed Vp at -15 V. The field-effect mobility was estimated in the saturation region using

/4

I, :(Zj Coo(Ve =V, ). (531
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Where, W and L are the channel width and length respectively. Moreover, Coy is the insulator
capacitance per unit area (22.7 nF/cm?), and ¥V and ¥y are the gate and threshold voltages

respectively.
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Fig.5.3.1 Drain current vs. drain voltage characteristics of OTFTs: (a) Without and with (b) 2, (c)
5, and (d) 10 nm WOs layers.
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After inserting a 5 nm WOj layer, the field-effect mobility became 0.69 cm? Vs, which is

the highest value among all the devices. The threshold voltage (77;) decreased from -0.5 to -2 V

and the highest on/off ratio of 4.1x10%was obtained.
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Fig.5.3.2 Transfer characteristics of OTFTs without and with 2, 5, and 10 nm WOs layers.

The sub threshold slope (S), which describes the turn on of the OTFTs, is also an important

parameter in the device performance and is defined by

oV,

> dllog,) &2

The sub threshold slope is also derived from the transfer characteristics of the OTFTs.
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The performance characteristics of all the devices with WOj3; layers of different thicknesses are

shown in Table 5.3.1.

WOsThickness (nm)  u (cm’V's™) Vin S (V/dec)  On/off ratio
V)

0 0.47 -05 0.75 1.8x10*

2 0.51 -05 0.65 2.4x10*

5 0.69 -2 0.46 4.1x10*

10 0.61 -1 0.74 3.1x10*

Table 5.3.1. Device characteristics for various WQj; thicknesses.

The minimum sub threshold slope of 0.46 V/decade is achieved in the device with a 5 nm WO3;
layer and the maximum slope of 0.75 V/decade is achieved in the device without a WOj3 layer.
Threshold voltage is a figure of merit of the surface density of deeply trapped charges in both the
channel and contact regions. Even though the WOs5 layer improves the hole injection, it may also
create interfacial trap states at the interface. As a result, the trapped charges partially compensate
the applied external field and shift the threshold voltage to become more negative. Pentacene
films deposited by thermal evaporation have a polycrystalline nature, and the grain size and grain
boundary density strongly affect the charge transport in the films. It is generally recognized that
structural defects in pentacene films play an important role in electrical characteristics. The sub
threshold slope is also one of the most important parameters of OTFTs and is mostly dominated
by material properties, such as the grain size and grain boundary density of the pentacene layer

[27]. After modification with a WO5 layer, a change in the grain size of the pentacene layer is
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observed, which may be a possible cause of the decrease in sub threshold slope. The small
increase in On/Off ratio is mainly attributed to the better carrier injection after WO3; modification,
resulting in an increase in o, while /o4 is almost invariable. By comparing the performance
characteristics of all the devices, it is clear that the performance of the device with a 5nm
WO3/Au electrode was significantly improved by the large increase in drain current. The
increase in drain current demonstrates that the hole injection from Au electrodes to pentacene
was markedly improved by the increase in device mobility. When the thickness of the WO; layer
is increased to 10 nm, the field-effect mobility and drain current decreased gradually. Therefore,
the specific performance of OTFTs with the optimal 5 nm WO; layer was further investigated

here.

The temperature dependence of Ip—V)p characteristics at a fixed gate voltage of 0 V was
evaluated at temperatures between 133 and 293K. Fig.5.3.3 (a) and (b) shows the temperature
dependence of Ip—Vp curves for both the devices without and with a 5 nm WO;3 layer,
respectively. The IV characteristics show strong temperature dependence in both devices. In
general, there are two possible injection mechanisms for the interface of the metal/organic layer,
i.e., Schottky thermionic emission and tunneling [28-30]. The obvious temperature dependence
of Ip—Vp curves in the two devices suggests that the charge injection characteristics can be fitted
by the Schottky emission mechanism as

I=A"T?exp -q((pB - “qVMM"d) . (5.3.3)

kT
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Here, A* is the effective Richardson constant, T is the temperature, ¢B is the barrier height at
the interface, q is the electronic charge, V is the applied voltage, "i is the dielectric permittivity, d

is the thickness of the mixed single organic layer, and k is the Boltzmann constant.
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Fig.5.3.3 Temperature dependence of I5-Vp characteristics (a) without and (b) with 5 nm WOs;
layer.

Fig.5.3.4 (a) and (b) show the /-V characteristics by plotting the relationship between /n/ and
VY2 and then extrapolating straight lines to the ordinal point, where the current at zero voltage 7,
is evaluated. The relationship between /nl,/T° and 1/T is plotted in Fig.5.3.5 (a) and (b) using the
values of 7y, resulting slopes of the extrapolated lines give the barrier heights of 0.12 and 0.05 eV

at the pentacene/Au and pentacene/WOs/Au interfaces, respectively. We can see that the barrier
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height is markedly reduced by inserting a 5nm WOj; layer between the organic and metal

electrodes.
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Fig. 5.3.6 (a) and (b) shows the AFM micrographs of the pentacene layers without and with a 5
nm WO; layer deposited on the Ta,Os dielectric surface. The root mean square (RMS)
roughnesses of both devices are 7.75 and 6.85 nm, respectively. With very thin WO; layers of 0
and 2 nm thicknesses, the pentacene layer is not fully covered and the morphology of pentacene
remains unchanged (image not shown here). The performance of the OTFTs is highly dependent
on the surface morphology of pentacene. A smoother pentacene surface is necessary to increase
the charge injection and mobility [20, 28]. Clearly, the pentacene surface becomes smoother with
the insertion of a 5 nm WO; layer, which is necessary for providing a better contact with metal
electrodes. This is also one of the main reasons for reducing the barrier height and increasing the

hole injection.

Ta,O5 (180 nm)/Pentacene (40 nm) Ta,O5 (180 nm)/Pentacene (40 nm)/WO; (5 nm)

40.00
(nm]

0.00

400

Rms : 7.75 nm 0.00 Rms : 6.85 nm 0.00

5.00 x 5.00 [um] Z-Max 40.00[nm] 0.00 5.00 x 5.00 [um] Z-Max 40.00[nm)

Fig. 5.3.6 AFM images of pentacene films (a) without and (b) with 5 nm WOs layer.

0.00

Cho et al. [31] reported that when a metal is directly deposited onto the pentacene layer, either

it will penetrate into the upper layer of pentacene or diffuse into pentacene and form a mixture of
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metal and pentacene in spite of using a pure metal. Therefore, an interface dipole barrier is
formed, which shifts the highest occupied molecular orbital (HOMO) level of pentacene
downward and increases the difference between the HOMO level of the pentacene layer and the

Fermi level of the Au layer, which leads to a hole injection barrier of 1 eV [32, 33].

