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ABSTRACT
To date, most high mobility organic thin film transistors (OTFTs) have used
vapor-deposited organic semiconductors as the active material. The OTFT fabrication
processes for vapor deposited organic materials are not so different from conventional
inorganic TFT fabrication. Therefore they are constrained by similar production costs
with some savings related to reduced processing temperatures and low cost substrates.
Solution- processed OTFTs are of interest because of their compatibility with roll-to-roll
processing which may allow simplified device fabrication and further reduced processing
costs.

In the project outlined for this thesis, high performance solution processed small
molecule OTFTs were developed for their application in integrated circuits and flat panel
displays. 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) and fluorinated
5,11-bis(triethylsilylethynyl) anthradithiophene (F-TES ADT) were used as high
performance solution processible small molecules. Using TIPS-pentacene and F-TES
ADT in combination with a variety of device fabrication techniques, mobilities greater
than 1.2 cm2/V·s and 3 cm2/V·s have been obtained, respectively. These devices were
made using a drop casting process and represent the best mobility for solution processed
OTFTs to date. Additionally, using the F-TES ADT, spin cast OTFTs which show
mobilities of greater than 1.0 cm2 / V⋅s with relatively good film uniformity have been
obtained. Film growth which is considerably more ordered on pentafluorobenzene (PFBT)
treated Au surfaces, and on samples with patterned PFBT-Au structures grains appear to
grow out from the PFBT-Au areas into the oxide areas were observed. This results in a
substantial variation in field effect mobility with gate length as grains growing from the
source and drain electrodes meet and overlap. Spun F-TES ADT OTFTs fabricated with
films deposited on PFBT-treated Au electrodes show mobilities of 0.1 - 0.5 cm2/V⋅s from
a toluene solution and 0.2 - 1.0 cm2 / V⋅s from a cholobenzene solution.
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The potential application for solution processed OTFTs was examined by
performing operational and environmental stability tests. In addition, 7 and 15-stage ring
oscillators were fabricated on both glass and plastic substrates.

The 7-stage ring

oscillators on a plastic substrate operate at more than 22 kHz. The circuits also operate at
low voltages with oscillation beginning at a supply voltage of about - 3 V and operate at
2.8 kHz at - 5 V. In an effort to optimally design a soluble small molecule organic
semiconductor, we investigated molecular ordering, orientation, packing structure, and
surface morphology of several different soluble small molecule organic semiconductors
and compared their electrical performance.

A patterning technology of solution processed organic films which could be
applied to OTFT circuits and flat panel displays was developed. Using an
octadecyltrichlorosilane (OTS) self assembled monolayer (SAM) patterned by deep ultraviolet light (185 and 254 nm), 7-stage ring oscillators with patterned solution processed
organic films were fabricated. For future researches, solution processed OTFT integrated
circuits such as novel logic gates, D-flip flop and a 5-stage frequency divider were
designed and simulated. Also an entirely solution processible flat panel display were
designed and demonstrated by using waveform simulations for practical feasibility of
solution processed OTFT driven liquid crystal displays.
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CHAPTER 1
INTRODUCTION
The rapidly growing market in flat panel displays (FPD) and radio frequency
identification tags (RFID) has been the primary driving force for the development of
OTFTs. The suitability of OTFTs for flexible FPD and RFID led these technologies to
gain focus, and continued development in the processing technologies of organic
materials has resulted in relatively low manufacturing costs (compared to other proposed
a-Si:H, and poly-Si TFTs technologies).

Flexible organic electronics have gained considerable interest in the electronics
industry during the last decade due to their potential advantages such as light-weight,
compactness, robustness, low cost, and high volume throughput compared to
conventional rigid electronics. Low cost and high volume productions could potentially
open a new era in electronics technology. One of the prospective applications of flexible
organic electronics is the development of low-cost disposable electronics.

These

disposable electronics will require devices with reasonable electrical performance and
practically negligible production cost. One method towards reducing the manufacturing
cost is to fabricate the electronics through a fully solution process without any expensive
lithography or vacuum deposition processes on cheap plastic or paper sheets with roll-toroll techniques.

Therefore, the focus of this thesis concerns using high mobility solution processed
OTFTs integrated into flexible electronics in an attempt to demonstrate the feasibility of
such low cost and high volume production techniques. The objective of this thesis is to
report advances to the area of solution processed OTFTs. In particular, OTFTs were
fabricated using a variety of soluble small-molecule organic materials on rigid and
flexible substrates with record device performance. The processing and characterization
of materials for high performance solution processed OTFTs were initially developed
1

using OTFT test structures on oxidized single crystal silicon substrates. Improvements in
processing and materials selection were transferred to glass or flexible polymeric
substrates to demonstrate patterned gate OTFTs and simple OTFT circuits with
performance suitable for several low-cost, large-area electronic applications.

Chapter 2 gives a brief description of single crystal field effect transistors and thin film
transistors. Introductory device physics and device operation are discussed to provide a
background for the experimental work presented in this thesis. Brief history of vapor
deposited and solution processed OTFTs is also presented with an introduction to the
surface morphology and charge transfer mechanisms in organic semiconductors.

Chapter 3 reviews OTFT test structures, device fabrication, and early results for solution
processed OTFTs. Emphasis is given to the soluble small-molecule organic
semiconductors 6,13-bis(triisopropyl-silylethynyl) pentacene (TIPS-pentacene) and
fluorinated 5,11-Bis(triethylsilylethynyl) anthradithiophene (F-TES ADT). Active layer
film morphology and molecular ordering is reviewed in detail for both small-molecule
organic semiconductors. The effect of film morphology, molecular orientation, and
molecular packing structure on transport in the OTFTs is also reviewed. In addition,
operational and environmental stability test results are discussed to show the OTFTs’
potential for real applications.

Chapter 4 gives various results and an introduction to solution processed OTFT based
simple circuits such as inverters and ring oscillators. AIM-Spice circuit simulator is used
to select optimum solution processed OTFT circuit designs. All the simulations are
performed based on measured OTFT characteristics. Performance for drop cast TIPSpentacene and spun F-TES ADT OTFTs circuits fabricated on glass and plastic substrates
are discussed in detail along with improvements in circuit speed by using a variety of
circuit geometries.

Chapter 5 describes methods for patterning solution processed organic semiconductors.
We report on the factors affecting the spread of the organic solution on the surface such
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as surface energy of gate dielectric and source/drain electrode, solvent evaporation speed,
and polarity of solvent. A method for improving the patterning properties of solution
processed organic film by using octadecyltrichlorosilane (OTS) self-assembled
monolayer (SAM) and deep ultra-violet (DUV, 185 nm and 254 nm) light with a quartz
mask is reported for both TIPS-pentacene and F-TES ADT OTFTs, and circuits.
Alternatively, a process developed for improving the alignment of OTFT and circuit
features is investigated using a photoresist mask and oxygen plasma. These patterning
technologies may help to improve organic electronic devices such as solution processed
OTFTs, analog circuits, and OTFT driven flat panel displays (FPD).
Chapter 6 reports preliminary results for OTFT based integrated circuits and FPD. One of
the promising applications for solution processed OTFT is organic integrated circuits.
Work towards organic integrated circuits was done as a differential amplifier, logic gates,
and data (D)-flip flop were designed and simulated with novel circuit design for power
saving. In addition, an entirely solution processed flexible FPD was designed and
simulated. A 48 X 48 active matrix twisted nematic (TN) liquid crystal crystal (LCD)
was designed based on our solution processed OTFTs which were patterned using nonrelief 2D lithography.
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CHAPTER 2
BACKGROUND
2.1. Field Effect Transistor and Thin Film Transistor
The principle of the field-effect transistor (FET) was first proposed by Lilienfeld
in 1930 [1]. Basically, a FET operates as a capacitor where one plate is a conducting
channel between two ohmic contacts, the source and drain electrodes. The density of
charge carriers in the channel is modulated by the voltage applied to the second plate of
the capacitor, the gate electrode. In 1960, Kahng and Atalla fabricated the first siliconbased metal-oxide semiconductor FET (MOSFET) which today is the most prevalent
electronic device component [2]. The MOSFET has several acronyms, including metalinsulator-semiconductor FET (MISFET) and insulated gate FET (IGFET). MOSFETs are
mainly fabricated with single-crystalline bulk silicon which is used as the active
semiconductor layer, primarily due to the excellent quality of the silicon-silicon dioxide
interface.

The principles and operation of MOSFETs have been described in numerous
books and articles. Here, the principles and current-voltage characteristics of depletion
type n-MOSFETs is mentioned briefly. When a sufficiently high positive voltage is
applied to the gate of the MOSFET, an inversion layer forms at the insulatorsemiconductor interface, providing a conducting channel between the source and the
drain. One of the main advantages of the MOSFET structure is that the depletion region
between p-type substrate and both the n-channel and the source/drain contact region
provides isolation from any other devices fabricated on the same substrate. Therefore
without isolation of the active semiconductor layer, very low leakage currents are
achieved because the inversion layer is only controlled by the gate electric field.

Usually the voltage-current characteristics of the MOSFET are calculated by
using gradual channel approximation, based on the assumption that the electric charge
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density induced by gate field across the insulator is much larger than that related to a
variation along the channel between source and drain electrodes. This condition is
generally fulfilled when the channel length L is much larger than the insulator thickness
dox. Additionally, if we assume that charge mobility is constant (square-law device
condition), the drain current Id can be expressed related to source-drain voltage Vd and
gate-source voltage Vg through Eq. 2.1 [3].
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Where $ is mobility, Cox is insulator capacitance, % is intrinsic potential (built in

potential), &' is dielectric constant of semiconductor, and Na is semiconductor doping
density.

Due to rapid development in the electronics industry and a diversity of electronic
devices, it is of interest to make FETs on transparent substrates and on low temperature
processible substrates. To realize this kind of FET, thin film semiconductors and metal
layers are deposited directly with various methods and device structures. A thin film
transistor (TFT) is a special kind of field effect transistor made by depositing thin
metallic films for the contacts, a semiconductor active layer, and a dielectric layer for
various applications such as TFT based flat panel displays and image sensors. The
electrical performance of a thin film transistor depends greatly on the material chosen for
the semiconductor layer and can differ substantially from single crystalline silicon
transistors. The electric current of a TFT flows inside the semiconductor layer in close
proximity to the dielectric interface and therefore the properties of the semiconductor
layer as well as the properties of the dielectric interface determine the electrical
characteristics of a TFT. Another factor that influences TFT performance is the electrical
behavior of the source and drain contacts. The source contact is the electrode where
charge carriers are injected into the semiconductor to provide electric current, while the
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drain contact is used to extract the carriers. The materials most often used to form the
semiconductor layer in TFTs are hydrogenated amorphous silicon, polycrystalline silicon,
organic semiconductors, and recently various semiconducting oxide materials.

Another difference between TFTs and MOSFETs is that although a TFT is an
insulated gate device, it operates in an accumulation regime and not in an inversion
regime. Due to the absence of the depletion region, we can simplify the Eq. 2.1, which
can now be described as Eq.2.2.
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In this thesis, we extracted all the saturation field effect mobilities based on Eq. 2.3.

2.2. Vapor Deposited Organic Thin Film Transistors
Since the initial work in this thesis research focused on the improvement of
solution processed OTFTs for integrated circuits and flat panel display applications, it is
important to consider the background information as it relates to vapor deposited OTFTs.
Organic semiconductors have been studied since the late 1940’s. Like traditional
inorganic semiconductors, organic material can function either as p-type or n-type. In ptype semiconductors the majority carriers are holes, while in n-type the majority carriers
are electrons. The most widely used organic semiconductors have been p-type, however,
recently several high performance n-type organic semiconductors have emerged. Until
recently the highest performance OTFTs have been made by vapor phase deposition due
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to the low solubility of small molecule organic material and poor molecular ordering of
solution processed polymeric materials. Figure 2.1 illustrates the evolution of OTFTs
hole mobility which has been reproduced and table 2.1 lists the highest field effect
mobility values from p-type OTFTs as reported in the literature, annually from 1983 to
the present. We observe an impressive increase in mobility, which came by either
improving the processes for the fabrication of OTFTs or by synthesizing new organic
materials. The typical path to increase the device performance can be described in
several categories:

1) New semiconductor is synthesized or a known one is adapted as an optimal
material.
2) The film deposition parameters are optimized, such as deposition rate, film
thickness, substrate temperature, etc. The advantageous structural and
morphological characteristics of organic film can be obtained by adjusting
deposition parameters.
3) Improvement of contact property between source/drain electrode and organic
materials. Using optimum organic or inorganic electrodes and surface
treatment with SAM on electrodes, higher drain current and mobility have
been obtained.
4) Surface treatment on gate dielectric material and choosing optimum organic
material as a gate dielectric layer have also shown to improve the mobility.
To date the best mobility in a thin film structure OTFTs is 5.5 cm2/V·s [4] and 7
cm2/V·s [5], which were both made using vapor deposited pentacene. Pentacene is one of
the most widely studied organic semiconductors for OTFTs. It is usually deposited by
evaporation, and by using a relatively high substrate temperature in combination with
adjusting the deposition rate, large grain sizes and remarkable molecular ordering have
been observed. This ordering is possibly related to the excellent device performance.
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Table 2.1. Highest field effect mobility from OTFTs as reported in literature from 1964 through 2007
Year

Mobility (cm2/V·s)

Material

Ion/Ioff

Ref

1983

NR

Polyacetylene(first polymer) (s)

NR

[6]

1984

1.5 x 10 -5

Merocyanine (v)

NR

[7]

1986

10 -5

Polythiophene (s)

1E3

[8]

10 -4

Polyacetylene (s)

1E5

[9]

10 -3

Phthlocyanine (v)

NR

[10]

10 -4

Poly(3-hexylthiophene) (s)

NR

[11]

10 -3

Poly(3-alkylthiophene) (s)

NR

[12]

10 -3

α-sexithiophene (v)

NR

[12]

1988

1989
1992

0.027

α-sexithiophene (v)