Fig.5.3.7 shows the energy level diagram of Au, pentacene, and WO3. The work functions of
pentacene, Au, and WOs; lie at 5.0 [14], 5.1 [34] and 6.4 eV [35] respectively. The HOMO of
pentacene adjusted with the valance band of WOj; results in the absence of a barrier for the

injection of holes into the pentacene layer.

3.0 — LUMO
3.2 3.2

4.0 b— Pentacene Pentacene
= HOMO
O] S R — 5.1 =
= _, _ 5.

Au 2.0 Au
6.0
6.4
L (a) b) WO,

Fig.5.3.7 Energy level diagrams for Au, pentacene, and WOs3,

Therefore, by modifying the organic/metal interface through the insertion of a thin layer of
WOQO3, the source drain electrodes are not in direct contact with the pentacene layer, protecting the

organic layer from metal penetration and preventing unfavorable chemical reactions between

80



organic and metal electrodes. For a thicker WO; layer of 10 nm, the contact resistance may be
increased, which limits the device performance. Therefore, with an optimum intermediate
WO3layer with a thickness of 5 nm, the active layer surfaces were fully covered and acted as
blocking layers until there was no direct contact between the active layer and the Au electrodes.
Therefore, it is easily understood that with the insertion of a WO; layer with a suitable thickness,
the barrier height and contact resistance at the Au/pentacene interface decrease, resulting in

enhanced charge injection and hence improved OTFT mobility.
5.4 Conclusion

We investigated pentacene-based OTFTs with WOs3 as a hole injection layer between metal
electrodes and an organic semiconductor. By comparison it with that of the OTFT without a
WO; layer, the performance of the device with a bilayer WO3/Au electrode was observed to be
significantly improved. The field-effect mobility increased from 0.47 to 0.69 cm? V's™"and the
barrier height is also decreased from 0.12 to 0.05 eV with the insertion of a WO3 layer. The
improvement in the performance of the OTFTs is attributed to the decreased barrier height and
reduced surface roughness after the insertion of the WO; layer. Therefore, using 5 nm WO3; as
the hole injection layer is an effective way to improve the characteristics of OTFTs, making the

devices suitable for commercial applications.
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Chapter 6

Temperature Dependence of Barrier Height and Performance Enhancement of Pentacene

Based Organic Thin Film Transistor with Bi-Layer MoO3/Au Electrodes

We investigated top-contact pentacene-based organic thin-film transistor (OTFTs) with bi-layer
MoOs/Au electrodes. The device performance including field effect mobility, threshold voltage,
and On/Off ratio was highly improved in a device with 5 nm MoOs layer which shows highest
field-effect mobility of 0.72 cm? V's™. In addition, from temperature dependence characteristics
we observed that the barrier height was dramatically decreased from 0.12 eV (without MoO3) to
0.03 eV in device with 5 nm MoOs layer. This improved device performance was attributed to
significant reduction in barrier height at Au/pentacene interfaces and surface roughness of

pentacene layer after inserting a suitable MoOs layer between pentacene and gold electrodes.
6.1 Introduction

In recent years, organic thin-film transistors (OTFTs) have received much attention due to their
potential applications in displays, logic circuits and also promising applications to flexible and
low cost electronic devices, such as smart cards identification tags, and sensors [1-4]. From the
performance point of view, the most important parameters are field effect mobility (u), threshold
voltage (V7), sub threshold slope (S) and On/Off ratio (Z,./1,;). Pentacene has been widely used
as the active layer in OTFTs due to their high field-effect mobility which is comparable to that of
amorphous Si and till now several numbers of techniques have been used to improve the

performance of pentacene-based OTFTs [5-8]. Up to date, higher mobility in OTFTs based on
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polycrystalline films has been demonstrated using pentacene as organic semiconductor layer.
The larger grain size and improved mobility for pentacene could be achieved by either
decreasing the dielectric surface roughness or by modifying the pentacene deposition conditions
and post-deposition treatments. For constructing a high performance top-contact OTFTs, it is
important to understand the influence of the metal diffusion into the organic film on its electrical
performance. When metal is directly deposited onto organic layer, diffusion between the organic
layer and metal may be occurred. Chu et al. [9] shows that the contact between the source-drain
electrodes and the organic semiconductor can be improved by using a transition metal oxide
layers. Modification of organic/metal interface becomes an efficient way to reduce the electron
injection barrier between the organic active layer and the metal electrodes. Molybdenum oxide
(MoQg3), with diverse structural, optical, hole injection and charge generation abilities [10-12]
have attracted much attention in recent years and is highly used in organic devices as a hole
transporting layer [13-15]. The main parameter that we investigated in this study was the
temperature dependence characteristics of barrier height and the surface morphology of

pentacene layer.

In this study, we introduced MoOs interlayer of different thickness between the pentacene and
Au electrodes and investigated the role of MoO3 on the device performance of top-contact
pentacene-based OTFTs. We observed that by inserting an appropriate MoOs layer between the
pentacene and Au electrodes, the barrier height and surface roughness was highly decreased

which enhance the device performance.

6.2 Experimental Details
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A schematic structure of the top-contact pentacene-based OTFT upon investigation was shown
in Fig.6.2.1. The devices were fabricated using cleaned glass substrate, on which 50 nm thick
tantalum (Ta) as gate electrode and 180 nm tantalum oxide (Ta;Os) as gate dielectric were
deposited by radio-frequency sputtering. After that, 40 nm pentacene (Sigma-Aldrich,98%
purity) layer was evaporated with slow deposition rate of 0.15 A/s through a metal mask. The
substrate temperature was kept at 60 °C during deposition. Finally, MoO3; with varied thickness
and Au (60 nm) were evaporated onto the pentacene layer by using a metal mask to form the
source and drain electrodes. The channel length and width was 250 pum and 1 mm, respectively.

The thickness of MoO; was varied as 0, 2, 5 and 10 nm.

Drain (Au) Source (Au)

Pentacene

Gate electrode (Ta)

Glass substrate

Fig. 6.2.1 Structure of OTFTs with bilayer MoO3/Au electrodes.