NR

[14]

1993

0.05

α-ω-dihexyl-sexithiophene (v)

NR

[15]

1994

0.06

α-ω-dihexyl-sexithiophene (v)

NR

[16]

1995

1996

1997

0.03

α-sexithiophene (v)

1E6

[17]

0.038

Pentacene (v)

140

[18]

0.02

Phthalocyanine (v)

2 X 1E5

[19]

0.045

Poly(3-hexylthiophene) (s)

340

[20]

0.62

Pentacene (v)

1E8

[21]

1.5

Pentacene (v)

1E8

[22]

0.13

α-ω-dihexyl-sexithiophene (v)

1E4

[23]

0.05

Bis(dithienothiophene) (v)

1E8

[24]

0.1

Poly(3-hexylthiophene) (s)

1E6

[25]

0.23

α-ω-dihexyl-sexithiophene (v)

NR

[26]

0.15

Dihexyl-anthradithiophene (s)

NR

[27]

1999

0.2

Pentacene precusor (s)

1E6

[28]

2000

2.7

Pentacene (v)

NR

[29] -retracted

0.89

Pentacene precursor (s, > 200°C)

4.4E5

[30]

0.66

BP2T (v)

2E4

[31]

3.0

Pentacene (v)

1E8

[32]

2003

5.5

Pentacene (v)

1E6

[4]

2004

1(blading)

Pentacene derivative (TES ADT) (s, RT)

1E8

[33]

7

Pentacene (v)

1E6

[5]

0.7

Rubrene (s, > 200°C)

1E6

[34]

1998

2002

2005

1.2 (drop)

Pentacene derivative(TIPS-Pentacene) (s, RT)

1E8

[35]

2006

0.72

Thieno[3,2-b]thiophene (s, >200°C)

1E6

[36]

2007

3.0 (drop), 1.0 (spin)

Fluorinated F-TES ADT (s, RT)

1E7

[37]

* v: vapor deposited OTFT, s: solution processed OTFT, RT: room temperature deposition
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Figure 2.1. Evolution of OTFT hole mobility from 1984 through 2007.

2.3. Solution Processed Organic Thin Film Transistors
Even though high performance OTFTs have been made from vapor phase
deposition, the fabrication process still requires a high vacuum. This high vacuum
process is one of the obstacles in reducing the manufacturing costs for organic electronics.
Solution-processed organic semiconductors and OTFTs are of interest because they may
allow lower cost manufacturing approaches such as printing and roll-to-roll processing.
Until now, the most widely studied solution processed organic semiconductors have been
polymer materials.

Materials such as poly (3-hexylthiophene) (P3HT) are easily

processed, however, such materials often have relatively low field-effect mobility,
typically < 0.2 cm2/V·s [17, 22]. Several approaches have been developed for improving
device performance of solution processed OTFTs:
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1) Designing the material to exhibit microcrystalline or liquid crystalline order
through self-organization as well as making use of specific interaction with
gate dielectric layer.
2) Producing a completely amorphous microstructure to provide a uniform path
for charge transport, along which carriers experience a minimum degree of
site-energy fluctuations.

Recently, many studies have been performed on fused aromatic derivatives such
as pentacene precursor, functionalized pentacene, and other acene based small molecules.
These soluble small molecule organic semiconductors typically show higher mobility
than traditional polymeric soluble semiconductors. Using a relatively high-temperature
process (> 200 °C), the field-effect mobility of pentacene precursor and soluble rubrene
can be as large as 0.89 and 0.7 cm2/V·s, respectively [27, 31]. However, this temperature
is too high for low-cost plastic substrates and the field-effect mobility falls to near 0.1 ~
0.2 cm2/V·s at lower temperatures. Besides the low mobility, poor stability under
operation and air environments has been deemed a serious problem for the realistic
applications of solution processed OTFTs.

Similar to vapor phase deposited OTFTs, surface morphology and molecular
ordering may be closely related to the performance of solution processed OTFTs. Twodimensional lamella structures have been observed in the high regioregular P3HT and
large grain sizes with molecular terracing have been seen in pentacene derivative
materials. Aside from the intrinsic properties of organic semiconductors, contact, surface
treatment, gate dielectric, and solvent properties such as boiling point also have an effect
on solution processed OTFT performance. Therefore, the physics and technological
requirements of solution processed OTFTS are more complicated than those of vapor
phase deposited OTFTs, and a complete understanding of the device physics is still being
developed.
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2.4. Surface Morphology and Molecular Ordering in Organic Thin Film Transistors
Pentacene (C14H22), a chain-like aromatic molecule composed of benzene rings,
is among the most promising organic materials. A variety of progress in organic
electronics has focused on the exploration of new devices with thermally evaporated
pentacene thin films. Previous studies of the growth of pentacene thin films include X-ray
investigations of the molecular order [38], atomic force microscopy (AFM) [39], lowcoverage scanning tunneling microscopy (STM) [40], and theoretical studies of the
adsorption of single pentacene molecules on surfaces [41]. The results show that the
molecule initially lies on the surface. When several molecules have formed a stable island,
they tilt out of the surface plane, and at room temperature form a unique thin film phase.
The triclinic pentacene bulk structure is formed only during growth at elevated
temperature [42].

Thermally evaporated pentacene thin films deposited at modest deposition rates
onto thermally oxidized silicon substrates at modest substrate temperatures show micron
sized dendritic grains by AFM images [43]. 2 µm × 2 µm AFM scan shows the film is
highly textured with large dendritic grains extending over several microns. The grains are
terraced, with a step-height of approximately 1.5 ~ 2.0 nm (roughly corresponding to the
long axis of the pentacene molecule). From studies of pentacene films deposited on a
variety of substrate materials film morphology is found to not only depend on deposition
conditions (deposition rate and substrate temperature), but also on substrate surface
preparation, surface chemistry, surface energy, and surface roughness. Substrates having
a high surface energy or large surface roughness tend to nucleate films with a high
density of small grains while atomically smooth substrates with a low surface energy tend
to nucleate films with large, extended, and possibly coordinated grains. The molecular
ordering observed for thermally evaporated pentacene thin films is typical for many
small-molecule aromatic organic semiconductor materials such as naphthacene and
oligothiophenes [43].
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semiconducting conjugated polymers results in complex microstructures, in which
ordered microcrystalline domains are embedded in an amorphous matrix [44]. This has
important consequences for electrical properties of these materials. Charge transport is
usually limited by the most difficult hopping processes and is therefore dominated by the
disordered matrix, resulting in low charge carrier mobilities (<10-5 cm2/V-s) [45]. Selforganization in P3HT results in a lamella structure with two-dimensional conjugated
sheets formed by interchain stacking. It was reported that, depending on processing
conditions, the lamellae can adopt two different orientations—parallel and normal to the
substrate—the mobilities of which differ by more than a factor of 100, and can be as high
as 0.1 ~ 0.2 cm2/V· s [25].

It has been reported that small molecules organic semiconductor deposited by
evaporation gave mobilities of 1 cm2/V·s. The main drawback of these small molecule
materials is that they are essentially insoluble in organic solvents at room temperature.
Over the last several years, a variety of attempts have been made to synthesize soluble
small molecule organic semiconductors such as pentacene derivatives, acene based
soluble small molecules, and pentacene precursors. One of the potentially promising
pentacene derivatives, TIPS-pentacene has shown the highest mobility (more than 1.2
cm2/V·s) in solution processed OTFTs reported to date [37].

In the soluble small

molecule organic semiconductor thin films, some observations of strong molecular
ordering and two-dimensional π-stacking structure have been reported [46]. In addition,
they showed a strong correlation between film ordering and OTFT mobility.

2.5. Charge Transport in Organic Thin Film Transistors
Charge transport in OTFTs is currently not fully understood. Thin film organic
semiconductors are even more difficult to understand since transport, which is taking
place in the vicinity of the dielectric interface, can be affected by interface defects and
trap states in the dielectric. The different grain shapes, molecular packing structures, and
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orientations have also complicated charge transport analysis due to their complexity and
variation by material and deposition technique. Despite these complexities, several
transport models are proposed to interpret OTFT characteristics. Charge transport in
single crystal organic materials has been widely studied using time of flight
measurements. Below several possible transport mechanisms are briefly discussed to
account for the variety in electronic properties observed in active organic semiconductors.

2.5.1 Hopping Model

In metals and conventional semiconductors, charge transport occurs in delocalized
states and is limited by the thermally induced lattice scattering (phonon) of carriers.
However, such a model is no longer valid in low conductivity materials such as
amorphous or organic semiconductors, where the mean free path of the carriers becomes
lower than atomic distance. In these materials, hopping is the dominant charge transport
mechanism between localized states. A main difference between the delocalized and
localized transport is that, in the former, the transport is limited by phonon scattering
whereas in the latter, it is phonon assisted. The phonon-assisted charge transport
overcomes or tunnels the potential barrier separating two adjacent molecular or ionic sites.
Hopping denotes some localization of charge generally associated with the lack of long
range order. Mobility is shown to be proportional to the product of two terms and given
by the following relation [47];

µ  µ8 · exp

?

= @
<0 => 5 A

(2.4)

where B is an integer ranging from 1 to 4. The second term also indicates hopping is a
thermally activated process, and mobility should increase with temperature. Long or
variable-range hopping consists of non-coherent charge transfer between non-adjacent
molecular sites. Variable range hopping can occur at temperatures too low for phononassisted hopping. In this case, when T is small, hops between nearest neighbors become
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increasingly unlikely. The boundary between the localized and delocalized processes is

usually said to occur between mobilities of 0.1 and 1 cm2/V· C. The mobility in highly
ordered molecular crystals is close to that limit, so there is still some controversy as to
whether the conductivity in these materials should be described by localized or
delocalized transport [48].

2.5.2 Band Theory Model

A useful way to visualize the difference between conductors, insulators and
semiconductors is to plot the available energies for electrons in the materials. Instead of
having discrete energies as in the case of free atoms, the available energy states form
bands. Crucial to the conduction process is whether or not there are electrons in the
conduction band. In insulators the electrons in the valence band are separated by a large
gap from the conduction band. In conductors like metals the valence band overlaps the
conduction band, and in semiconductors there is a small enough gap between the valence
and conduction bands that thermal or other excitations can bridge the gap. With such a
small gap, the presence of a small percentage of a doping material can increase
conductivity dramatically.

Analogous to transport of charge carriers in the extended states of the conduction
and valence bands of single crystal inorganic semiconductors, the mechanism of band
transport must be modified to include several important distinctions for organic
semiconductors. Molecular solids can be characterized by strong covalent bonds within
molecules and weak bonds between molecules which consist mostly of dipole-dipole
attractions and van der Waals forces. This results in considerably less overlap of wave
functions giving bandwidths in organic semiconductors that are significantly narrower,
on the order of 0.1 kT (that is ~10% of the thermal energy) [49]. This gives a shorter
mean free path (50 - 100 Å) and larger effective mass. In addition, the band model used
in inorganic semiconductors is a one-electron approximation, whereas in organic
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semiconductors polarization is a many-electron phenomenon. For these reasons, the band
theory alone cannot fully satisfy the transport mechanism of organic semiconductors.

2.5.3 Small Polaron or Energy Transfer Model

In some organic semiconductors, such as conjugated organic materials, energy
transfer rather than charge transfer may be more favorable. This is accomplished by
transferring the energy of a free charge carrier in the form of a polaron. A polaron results
from the deformation of a conjugated chain under the action of a charge. In a conjugated
molecule, a charge is self-trapped by the deformation it induces in the chain. The selftrapping of the charge may induce localized sites in the gap between valance and
conduction band of the molecule. The creation of such interstates in conjugated organic
semiconductors has been studied and identified by UV-visible spectroscopy, especially in
conjugated polymers and oligomers [50]. The small polaron or energy transfer model has
been one of the useful tools to describe the charge transport mechanism in organic
semiconductors [51].

From the Holstein model [51], small polaron, the mobility of organic
semiconductor can be described as
F
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Where U% is polaron binding energy, which is defined as energy gain of an infinitely slow
carrier due to the polarization and deformation of lattice. J is electron transfer energy and
a is lattice constant. This popular model is also still only based on a one-electron model
(electron-electron interactions are neglected) and tight-binding approximation.
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2.5.4 Multiple Trap and Release Models

The multiple trapping and release (MTR) model is currently one of the most
widely used tools to describe charge transport in amorphous silicon [52]. In this model, a
narrow delocalized band is associated with a high concentration of localized states that
act as charge traps. During their transit through the delocalized states, the charge carriers
interact with the localized states through trapping and thermal release. This model
typically has several assumptions. First, the carriers arriving at the localized states are
instantaneously trapped with a probability of close to 1. Second, the release of trapped
carriers is controlled by a thermally activated process. As a result, the effective mobility
can be related to the delocalized band mobility µ8 ), trap density (UV , and thermal
energy (WX.
PR

µG  µ8 · α · exp < T=Z A

(2.6)

In the case of a single trapping state, UV corresponds to the distance between the trap state

and delocalized band edge, and α is the ratio of the effective density of states between the
trap level and the delocalized band edge [52].

2.5.5 Grain Boundary Models

The Grain boundary model has been one of the most useful tools to explain
charge transport in polycrystalline materials. Grain boundaries can have a significant
influence on the mobility as well as on the subthreshold behavior of TFTs, which is
known from polysilicon devices. Evaporated pentacene OTFTs have often shown large
crystals which form grain boundaries in the channel region [43]. Recently, grain size
dependent mobility was also observed in soluble small molecule organic semiconductors
[53] and thieno [3,2-b] thiophene [33].