Electrical measurements were performed at room temperature using a semiconductor parameter
analyzer (HP 4155B). The drain current Vs drain voltage (/p-Vp) curves with varying
temperature at a fixed gate voltage of 0 V are measured for investigation of carrier transport

properties by loading the fabricated devices into a cryostat. The temperature was varied from 133
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to 293 K by flowing liquid nitrogen into the sample holder in the vacuum chamber. The surface

morphology of pentacene films were evaluated using atomic force microscopy (AFM).
6.3 Results and discussion

The field-effect mobility was estimated in the saturation region using the following equation as

/4
Ih=|57 uC, .V, -v.)}. (6.3.0)

where, W and L are the channel width and length respectively, C; is the gate dielectric
capacitance per unit area and V7, Ip are the gate voltage and drain current, respectively. Fig.6.3.1
(@) and (b) shows the output characteristics (Vp - Ip) of the OTFTs without and with 5 nm MoOs
layer, respectively. Both devices exhibit typical p-channel characteristics. Noticeably, the drain
current in the device with 5 nm MoOg layer was largely enhanced compared with that of the non-
modified device which means the hole injection from Au electrodes to pentacene was
remarkably improved which enhances the device performance. Fig.6.3.2 shows the transfer

characteristics of the device without and with 5 nm MoQs layer.

The sub threshold slope (S), which describes turn on of the OTFTs, is also one another

important parameter for the device performance, and is defined by the following equation

oV,

* = dogr,) &2
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Fig.6.3.1 Drain current vs drain voltage characteristics of OTFTs. (a) with out and (b) with 5 nm
MoOQO:s layer.
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Fig.6.3.2 Transfer characteristics of OTFTs without and with 5 nm MoOs layer.

10-12

Threshold voltage, sub threshold slope and On/Off ratio was extracted from the transfer

characteristics of the OTFTs at a source-drain voltage V' = -15 V. The minimum sub threshold
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slope of 0.49 V/decade was achieved in the device with 5 nm MoO; layer and maximum slope of
0.75 V/decade in the device without MoOs layer. The device characteristics including field-effect
mobility, threshold voltage, Sub threshold slope and on/off ratio with varied thickness of MoOs
is summarized in Table 6.3.1.The highest mobility of 0.72 cm? V''s™ and highest On/Off ratio of
4.3x10* is achieved in the device with 5 nm MoOj; layer which is the higher values among all
other devices. Meanwhile a little improvement in threshold voltage, sub threshold voltage after
modification with 5 nm MoOj3 layer was also observed. Clearly among all the devices (without,
with 2 nm, 5 nm and 10 nm MoO3 layer) the device with 5 nm MoO3 layer shows best electrical
characteristic. Therefore the specific performance of OTFTs with an optimized 5 nm MoOs layer

was further investigated.

Sub

MoO; Mobility Threshold threshold On/oft

. 2y -1 Voltage ratio
Thickness (nm) (cm“V7s™) V) slope 10

(V/dec)

0 0.47 -0.5 0.75 1.8

2 0.55 -0.5 0.68 2.6

5 0.72 -2.5 0.49 4.3

10 0.63 -1.0 0.73 34

Table.6.3.1 Device characteristics varied with MoQOj; thickness

Threshold voltage is a figure of merits of the surface density of deeply trapped charge both in
channel and contact regions [16]. Therefore, it has a little decrease because the density of deeply
trapped state is reduced after modification. In addition Even though by inserting MoOs; layer the

hole injection is improved, it may also create interfacial trap states on the interface. Which
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results, the trapped charges partially compensate the applied external field and shift the threshold
voltage to more negative. The sub threshold slope is mostly dominated by the material properties
like grain size and grain boundary density of the pentacene layer [17]. After modification with
MoO; layer the change in the grain size of pentacene layer is observed which may be the
possible cause for the decrease in the sub threshold slope. The small increase in On/Off ratio is

mainly attributed to better carrier injection after MoO3; modification.

The temperature dependence of Ip-V characteristics was evaluated in the temperatures range
between 133 and 293 K. Fig.6.3.3 (a) and (b) shows the temperature dependence of Ip-Vp curves
in two devices without and with 5 nm MoO3 layer, respectively. The Ip-Vp characteristics show
strong temperature dependence in both the devices. In general, there are two possible injection
mechanisms for the interface of metal/organic layer, i.e., Schottky thermionic emission [18-19]
and tunneling [20]. The obvious temperature dependence of -V curves in two devices suggests

that the charge injection characteristics can be fitted by the Schottky emission mechanism.

I=AT?exp _q(% _ “qVMM"d) . (6.3.3)

kT

where A* is the effective Richardson constant, 7' the temperature, ¢z the barrier height at the
interface, g the electronic charge, V' the applied voltage, ¢; the dielectric permittivity of the mixed
organic layer, d the dielectric thickness, and & the Boltzmann constant. Fig.6.3.4 (a) and (b)
shows the I-¥ characteristics by plotting the relationship between /nl vs 7 and extrapolating

straight lines to the ordinal point, the current 7, is evaluated. By using the values of I, the
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relationship between InlyT” vs 1/T is plotted in Fig.6.3.5 (a) and (b). The resulting slope of
extrapolated lines give the barrier heights of 0.12 eV and 0.03 eV are obtained corresponding to
the case of without and with 5 nm MoOg layer respectively. We can see that the barrier height is

dramatically reduced by inserting MoOs layer between the pentacene and metal electrodes.

10'4 IR A T BT S T L T 10-3 LI T R R I R L N R
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Fig.6.3.3 Temperature dependence Ip-Vp characteristics of the devices (a) without and (b ) with
5nm MoO; layer .
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Fig.6.3.5 Relationship between In(7,/T°) and 1/T corresponding to (a) without and (b) with 5 nm

Fig.6.3.6 (a) and (b) show the AFM micrograph of pentacene layer with and without 5 nm
MoOs layer, respectively. The root mean square (rms) roughness for both devices with out and
with 5 nm MoOg is 4.55 nm and 4.07 nm, respectively. It is observed that with 2 nm thin MoO3
layer the pentacene surface was not fully covered (micrograph not shown). For 10 nm or thick
layer the new morphology of MoOs is observed while the morphology of pentacene was
completely eliminated. D. W. Zhao et al [21] also shows that the thicker (10 nm) MoOs hole
transporting layer increases the contact resistance which limits the device performance.
Therefore, only with intermediate MoOj; thickness (5 nm) the surfaces of the active layer were
fully covered until there was no direct connection between the pentacene layer and the Au
electrodes. The 5 nm MoO; could then act as a hole transporting blocking layer and the surface

of pentacene becomes smoother in a certain extent which led to a significant increase in the

MoOs layer.

performance of the device.
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Ta,O5 (180 nm)/Pentacene (40 nm) Ta,O5 (180 nm)/Pentacene (40 nm)/ MoO; (5 nm)

060

Rms:4.55nm % Rms : 4.07 nm

0.00

0.00

1000.00 x 1000.00 [nm] Z-Max 30.00{nm) 1000.00 x 1000.00 [nm] Z-Max 30.00{nm)

Fig.6.3.6 AFM images of pentacene films for (a) without and (b) with 5 nm MoOs layer.

In order to understand the detailed reasons for the improvement in the mobility and device
performance it is very important to understand the contact interfaces between the metal
electrodes and Pentacene. To achieve the Ohmic characteristics it is necessary that the work
function of the metal is closer to the HOMO or LOMO of the organic materials, which lead to
enhance the charge injection [9]. For Pentacene/Au contacts there is small mismatch between the
work function of Au and HOMO level of pentacene which results to relatively high contact
resistance at the Pentacene/Au interfaces. When a metal is directly deposited onto the pentacene,
either it will penetrate into the upper layer of pentacene or diffuse into pentacene to form a
mixture of metal and pentacene in spite of pure metal [22]. Therefore high contact resistance is
observed resulting from the formation of interface dipole barrier which shifts the HOMO level of
pentacene downward causing an increase in the difference between the HOMO level of the
pentacene and the Fermi level of the Au, hence increasing the barrier height [23, 24]. The 5 nm

MoOs layer minimize the penetration of the Au layer into the pentacene layer and provided a
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protection against the diffusion of metal into the organic layer, which avoids unfavorable
chemical reaction between organic and metal electrodes [10]. Fig.6.3.7 shows the energy level
diagrams for Au, MoO; and pentacene. The highest molecular orbital’s (HOMO) of pentacene,
MoO; and Au lie at 5. 0 eV, 5.3 eV and 5.1 eV respectively [25, 26]. The HOMO of MoOs is
much deeper than the Au and pentacene and aligned them with the HOMO level of pentacene
which reduce the barrier height between the two layers. As the 5 nm MoOs layer was thermally
evaporated therefore during evaporation MoO3; may contain some impurities like MoO or free
Mo which decrease the space-charge region between the metal and MoOs interfaces resulting in
good Ohmic contacts and current flows very rapidly which reduce the contact resistance and

therefore device mobility and performance is highly increased.

3.0— LUMO
3.2 3.2
4.0— Pentacene Pentacene
&
o
HOMO
5.3 :
Au 5.0 Au
MoO,
6.0
() (b)

Fig.6.3.7 Energy level diagrams for Au, MoO; and Pentacene.
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6.4 Conclusion

In summary, we have investigated a pentacene based OTFT by inserting 5 nm MoO3 layer
between the Au and Pentacene layer. Compared with OTFTs without MoO3 layer, the drain
current and the field-effect mobility were significantly improved. The field-effect mobility
increased from 0.47 cm? Vs to 0.72 cm® Vs and threshold voltage is also decreased. By
evaluating of the temperature dependence of Ip-Vp characteristics, the barrier height is
dramatically decreased from 0.12 eV (with Au-only) to 0.03 eV in device with 5 nm MoOg layer.
The lowered barrier height is attributed to the smoothed surface of pentacene with MoO3
modification, which is confirmed by our AFM observation of pentacene surface morphology.
Therefore Using MoO3 the Au/pentacene interfaces as the hole injection layer is an effective way

to improve the device performance.
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Chapter 7

Top Contact Pentacene Based Organic Thin Film Transistor with Bi-layer TiO»/Au

Electrodes

We fabricated a Top contact Pentacene based Organic thin-film transistor (OTFTs) with bi-
layer TiO2/Au electrodes. The performance of the devices after inserting TiO; layer between
organic layer and Au electrode is highly improved. On Comparing with Pentacene based
transistor with only Au electrode the hole injection was largely enhanced and the highest field-
effect mobility is increased from 0.37 to 0.63 cm? Vst in the device with bilayer TiOz/Au
electrodes. We also measured the temperature dependence characteristics and surface
morphology of both the devices. Both the devices showed strong temperature dependence. We
observed that the barrier height is tremendously decreased after inserting a thin layer of TiO;
between the organic layer and Au electrodes. The improved device performance was due to the
decreased barrier height and decrease in the surface roughness of pentacene after inserting a
suitable metal oxide layer between the pentacene and the Au electrodes. Our experimental results
clearly show that the insertion of metal oxide between Au electrode and pentacene layer is an
effective way to improve the performance of the Pentacene based organic thin-film transistor

(OTFTs).
7.1 Introduction

Organic thin-film transistors (OTFTs) have received considerable attention because of their

envisioned applications in flexible, large area, low-cost and light weight organic electronics,
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such as smart cards, identification tags, chemical sensors and biochips and are widely used as the
driving elements for displays, logic circuits [1-3]. The performance of the OTFT is highly
dependent on choosing the semiconductor and the dielectric materials. From the performance
point of view, the most important parameters are charge carrier mobility, on/off current ratio and
the operational voltage range. Currently, highest field effect mobility has been obtained with
pentacene based organic thin film transistor [4, 5]. Particularly the performance of the pentacene
based OTFT is highly dependent on the surface properties of dielectric layer and pentacene
deposition conditions. By controlling the surface roughness of dielectric material and the
deposition conditions of pentacene large grain size and high field effect mobility could be
achieved [6, 7]. While constructing high-performance top-contact OTFTSs, it is very important to
understand the influence of interfaces which play a crucial role in the overall performance of the
device. Mainly there are two kinds of interfaces in a transistor the first one is in between the
semiconductor and the gate dielectric, where the conducting channel forms, and the second one
is in between the source/drain electrodes and the semiconductor layer where charge carriers are
injected. In this study we particularly discuss the latter one. Organic and metal interfaces mostly
limit the performance of the device and field effect mobility is also decreased. In earlier reports it
has been shown that the diffusion between the metal electrode and pentacene reduced the hole
injection carrier at the interface which causes the increase in barrier height and contact resistance
which effect the performance of the OTFTs [8-11]. It’s been shown that the contact between the
S-D electrodes and the organic semiconductor can be improved by inserting transition metal
oxide layer as carrier injection layers. Because of good electronic properties, transition metal

oxides offer a unique opportunity to control the work function, and hence increase the charge-
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injection properties [12-15]. Therefore, by modifying the organic/electrode interface by inserting
a thin layer of transition metal oxides, the source drain electrodes do not directly contact with
pentacene layer and hence significantly reduces the contact resistance, barrier height and
provides protection from diffusion and other chemical reactions which increases device
performance. Among all the transition-metal oxides, TiO; is one of the most extensively studied
materials because of their excellent structural, optical and electronic properties [16, 17]. Because
of its high work function [18, 19] and electron accepting and conducting abilities Titanium

dioxide (TiOy) is highly used in metal-oxide/polymer photovoltaic devices [20-24].