16

Trapping at the grain boundary can generally be described by two different
methods. In the distributed trap approximation the gap states associated with grain
boundaries are treated as uniformly distributed over the entire volume [54]. In this model,
it can be assumed that the grain boundary has a negligible thickness compared to the
grain size L and contains a concentration nt of traps at an energy Et localized at the grain
boundary [55]. The barrier height EB determined by charges at the grain boundary can be
important for the charge transport. Therefore, the mobility of the polycrystalline material
significantly depends on the position of the Fermi energy and therefore on the gate
voltage. The effective mobility $[\\ in polycrystalline materials is given by [56],
µG]] P^  µ8 P^  µ_` P^

(2.7)

where $8 is the bulk mobility inside the grain, and $ab is the grain boundary mobility,
which is generally given by thermal ionic emission over the barrier.

In general, in the grain boundary model we should consider one more factor, the
ratio of free to trapped carriers which depends on the gate voltage (c), to determine real

field effect mobility of the device. Therefore, the field effect mobility $dR= can be

described as the product of two gate voltage dependent factors [56].
µeLf V   φV  · µG]] V 

(2.8)

The barrier height increases with carrier concentration p until the critical concentration
p= nt / L is reached. Therefore, in some cases most of traps within the grain and at the
interface can be filled. However, the barrier height is still increasing with increasing gate
voltage. As a result, a maximum mobility can be observed at some initial gate voltage
and decreases with increasing gate voltage until carrier concentration p reaches the
critical concentration.
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To this point we have briefly described several possible charge transport
mechanisms in OTFTs. As previously mentioned, organic semiconductors have a
complicated transport that including polarization and dipole effect of charges on
molecular structures. In addition, we have to consider the contact effect between organic
semiconductor and source/drain electrodes. Most OTFTs have shown serious contact
limited charge transport and thus analysis of charge transport mechanism in organic
semiconductor alone is difficult to decouple.
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CHAPTER 3
SOLUTION PROCESSED SMALL MOLECULE ORGANIC
THIN FILM TRANSISTORS

To achieve high mobility solution processed OTFTs, several different
functionalized soluble small molecule materials such as TIPS-pentacene, TES F-ADT,
and other acene based small molecule organic semiconductors were utilized. Table 3.1
lists abbreviations of functional groups and backbone molecules that are used simplify
the discussion. We collaborated with Professor John Anthony from the Department of
Chemistry at the University of Kentucky, who synthesizes and supplies these novel small
molecules. In this chapter further work since the discovery of TIPS-pentacene OTFTs
showing mobilities greater than 1.2 cm2/V⋅s with no high-temperature processing is
reported [38]. Solution-processing technology has been widely utilized for polymer
organic semiconductors, but there are very few studies on small molecule organic
semiconductors.

In this chapter TIPS-pentacene, a functionalized small molecule pentacene, and FTES ADT were used as the soluble organic semiconductors for OTFT fabrication.
Precursor-route small molecule semiconductors typically need a temporary addition of
functional groups to make the material soluble. These functional side groups destroy the
inherent semiconductor properties of the material and therefore must be removed by
thermal or light-induced processes to revert to its "native" state after film formation. The
selected functionalized small molecules use permanently-attached groups that modify the
solubility and processing properties of the system, and are designed to minimize impact
on the electronic properties of the material. As a result of their careful design there is no
need to "bake off" the functional group, and therefore typically no high-temperature steps
are required. The discussion will begin by studying a few typical solution deposition
methods and their impact on thin film quality. This is followed by a discussion of thin
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film fabrication and its impact on device performance of the small molecule organic
semiconductors.

Based on these results, some preliminary conclusions about an

approach to improve small molecule organic TFT’s by molecular engineering were
drawn.

Table 3.1 Abbreviations of a few functional groups and backbone molecules discussed in this chapter.

Name

Chemical structure

Abbreviation

Trimethylsilylethnyl

TMS

Triethylsilylethynyl

TES

Triisopropolsilylethnyl

TIPS

Anthradithiophene (two isomers)

ADT
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3.1. TIPS-Pentacene Organic Thin Film Transistors

In this section we discuss TIPS-pentacene (figure 3.1), a functionalized small
molecule pentacene, as the soluble organic semiconductor for OTFT fabrication. First,
the surface morphology and molecular ordering of solution-processed films were
investigated using a variety of solvents and deposition methods. Most studies of organic
semiconductor film morphology or molecular ordering have been done on vacuum
deposited organic thin films [22, 39. 43] or solution processed polymer semiconductors
[36, 57]. Highly ordered dendritic polycrystalline films with a herringbone molecular
crystal structure have been observed for high mobility vacuum deposited pentacene thin
films [39, 58]. Solution deposited regioregular P3HT films have shown a weakly ordered
two-dimensional lamella structure [36, 37]. In this work we have observed remarkable
molecular ordering for solution deposited TIPS-pentacene thin films and a correlation
between film ordering and OTFT mobility.

Simple bottom contact OTFTs (figure 3.2) were fabricated using TIPS-pentacene as
the active material. A 260 ~ 380 nm thick layer of silicon dioxide was thermally grown
as the gate dielectric on heavily doped (0.015 Ω-cm) n-type silicon wafers. The doped
silicon wafer serves as both the sample substrate and OTFT gate electrode. Au source
and drain electrodes were deposited by thermal evaporation with no adhesion layer and
patterned using lift-off. Prior to the active layer deposition, substrates were cleaned using
UV ozone. After UV cleaning, to improve the metal/organic contact and device
performance, self-assembled monolayers of pentafluorobenzenethiol (PFBT, Aldrich)
and hexamethyldisilazane (HMDS, Aldrich) were formed on the Au source/drain
electrodes and gate dielectric, respectively. The PFBT monolayer was deposited by
immerging the wafers in 0.1 ~ 10 mM ethanol or toluene solution for 2 minute. HMDS
was then spun over the PFBT treated devices from a 100% solution at 4,000 r.p.m. and
showed a water contact angle of about 60°.
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For the active layer, various concentrations (0.2 ~ 3 wt %) of TIPS-pentacene
solutions in several different solvents (Table 3.2) were dispensed over the prepatterned
source/drain electrodes and dried. All solution preparation and device processing steps
were performed in an air ambient or in a solvent-rich ambient. Three different methods
were employed for the TIPS-pentacene deposition: drop, dip, and spin casting. In the
solution process of the TIPS-pentacene, we used a direct formation method. This means
we first developed the solution onto a substrate, and then as the solvents evaporate a thin
film is formed. This direct formation process is different from a precursor process,
because the process requires no subsequent chemical and/or thermal conversion after
deposition.

Figure 3.1: 6, 13 bis (triisopropyl-silylethynyl) pentacene (TIPS-pentacene)
with bulky group at the position of 6, 13 of pentacene molecule.
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Figure 3.2 Schematic for bottom contact device structure with
TIPS-pentacene active layer.
Table 3.2 A variety of solvents with boiling point and polarity .

* Wettability was tested by drop casting of 1 wt% TIPS-pentacene solution on cleaned bare SiO2.
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3.1.1. Drop, Dip, and Spin Cast Devices

In the small molecule organic semiconductor film deposition, three conventional
deposition methods, drop, dip and spin casting were used. In our preliminary experiments,
each method provides different excellent qualities such as thin film uniformity, device
performance, molecular orientation, and reproducibility.