In this paper we fabricated the top contact pentacene based OTFT by inserted a thin layer of
TiO; as hole injection layer between the Au electrodes and organic layer. We found that by
inserting a thin layer of transition metal oxides between metal electrodes and pentacene layer
significantly reduced the barrier height and protect the device from diffusion which increases the

device performance.

7.2 Experimental details

The schematic diagram of top contact pentacene based OTFTs with bilayer TiO./Au electrodes
IS shown in Fig.7.2.1. The devices were made by using cleaned glass substrate which was
ultrasonically cleaned in acetone, semicoclean and deionized water (18 MQ) consecutively and
then dried by air gun. After washing a 50 nm thick tantalum (Ta) as gate electrode and 180 nm
tantalum oxide (Ta,Os) as gate insulator were deposited by RF sputtering. Then a 40-nm-thick
layer of pentacene (Sigma-Aldrich, 98% purity) was thermally evaporated with slow deposition

rate of 0.15 A/ s. during deposition of pentacene the substrate temperature was kept at 60 °C.
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Finally, TiO,, and 60 nm Au were thermally evaporated onto the pentacene film through a
metal mask to form S / D contacts with a channel length and width of 250 pm and 1 mm
respectively. The thickness of TiO; was varied from 2, 5 and 10 nm. All thermal evaporations
were done under a pressure of less than 2x10-6 Torr. For comparison a similar device under

same conditions with Au-only electrode (Without TiO; layer) was also fabricated.

Drain (Au) Source (Au)

™~ e

Gate electrode (Ta)

Glass substrate

Fig.7.2.1.Structure of organic thin film transistor with bilayer TiO./Au electrodes.

Electrical measurements were performed at room temperature using HEWLETT PACKARD
4155B semiconductor parameter analyzer. The drain current Vs drain voltage (/p-Vp) curves
with varying temperature are measured for investigation of carrier transport properties by loading
the fabricated devices into a cryostat. The temperature is varied from 93 to 293 K by flowing
liquid nitrogen into the sample holder in the vacuum chamber. The surface morphology of

pentacene films were evaluated using atomic force microscopy (AFM).
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7.3 Results and discussions

The output characteristics (Vp-Ip) of the top contact pentacene-based OTFTs with only Au, and
with 5 nm TiO,, layer were shown in Fig.7.3.1 (a) and (b), respectively. For all devices

source/drain voltages (¥p) ranged from O to -15 V and gate voltages (V) were varied from O to -

15 V.
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Fig.7.3.1 Drain current Vs Drain voltage characteristics of OTFTs. (a) With Au-Only and (b)
with 5 nm TiO; layer

Fig.7.3.2 shows the transfer characteristic (Vs - Ip) of the devices with, TiO, and only Au
electrodes. The gate voltage V' was varied from 15 V to -15 V with a fixed source—drain voltage
Vp at-15 V. The field-effect mobility was estimated in the saturation region using the following

equation as

/4
I, = >7 uC.(V, V. ). (1.3.)
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Where Ip is the drain current, 7 and L are the channel width and channel length respectively,

C; is the insulator capacitance per unit area (22.7 nF/cm? and Vs and V7 are the gate and

threshold voltage, respectively.

Drain current 15 (A)

107 — T
107
10°°
1077
10°®
107°
1071
10-11
o

-10 0 10
Gate voltage V 5 (V)

—— With Au-only
With 5 nm Ti0,

-

Fig.7.3.2 Transfer characteristics of OTFTs with Au-Only and with 5 nm TiO, layer

We found that the highest output current and field-effect mobility of 0.63 cm? Vs can be

achieved in the device with 5 nm TiO; bilayer electrodes, which is higher than that of the device

with only Au electrode with mobility of 0.37 cm® V's™. There is also little improvement in the

threshold voltage and On/Off ratio. The threshold voltage is decreased from -0.3 V to -1.5 V and

the highest On/Off ratio (about 3.7x10%) is obtained from the device with 5 nm TiO layer. The

performance of all the devices with different thickness of TiO, is shown in table 7.3.1.
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TiO, Thickness (nm)  u (cm*/Vs) Vr (V) Toulog

0 0.37 -0.3 1.8x10"
2 0.49 -05 2.6x10*
5 0.63 -15 3.7x10*
10 0.52 -1.0 3x10"

Table.7.3.1 Device characteristics varied with TiO, thickness.

On comparing the performance of the device with different thickness of TiO, and with only Au
electrodes, it’s clearly seen that the performance of the device with only 5 nm TiO/Au
electrodes is significantly improved. In addition, it is shown that the drain current was largely
enhanced only with 5 nm TiO; layer between Au and pentacene. It is supposed that with a very
thin transition metal oxide layer 0-4 nm the active layer may not be fully covered and hence the
pentacene layer is not protected well. For a thicker TiO, layer of around 10 nm increase the
contact resistance and barrier height and caused the mismatch of optical field distribution in
active layer, which resulted in a decrease in the performance of the device. Therefore, only with
intermediate TiO; layer with thickness (5 nm) the surfaces of the active layer were fully covered
until there was no direct connection between the active layer and the Au electrodes. The TiO,
could then act as a hole transporting blocking layer, which led to a significant increase in the

performance of the device. The surface of TiO, can be easily modified with many organic

105



materials. This may increase the charge carrier efficiency at the interface between organic layer

and Au electrodes. It is supposed that the TMOs layer provided a protection against the diffusion

of metal into the organic layer, which avoids unfavorable chemical reaction between organic and

metal electrodes. The insertion of blocking layer resulted in some changes at the interface of

Au/pentacene and hence the device performance is improved.

In order to understand the detailed mechanism, temperature dependence of Ip-V characteristics

were investigated over a wide temperature range of 93K-293K. Fig.7.3.3 (a) and (b) shows the

temperature dependence of Ip-Vp curves.
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Fig.7.3.3 The temperature dependence Ip-Vp characteristics: With Au-Only and (b) with

5 nm TiO; layer

In general, there are two possible injection mechanisms for the interface of metal/organic layer,

i.e., Schottky thermionic emission [25-26] and tunneling [27]. As the Ip-V characteristics show
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strong temperature dependence in both the devices therefore the carrier-injection is explained by

thermionic (Schottky) emission mechanisms.

'CI(% —1/qV/47zgl.d)

kT

I=AT? exp[ ] (7.3.2)

where A4*is the effective Richardson constant, T the temperature, @B the barrier height at the
interface, ¢ the electronic charge, ¥ the applied voltage, &i the dielectric permittivity of the mixed
organic layer, d the thickness of mixed single organic layer, and k the Boltzmann constant. By
plotting the relationship between InZ vs ¥?and extrapolating straight lines to the ordinal point,
the current at zero voltage I is evaluated. Using the values of I, the relationship between inf,/T’
vs I/T is plotted as shown in Fig.7.3.4 (a) and (b),We observed that the barrier height is
dramatically reduced by inserting TiO; layer between the organic and metal layers. Therefore, it
is easily understood as following: with insertion of suitable thickness of TiO,, barrier height and
contact resistance at the interface of Au/pentacene is reduced, which results in enhanced charge

injection and then improved mobility of OTFTs.
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Fig.7.3.4 Relationship between In(lo/T?) and 1/T.(a) With Au-Only and (b) with 5 nm
TiO; layer.
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Fig.7.3.5 shows the energy level diagrams of different materials used in the device fabrication,

TiO,and pentacene. At the Au/pentacene interface, there is relatively large hole injection barrier

of 0.8 -1 eV. The highest molecular orbital’s (HOMO) of Au, TiO; and pentacene lies at 5.1 eV

[19, 28], 7.4 eV[18-19] and 5. 0 eV [9] respectively. The HOMO of TiO; is deeper than the Au

and pentacene. Therefore the highest occupied molecular orbital (HOMO) of pentacene aligned

with the valence band of TiO,, resulting in no barrier for injection of holes into the pentacene.

Therefore the barrier height is reduced and the device performance is highly improved after

inserting a suitable layer of transition metal oxides between the Au electrode and pentacene layer.
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Fig.7.3.5 Energy level diagrams for Au, TiO; and pentacene.

Fig.7.3.6 (a) and (b) shows the AFM micrograph of only pentacene layer and with TiO; layer,

respectively. The pentacene films show typical morphology with large sized dendrites. The root

mean square (rms) roughness for both devices with out and with 5 nm TiO, is 7.45 nm and 7.05
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nm, respectively. It is observed that the surface of pentacene becomes smoother after inserting 5
nm TiO, layer. This is also one of the reasons for lowering the barrier height and increasing the
charge injection, and then improving device performance. Thus we can conclude that by
inserting 5 nm TiO; layer between the Au electrodes and pentacene layer play an important role

to increase the device performance and mobility.

Ta,05 (180 nm)/Pentacene (40 nm) Ta,05 (180 nm)/Pentacene (40 nm)/TiO, (5 nm)

Rms : 7.45 nm 000 Rms : 7.05nm 00

8.00%8.00 (um] Z-Max 50.00[nm] 0,00 .00 X 8.00 (um) Z-Max 50.00[nm] 0.00

Fig.7.3.6 AFM images of pentacene films (a) with pentacene only (b) with 5 nm TiO; layer.

7.4 Conclusion

In Conclusion, we have investigated a Top contact pentacene based OTFTs with bilayer
TiO,/Au electrodes. On comparing the OTFTs with only Au electrode, the performance of the
device with bilayer TiO,/Au electrode is significantly improved. The field-effect mobility
increases from (0.37 cm? Vs™) to (0.63 cm? V's™) and threshold voltage is also decreased.
From temperature dependence characteristics the barrier height between the metal and organic
layer is evaluated .The barrier height is decreased from 0.12 eV to 0.04 eV in the device with
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TiO2/Au electrodes. The lowered barrier height is due to the smoothed surface of pentacene after
inserting TiO; layer, which is confirmed by the surface morphology of pentacene. The main
parameter for the improvement in the performance of the organic thin film transistor is the
decreased barrier height and smoothed surface of pentacene after inserting TiO, layer between
the Au electrodes and organic semiconductor layer. Therefore, using a transition metal oxide as
the hole injection layer is an effective way to improve the characteristics of OTFTs, making the

device suitable for commercial applications.
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Chapter 8
Enhanced Carrier Injection in Pentacene Thin-Film Transistors by Inserting a MoO3-

Doped Pentacene Layer

We report on the enhanced carrier injection in pentacene thin-film transistors with a thin MoOs-
doped pentacene layer between pentacene semiconductor and the source-drain electrodes. Device
performance including drain current, field effect mobility, and threshed voltage are improved by
employing a MoOs-doped pentacene thin layer. The barrier height at the Au/pentacene interface
is lowered from 0.12 to 0.05 eV after inserting a MoOs-doped pentacene thin layer between them.
The reduced barrier height is attributed to the formation of a good contact between MoOs-doped
pentacene and Au owing to smoothed surface morphology of pentacene and suitable band

bending by MoO3 doping.

8.1 Introduction

The performance of organic thin-film transistors (OTFTs) has improved significantly in the
past several years, and it now appears that there are potential applications in low-cost large-area
organic electronics. Recently, some studies have demonstrated that numerous organic materials
exhibit carrier mobility comparable to hydrogenated amorphous silicon (a-Si:H) [1-3]. Therein,
pentacene is one of the most thoroughly studied p-type materials due to its high mobility. The
organic semiconductor, which determines the charge carrier transport as well as the charge
carrier injection, is the core element of an OTFT. Both the carrier transport and the carrier
injection affect the device performance. It has been shown by Chu et al.[4] that the contact

between the source-drain electrodes and the organic semiconductor can be improved by using
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carrier injection layers such as molybdenum oxide (MoOy), vanadium oxide (VOy), or tungsten
oxide (WOy). Kumaki et al.[5] also reported that the contact resistance in bottom-contact OTFTs
can be reduced by using a MoOxy carrier injection layer instead of conventional adhesive layers

such as Cror Ti.

Electrical doping in organic materials is a powerful technology for resolving the problems of
low conductivity and high charge injection barriers in organic light-emitting devices
(OLEDs),[6-8] organic photovoltaic cells (OPVs), and OTFTs.[9, 10] Recently, molybdenum
oxide (MoOg3) was mostly used in OLEDs and OTFTs as a buffer layer for efficient carrier
injection,[11,12] in tandem OPVs as an interconnecting layer,[13,14] and in various materials as
a dopant.[15-17] Particularly, the p-doping of pentacene by MoOs; incorporation has been
confirmed by ultraviolet photoelectron spectroscopy and scanning tunneling microscopy studies
[18]. In this work, we report the improved performance, especially the device mobility, of a
typical top-contact pentacene OTFT by inserting a MoOs-doped pentacene layer between the
pure pentacene layer and the source-drain (S-D) electrodes. We investigated the carrier injection
behavior from the S-D electrodes to the pentacene layer through the thin MoOs-doped pentacene
layer by evaluating the temperature-dependence of the drain current-voltage characteristics
between them. The barrier height, morphology change, and band conditions in MoOs-doped and

non-doped cases are also investigated.