In the first method, spin coating was used with typical sample sizes of 1.5 cm x
1.5 cm, and continuous uniform films were obtained with spin speeds of 1500 to 2500
rpm. Spin casting is a common method for depositing uniform films over a large area
such as drawing resist on silicon wafers. Many processes for fabricating polymer
semiconductors for OTFTs also use spin casting. The spun-on polymer semiconductor is
often more disordered than desired so annealing can be used to promote an ordered thin
film. Because of the nature of spin coating, a quick removal of solvent and rapid fluid
flow from the rotation and mass exchange with the ambient, a rapid film growth often
results in a less ordered film.

TIPS-penatcene OTFTs prepared by spin coating typically had mobility (up to
0.21 cm2/V·s) one order of magnitude lower than that obtained by drop casting. The
morphology of spin cast film shows a granular structure with less or no molecular
terracing structure which is completely different from drop and dip cast films. Three
kinds of solvents were examined. Each has a different boiling point and was used with
various concentrations (0.2 ~ 1 wt%) of the organic semiconductor. Table 3.3 and 3.4
show the summary of spin cast device characteristics using different solvents and
concentrations. As shown in this table, the best mobility was obtained from a 0.2 wt%
chlorobenzene solution. This deposition technique produced continuous and uniform
films. Continuous films of TIPS-pentacene were obtained with large morphology
variations observed as a function of solvent, solution concentration, film formation speed,
and other factors. The film formation was strongly influenced by substrate surface
energy. Treating the substrate to obtain a strongly hydrophobic surface led to dewetting
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for spin casting. Typically, the films from a high boiling point solvent show large grains
with better molecular ordering, but less uniform films. The solvent and film morphology
effects on the molecular ordering and OTFT performance will be discussed in the next
section. In TIPS-pentacene spun films, strong microstructures which is observed in some
TES ADT derivatives were not observed. This is possibly related to some interaction
between substrate surface molecules and the end group molecule of the functionalized
small molecules. This will be discussed in next chapter. To get uniform and good device
performance, adjustment of spin speed is required in further experiments. Figure 3.3
shows the statistics of spun OTFT from 0.2 wt% chlorobenzene solution. Figure 3.4
shows ID-VGS and ID-VDS curves of spin cast devices with spin speed of 2000 rpm.
The extracted mobility is 0.15 cm2/V·s with relatively good shape.
Table 3.3 Summary of electrical characteristics of spin cast TIPS-pentacene OTFTs with different solvents.

* Average values were obtained from more than 30 devices. In toluene solution, the mobility of 1.5
was obtained in the far edge area, which was ignored in the statistics.
Table 3.4 Summary of electrical characteristics of spin cast TIPS-pentacene OTFTs with semiconductor
concentration.

* Average values were obtained from more than 30 devices.
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Figure 3.3 Statistics for spin cast TIPS-pentacene OTFT with spin speed 2000 r.p.m. from
0.2 wt% chlorobenzene solution.
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220 µm / 30 µm
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µ = 0.15

Figure 3.4 Typical spin cast TIPS-pentacene OTFT characteristics. √IDS – VGS and log(IDS) –
VGS (VDS = - 40 V), and IDS – VDS characteristics for several values of VGS with spin speed of
2000 r.p.m. from 0.2 wt% chlorobenzene solution.
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Figure 3.5 Surface morphologies for spin cast TIPS-pentacene film from 0.2 wt% chlorobenzene and
tetrahydronfuran solutions.

Figure 3.5 shows AFM images of the surface morphology of spun thin films from
tetrahydrofuran and chlorobenzene solutions.

In dip casting, a substrate is immersed in the solution and pulled up slowly.
Faster pulling rates result in a thicker and more ordered the film. The slow solvent
evaporation rate may be responsible for the film ordering. The dip cast film thickness is
mainly defined by three criteria: the withdrawal speed, the solid content, and the viscosity
of the liquid. From the Landau-Levich equation [59], which was established in 1947, the
dip cast film thickness can be predicted by using a variety of factors such as solution
viscosity, liquid-vapor surface tension, density, and gravity. To simplify the equation, all
other factors except pulling speed and viscosity which is related with solution
concentration were excluded. It is also possible to withdraw the substrate in a solvent-rich
ambient, which slows the film densification and may assist film ordering. By choosing an
appropriate pulling rate and solution viscosity, dip casting can be controlled to form thin
films, which are macroscopically uniform and reproducible.

Using dip casting, macroscopically continuous films with thicknesses between 500
~ 1500 A can be obtained. In brief, using dip casting, TIPS-pentacene OTFTs have shown
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mobilities in the 0.1 to 0.6 cm2/V-s range. Typically, mobilities of 0.2 ~ 0.3 cm2/V-s from
a 1 wt% chlorobenzene solution were obtained. Table 3.5 is a summary of dip cast TIPSpentacene OTFT results with a 1 cm/sec. pulling speed and various solvents. Also, Table
3.6 shows the summary of dip cast TIPS-pentacene OTFT results with various pulling
speeds. Figure 3.6 shows the statistics of dip cast OTFTs from a 1 wt% chlorobenzene
solution with a 1 cm/sec. pulling speed. Figure 3.7 shows ID-VGS and ID-VDS curves of
dip coated devices with a pulling speed of 1 cm/s. and the extracted mobility is 0.32
cm2/V-s with relatively good shape. As expected, the film which is obtained from faster
pulling speed typically showed larger grains, higher mobility and molecular ordering.
This is consistent with previous expectations of film ordering related to film formation
speed. In dip coating, we have observed that the film with faster pulling speed includes
larger amount of solution on substrate and this may delay the film formation speed. A
detailed mechanism of the relationship between film formation speed, molecular ordering,
and device performance will be discussed in next chapter. Figure 3.8 shows AFM images
of dip casts film from 1 wt% chlorobenzene solution with different pulling speeds.

Table 3.5 Summary of electrical characteristics of dip cast TIPS-pentacene OTFTs with a variety of solvents.

* Average values were obtained from more than 15 devices.
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Table 3.6 Summary of electrical characteristics of dip cast TIPS-pentacene OTFTs with pulling speeds.

* Average values were obtained from more than 15 devices.
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Figure 3.6 Statistics of dip cast TIPS-pentacene OTFT with 1 cm/sec. pulling speed from
1 wt% chlorobenzene solution.
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VDS = -40

W/L =
220 µm / 20 µm
tox = 370 nm

Figure 3.7 Typical dip cast OTFT characteristics. √IDS – VGS and log(IDS) – VGS (VDS = - 40 V), and
IDS – VDS characteristics for several values of VGS with 1 cm/sec. pulling speed from 1 wt%
chlorobenzene solution.

(a)

(c)

(b)

(d)

Figure 3.8 Surface morphologies for dip cast TIPS-pentacene film from 1 wt% chlorobenzene with
different pulling speed, (a) 10 mm/sec., (b) 0.7 mm/sec., (c) 0.07 mm/sec. and (d) 0.031 mm/sec.
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(c)

(d)

Drop casting is of particular interest because it has a similar film formation
mechanism as ink-jet printing. Ink-jet printing is one of the promising technologies for
patterning of solution processed organic semiconductors and thus many people have
researched the technology for both academic and industrial use. In drop casting, a small
volume of solution was dispensed over the pre-patterned source-drain electrode and the
solvent was allowed to evaporate in the solvent ambient. Laterally grown large
crystallites showing remarkable molecular ordering was seen in drop cast TIPS-pentacene
films. These strongly ordered films showed field effect mobilities greater than 1.2
cm2/V·s which is comparable to vacuum deposited pentacene and the highest mobility in
solution-processed OTFTs demonstrated to date. In addition, drop cast film structures are
consistent with film formation speed. In other words, the solutions from higher boiling
point solvents typically produced larger crystals, stronger molecular ordering, and higher
mobilities. We find that the films forming in a solvent ambient show larger crystals and
higher mobilities, which is consistent with our film formation theory.

Based on the above discussion we propose the following model for crystal growth
and the molecular ordering in drop cast TIPS-pentacene organic semiconductor films. We
postulate that the large lateral grains observed in TIPS-pentacene films are a consequence
of crystal re-growth from the liquid-phase of the drop cast TIPS-pentacene solution. The
re-growth may start from discontinuous small solid seeds which were solidified rapidly in
the meniscus region. Therefore, as the solvent begins to evaporate, growth from these
seeds proceeds as a function of the distance between these seeds. It is then possible for
significant lateral growth to take place before impingement of the rapidly solidified
grains occurs. The limit to maximum lateral growth distance is therefore achieved by the
continuous evaporation of the solvent via conduction to the ambient. This qualitatively
explains the observation of larger lateral grain growth with lower film formation speeds.
Solvents with lower evaporation rates provide more time for lateral growth to take place
and have larger crystals.
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Table 3.7 shows a summary of drop cast TIPS-pentacene OTFTs mobility based on
a variety of solvents with different boiling points and polarities. It has been observed that
drop cast films from high boiling solvents such as chlorobenzene, mestylene, and
dichlorobenzene result in lower mobilities than from a toluene solution. The domain size
becomes larger from the higher boiling point solvents such as chlorobenzene and
dichlorobenzene solutions but the best mobility is obtained from a toluene solution. It is
believed that the film formation speed which is related to the boiling point of solvent can
affect the domain size. Typically, It is observed that the film with larger domain sizes
indicated higher mobility and molecular ordering. However, charge transport properties
such as mobility are not always consistent with the domain size. For example, in
dichlorobenzene solutions much larger domain sizes than those from toluene and
chlorobenzene solutions are observed but the mobility is lower than them. Interestingly,
XRD shows that all the films from three of these solutions have similar intensity 2θ
diffraction peaks at the same position. It is not fully understood but we predict that the
stronger dipole momentum of the dichlorobenzene solvents can introduce a higher
probability to form defects or traps inside the film, and that the degree of defect or trap
amount can be related with the device performance. Therefore, there can be a certain
point of mobility saturation region with increasing film formation speed.

The film wetting property is also one of the possible factors to explain the
inconsistent findings with domain size. It is found that the solvent polarity (dielectric
constant) is also important for the wetting property. Typically drop cast films from a
higher polarity solvent show less wetting properties, which is possibly related to the
intimate contact between source/drain electrodes and the organic semiconductor.
Sometimes, even in drop cast films from a toluene solution a cavity like spacing between
the source/drain electrodes and the TIPS-pentacene film was observed. Typically, this
film structure showed low mobility.
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Figure 3.9 shows θ-2θ mode X-ray diffraction results for a drop cast film from 1
wt% toluene solution and, for comparison, a mm-size solution-formed bulk crystal. The
drop cast thin film shows surprisingly good ordering for a solution deposited thin film.

Table 3.7 Summary of electrical characteristics of drop cast TIPS-pentacene OTFTs with a variety
of solvents.

* Average values were obtained from more than 30 devices.

(a)

(b)

Figure 3.9 θ-2θ mode X-ray diffraction results for (a) a drop cast TIPS-pentacene film from 1 wt%
toluene solution and, (b) a mm-size solution-formed bulk crystal.
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Figure 3.10 shows the mobility, threshold voltage, and subthreshold slope for more
than 70 drop cast devices from a 1 wt% toluene solution. The mobility range is 0.2 ~ 1.8
cm2/V·s with an average mobility of 0.65 cm2/V·s with standard deviation of 0.31
cm2/V·s. The average threshold voltage and subthreshold slope are 3.36 V and 0.54 V/dec,
respectively. Figure 3.11 shows I-V characteristics for an OTFT with the organic
semiconductor active layer deposited by drop casting from a 1 wt% toluene solution. The
device shows a high field-effect mobility (>1.2 cm2/V⋅s) with good on/off current ratio
(~106) and low subthreshold slope (< 0.4 volt/decade).
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(a)

(b)

Figure 3.12 AFM images for surface morphology of drop cast TIPS-pentacene film from (a) 1 wt%
dichlorobenzene solution and (b) 1 wt% tetrahydrofuran solution.

Figure 3.12 shows atomic force microscope images of TIPS-pentacene films
deposited by drop casting with different boiling point solvents. The film morphologies
from higher boiling point solvents such as toluene, chlorobenzene, mestylene, and
dichlorobenzene demonstrate continuously lateral grown large grain with molecular steps.
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3.1.2. Surface Morphology, Molecular Ordering and Orientation.

The surface morphology and molecular ordering of solution-processed TIPSpentacene films using a variety of solvents and deposition methods were investigated.
Most investigations of organic semiconductor film morphology or molecular ordering
have focused on vacuum deposited organic thin films [22, 39. 43] and, less commonly, on
solution processed polymer semiconductors [36, 57].

Highly ordered dendritic

polycrystalline films with a herringbone molecular crystal structure have been observed
for high mobility vacuum deposited pentacene films [38, 59].

Solution deposited

regioregular P3HT films have shown weakly ordered two-dimensional lamella structure
[57]. In this work strong molecular ordering in solution deposited TIPS-pentacene thin
films and good correlation between film ordering and OTFT mobility were observed.
Also, it is found that the drop cast TIPS-pentacene film may have two-dimensional πstack packing structure with intermolecular distance of around 3.8 Å.