8.2 Experimental Details

A cross section of the pentacene OTFTSs is shown in Fig.8.3.1. The radio-frequency sputtered

Ta (50 nm) and Ta;Os (180 nm) serves as the common gate electrode and the gate insulator,
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respectively. Then, a 30 nm pentacene layer was thermally evaporated as the active channel layer,
followed by a 10 nm MoOs-doped pentacene (1:4 in weight) layer deposited by co-evaporation.
Finally, Au (80 nm) was deposited as S-D electrodes by e-beam evaporation. The channel length
(250 Im) and channel width (1 mm) are patterned by a metal mask when depositing pentacene
and co-deposition layers. For comparison, a referenced OTFT with 40 nm pentacene and an
OTFT with 30 nm pentacene with an additional 10 nm MoOs as injection layer were also
fabricated. The electrical properties of the fabricated OTFTs were characterized using a
semiconductor parameter analyzer (HP 4155B) connected to a probe station. The drain current
versus drain voltage (/p-Vp) curves with varying temperature at a fixed gate voltage of OV were
measured for investigation of carrier transport properties by loading the fabricated devices into a
cryostat. The temperature was varied from 293 to 133K by flowing liquid nitrogen into the

sample holder in the vacuum chamber.

Pentacene:MoO, Au (80 nm)
(10 nm)

Source

Pentacene

Ta,05 (180 nm) Gate dielectric

Glass substrate

Fig.8.3.1 Device structure of MoO3-doped pentacene OTFT under investigation.
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8.3 Results and Discussion

Figs.8.3.1 (a)—(c) show the output characteristics of the reference device, an OTFT with 10 nm
MoOs, and an OTFT with 10 nm MoOs-doped pentacene, respectively. These devices exhibited
typical p-channel characteristics. The drain current shows a linear increase with drain voltage,
which indicates a good Ohmic contact at the S-D electrodes/organic interfaces in the three
devices. By inserting a 10 nm MoOs between the pentacene and S-D electrodes, the drain current
slightly increased compared with the reference device at a fixed gate voltage. It has been
demonstrated that MoOj3 can be used as an injection layer to reduce the contact resistance and
injection barrier height between S-D electrodes and the organic layer [19]. Notably, the drain

current is largely enhanced when a 10 nm MoOs-doped pentacene layer was a) inserted between

the pure pentacene and S-D electrodes.
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Fig.8.3.1 Drain current vs drain voltage characteristics of pentacene OTFTs. (a) without injection
layer; (b)with 10 nm MoOj3 injection layer; and (c) with 10 nm MoOs-doped pentacene injection
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Fig.8.3.2 displays the transfer characteristics in the three OTFTs. All the key parameters, the
field effect mobility (u), on/off ratio, and threshold voltage (V7) are extracted from the device
transfer characteristics. There exists no large difference between the on/off ratio of the three
devices. In the reference device, pu and ¥ are calculated to be 0.45 cm?* Vst and 0.9 V,
respectively. In the device with 10 nm MoOs as injection layer, p increases to 0.53 cm?V's™ and
Vr is reduced to -1.1 V. After using a 10 nm MoOs-doped pentacene as injection layer, u
increases to 0.64 cm?V's and 77 is reduced to -3.4 V, demonstrating an obvious improvement

in the device performance.

10* gy
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Fig.8.3.2 Transfer characteristics of pentacene OTFTs corresponding to without injection layer,
with 10 nm MoOs; injection layer, and with 10 nm MoOgs-doped pentacene injection layer at VG.-
4V.

The performance of organic electronic devices is always strongly affected by the morphology
of the organic active layers [20-22]. For OTFTs the smoothed organic films with appropriate

molecular packing is highly desired to enhance the carrier injection and charge mobility.
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However, the organic films associated with OTFTSs, such as pentacene, typically show the
surface morphology of terraced mounds with high density of molecular steps, which drastically
increases the surface roughness [23-25]. In the present work, the root mean-square (rms)
roughness of MoOs-doped pentacene films decreased to 3.68 nm compared with 4.55 nm in pure
pentacene films (not shown here). It is assumed that doping with MoOs slightly reduces the
surface roughness of pentacene, which is helpful for generation of a better contact with the

electrodes, resulting in lowered barrier height.

On the other hand, the interfacial conditions, including band bending between S-D electrodes
and the organic semiconductor also play an important role in carrier injection. It has been shown
that the contact between the S-D electrodes and the organic semiconductor can be improved by
using a MoOs injection layer in top-contact OTFTs [4,5]. In the present work, we further
investigate the carrier injection properties by evaluating the temperature dependence of the Ip-Vp
curves with varying temperature. Fig. 8.3.3 (a) and (b) show the temperature dependence of the
Ip-Vp curves in OTFTs with and without MoOs-doped pentacene layer, respectively, at a fixed
gate voltage of 0 V. As illustrated in Fig. 4, the drain current in the device with 10 nm MoOs-
doped pentacene is up to one order of magnitude higher than that in the device without MoOs-
doped pentacene layer. This is consistent with the performance of the transistor devices as
demonstrated in Fig.8.3.1. Particularly, the improvement of drain current is even obvious in the
lower drain voltage region. Notably, the Ip-Vp characteristics show strong temperature
dependence in both devices. Such temperature-dependent behavior is usually associated with a
Schottky thermal emission process for carrier injection at metal/organic interfaces, which is

discussed in detail elsewhere [26-29]. By plotting the relationship /nf vs V' and extrapolating
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straight lines to the ordinal point, the current at zero voltage 7, under different temperatures are

determined. Using the determined 7, values, the relationship between Inly/T° vs 1/T is plotted, as

shown in Figs. 8.3.3 (c) and (d). The slope of the extrapolated lines gives a barrier height of 0.12

eV at the Au/pentacene interface and 0.05 eV at the Au/MoOs-doped pentacene interface.

Obviously, the hole barrier height is lowered after inserting a thin MoOs-doped pentacene layer

between the pentacene layer and the Au electrode.
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Fig. 8.3.3 Temperature dependence of the Ip-V) characteristics at a fixed gate voltage of OV in
the OTFTs. (a) without and (b) with 10 nmMoOs-doped pentacene layer. (c) and (d) are the
corresponding relationship between In(Z,/T°) and 1/T.
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Fig.8.3.4 shows the energy level diagram of materials under investigation. In the reference
device without any injection layer between the pentacene and S-D electrodes, Au directly
contacts with pentacene, resulting in a large barrier for holes. By inserting a thin MoOs layer
between them, the contact resistance is reduced and the contact conditions are improved owing
to the high conduction band value of MoOs. For MoOs-doped pentacene, the offset between the
highest occupied molecular orbital (HOMO) and Fermi energy (EF) of pentacene decreases with
MoO; doping, and the ionization energy of pentacene does not change upon MoOs; doping
because no chemistry occurs between MoOj3 and pentacene [18] Therefore, by inserting a thin
MoOs-doped pentacene layer between the pentacene and Au, a strong energy band bending as
shown in Fig.8.3.4 (c) occurs when Au contacts with MoOs- doped pentacene owing to good
aligning of the MoOj3; conduction band with the HOMO of pentacene. The band bending makes it
possible for the formation of a good contact between pentacene and the S-D electrodes, which
can effectively lower the barrier height for hole injections. In addition, it has been proved that
transition metal oxides with very high conduction band energy can form charge transfer (CT)
complexes with organic semiconductors [30, 31]. For example, CT complexes are easily formed
when doping MoO; into N, NO-diphenyl-N, NO- bis-(1-naphthyl)-1-10-biphenyl-4,40-diamine
(a-NPD) [31]. It is assumed that CT complexes are also formed in MoOs-doped pentacene,
which contribute to an increase of charge carrier density in pentacene, resulting in enhanced

conductivity of pentacene and improved device performance.
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Fig. 8.3.4 A schematic energy level of the materials under investigation for (a)without injection
layer; (b) with 10 nm MoOjs injection layer; and (c) with10 nm MoOs-doped pentacene injection
layer.

8.4 Conclusion

In summary, we have demonstrated a pentacene thin film transistor with a thin MoO3-doped
pentacene layer used as injection layer. Enhanced hole injection and improved device
performance are observed compared with a reference device using pure MoOs as injection layer.
The hole barrier height was lowered to 0.05 eV as determined by evaluating the temperature-
dependence of the Ip-V characteristics. With suitable MoO3 doping into pentacene, the surface
morphology of pentacene was smoothed by atom force microscopy (AFM) observation,32 band
bending occurred owing to good aligning of MoOs; conduction band with the HOMO of

pentacene, resulting in the formation of a good contact between MoOs-doped pentacene and Au.
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Chapter 9
Summary

Organic thin-film transistors (OTFTs) have attracted increasing interest for their potential
advantages, such as, low cost, lightweight and possible fabricating on flexible substrate, as well
as large-area feasibility. For constructing a high performance top-contact OTFT, it is very
important to understand the influence of interfaces, which play a crucial role in the overall
performance of the device. Mainly there are two kinds of interfaces in the OTFT. First is in
between the semiconductor and the gate dielectric, where the conducting channel forms. The
second one is in between the source/drain (S/D) electrodes and the semiconductor layer where

charge carriers are injected.

The interface between the organic and metal electrode was studied. Organic and metal
interfaces mostly limit the performance of the device and field effect mobility is also decreased.
In earlier reports it has been shown that the diffusion between the metal electrode and pentacene
reduce the hole injection carrier at the interface which causes the increase in barrier height and
contact resistance which effect the performance of the OTFTs. It is shown that the contact
between the S/D electrodes and the organic semiconductor can be improved by inserting
transition metal oxide layer as carrier injection layers. Because of good electronic properties,
transition metal oxides such as molybdenum oxide (MoOs3), tungsten oxide (WQO3) and vanadium
oxide (V20s), and other oxides such as germanium oxide (GeO), titanium oxide (TiO,) offer a
unique opportunity to control the work function, and hence increase the charge-injection

properties. Therefore, by modifying the organic/electrode interface, the S/D electrodes do not
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directly contact with pentacene layer and hence significantly reduces the contact resistance,
barrier height and provides protection from diffusion and other chemical reactions, which

increase device performance.

We investigated that the charge injection and field effect mobility is enhanced by inserting a
thin (5 nm) MoOg3, GeO, WO3 and TiO; interlayer between the Au electrode and pentacene layer
in a top contact pentacene based organic thin-film transistor (OTFTSs). In comparison with the
pentacene-based OTFT with only-Au electrode, the device performance with bilayer electrode
has been considerably improved. The device performance including field effect mobility,
threshold voltage, and On/Off ratio of all the device after modification was highly improved, and
the highest mobility of 0.96 cm®V™'s™, threshold voltage of -4 V, and highest on/off ratio of
5.2x10* were achieved in the device with 5 nm GeO. | further investigated the temperature
dependence of Ip—Vp characteristics which showed strong temperature dependence in all the

devices.

We further studied the obvious temperature dependence of Ip-Vp curves in all devices. We
observed that the charge injection characteristics can be fitted by the Schottky emission
mechanism. We plottted the relationship between In(I) vs ¥ and extrapolating straight lines to
the ordinal point, the current at zero voltage [, is determined. By using the values of 7, the
relationship between In(Iy/T”) vs 1/T is plotted and from the resulting slope of extrapolated lines.
While in case of bilayer MoOs/Au shows 0.03 eV, WO3/Au shows 0.05 eV, TiO2/Au showed
0.04 eV and with only Au electrodes barrier height of 0.12 eV is achieved. The lowest barrier

heights of 0.01 eV could be achieved in case of bilayer GeO/Au electrodes. It is assumed that the
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barrier height was dramatically reduced by inserting thin oxide layer between the Au and

pentacene layer.

Similarly, from surface morphology of pentacene, the root mean square roughness is also
decreased after inserting metal oxide layer. The main factor for the improvement in the
performance of the OTFTs with bilayer electrodes was explained in terms of the reduction in
barrier height and smoothed surface roughness of active layer. Therefore, the combination of a
thin oxide layer with Au as a bi-layer electrode is an effective way to improve the characteristics

of OTFTs, which makes the device suitable for commercial applications.

Finally, | further reported the enhanced carrier injection in pentacene OTFTs with a thin MoOs-
doped pentacene layer between pentacene semiconductor and the S/D electrodes. Device
performance including drain current, field effect mobility, and threshed voltage are improved by
employing a MoOs-doped pentacene thin layer. The barrier height at the Au/pentacene interface

is lowered from 0.12 to 0.05 eV after inserting a MoOs-doped pentacene thin layer between them.

In summary, | have studied bi-layer S/D contact of metal oxide/ electrode structure by applying
OTFT. Obtained barrier height is as small as 0.01 eV for GeO/ Au structure, which value is
lower than that of conventional MoOgs/Au structure of 0.03 eV. Therefore, GeO/Au bi-layer
electrode structure is promising for other kinds of electrodes structure. In addition, effectiveness
of doped pentacene with MoQg is designated. These device structures are promising for OTFT

application and exhibited best performance reported to date.
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