TIPS-pentacene films deposited from high boiling point solvents such as
dichlorobenzene (b.p. 174ºC), mestylene (b.p. 165ºC), chlorobenzene (b.p. 138ºC), and
toluene (b.p. 111ºC) typically have regions with good molecular ordering including
molecular terraces and strong x-ray diffraction peaks. Films deposited from lower boiling
point solvents such as dichloroethane (b.p. 84ºC), tetrahydrafuran (THF, b.p. 66ºC), and
dichloromethane (b.p. 40ºC) show poor molecular ordering and few or no molecular
terracing structures. The films from the higher boiling point solvents typically show
higher mobility and larger grain size. Figure 3.13 (a), (b), and (c) show AFM images of
drop, dip, and spin cast TIPS-pentacene films from toluene solution. The drop cast film
shows molecular terracing and large grains, whereas spin and dip cast films show few or
no molecular terraces in combination with smaller grain sizes. The grain size and
molecular terracing structure with deposition methods are also consistent with the solvent
boiling point.
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(a)

(b)

(c)

Figure 3.13: (a) Atomic force microscope image of drop casteTIPS-pentacene film morphology shows
molecular steps and terracing structures with large grain size (from 0.5 wt% toluene solution), (b) dip cast
films with less molecular terracing and smaller grain size (from 0.5 wt% toluene solution), and (c) spin
coat films with no molecular terracing and granular structure (from 0.5 wt% toluene solution).
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TIPS-pentacene thin films deposited from high boiling point solvents typically
have regions with good molecular ordering including molecular terraces. The films from
low boiling point solvents have shown less molecular ordering, granular morphology and
low mobility. Figure 3.14 shows x-ray diffraction results for films deposited by drop, dip,
and spin cast TIPS-pentacene thin film. A symmetric reflection, coupled θ-2θ mode Xray diffraction with Cu Ka radiation source was used to evaluate the films. Single crystal
TIPS-pentacene is triclinic structure with unit cell parameters a = 7.5650 Å, b = 7.7500 Å,
c = 16.835 Å, α = 89.15°, β = 92.713°, and γ = 83.63° [35]. Particularly in drop cast film
strong sharp peaks are observed at 5.4° (2θ) which indicate well-organized molecular
terracing structure with intermolecular spacing of 16.8 Å. This is consistent with step
height measurements seen in the previously mentioned AFM images (16.5 ~ 17 Å). These
results are evidence that solution deposited TIPS-pentacene films are highly ordered with
vertical molecular structure. Also as shown this figure, when comparing films of
approximately the same thickness ( ~ 200 - 300 nm) deposited by drop, dip, and spin
casting, it is found that drop cast films typically have the best ordering while spin-cast
films have the worst.

It is also found that the molecular ordering is correlated to device performance.
The film which shows higher molecular ordering typically shows higher mobility. It is
predicted based on experimental results that the molecular ordering and device
performance are likely related to film formation speed. By using a solvent with a slow
evaporation rate, the film can facilitate the growth of a highly ordered film. As the
molecular interaction becomes stronger the π-orbital overlap and molecular ordering of
TIPS-pentacene films is improved. It is believed that the drop cast films with high boiling
point solvents can self-organize over a relatively long time to form high ordered
structures which are possibly related to the high field effect mobility of drop cast TIPSpentacene OTFTs.
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For the investigation of in-plane structure of TIPS-pentacene thin film, grazing
incidence XRD (GIXRD) was performed [36, 57, 60]. The packing structure of TIPSpentacene single crystal is triclinic structure with two-dimensional π-stacking as shown
in figure 3.15. In the two-dimensional π-stacking structure four neighbor molecules have
close contact with each other and thus can induce higher π-orbital overlap between the
two adjacent conjugated backbone molecules.

10

Intensity (arbitrary units)

10

Drop
Dip
Spin

8

10

6

10

4

10

2

10

0

10

5

10

15

20

25

30

2θ (degrees)
Figure 3.14 X-ray diffraction results comparing deposition methods. All films
have similar thickness (200 ~ 300 nm).

Figure 3.15 Structural molecular diagram of two-dimensional π-stacking
structure of TIPS-pentacene .
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Figure 3.16 GIXRD for two-dimensional π-stacking structure of drop cast TIPS-pentacene
film.

The first two peaks in GIXRD (figure 3.16) may indicate that in-plane structure of
drop cast TIPS-pentacene film typically includes two-dimensional π-stacking structure.
For comparison, typical orthorhombic one-dimensional π-stacking structure of P3HT film
shows only one π-stacking spacing of 3.7 ~ 3.9 Å [36, 60]. The other weak peaks in this
figure could be due to misoriented crystals in the film or in nonuniform regions near the
edge of the sample due to the drop cast process. For grazing incidence XRD, the films
were illuminated at a constant incidence angle of 0.2° with a wavelength of 1.54 Å and
incident energy of 40 keV (30 mA). The X-ray data was collected using a 4-circle
goiniometer on an drop cast TIPS-pentacene film with an average thickness of 400 ~ 500
nm.

XRD provides primary index peaks about most often the lamella structure (out of
plane) and π-stacking structure (in-plane), that can reveal crystal structure, orientation,
and size, but exact molecular level investigation such as molecular orientation and
molecular tilt angle relevant to substrate normal can rarely be determined [36, 57, 60].
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During the experiments, it is believed that charge carrier transport may depend on the
intermolecular π-orbital overlaps which can controll to a degree by the conjugated
backbone spacing and molecular tilt angle. Also, it is believed that greater structural
detail will support the development of new synthetic and processing strategies for
solution processed organic devices.

We propose two different possible molecular orientations for two or three
monolayers near the surface of gate dielectric. It is believed that these two or three
monolayers play an important role in charge transport. First, the long axis of conjugated
backbone of TIPS-pentacene can be lying-down structure along the surface (Fig. 3.17 (a)).
Alternatively, the backbone could be upright structure (Fig. 3.17 (b)). The detail at
molecular level is not clear yet but Near Edge X-Ray Absorption Fine Structure
(NEXAFS) spectroscopy using synchrotron grazing-incidence X-ray may be a possible
method to determine the molecular anchoring orientation [61].

(a)

(b)

Figure 3.17 Schematic molecular anchoring orientation of TIPS-pentacene backbone.
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Figure 3.18 shows two kinds of possible π-stacking directions at TFT level. In
drop cast TIPS-pentacene film two molecular orientation directions were observed. Kim
et al also have studied the π-stacking direction with crystal growth direction using
transmission electron microscopy (TEM) [62].

(a)

(b)
Figure 3.18 Schematic representation for charge transport direction in TIPS-pentacene film at
TFT level.
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Table 3.8 shows the summary of OTFT mobility measurement with different
crystal growth (π-stacking) direction. In this measurement, other factors are excluded by
selecting devices which are have intimate contact between source/drain electrode and
TIPS-pentacene thin film, and covered by a large crystal with no grain boundaries in the
channel area. In addition, more than 30 devices in each directional crystal were measured
for reliable statistics. In a molecular level analysis of TIPS-pentacene molecule, the
anisotropic conductivity between π-stacking direction [63] and other two directions
(along long axis and short axis of conjugated backbone) showed at least two orders of
magnitude difference [64]. In device level analysis, a mobility difference of a factor of 2
between the π-stacking and other two directions is observed. From this experiment, it is
found that the intrinsic charge transport properties in device level may be related with a
variety of complicated factors. Therefore it is believed that the anisotropic mobility in
device level is possibly dependent more on the film morphology, molecular ordering, and
contact than the intrinsic properties of the material.

As mentioned previously, the molecular tilt angle which is relevant to substrate
normal may be one of the factors that determine the charge transport ability. It is not fully
understood yet but we believe that the molecular tilt angle of the first two or three
monolayer is related to charge transport by increasing the possibility of π-orbital overlap
and molecular ordering of the thick film. Measuring the molecular tilt angle at the
molecular level is not trivial even though we use NEXAFS because NEXAFS is an
ensemble average technique that has a spot size of approximately 1 mm2. Drop cast
TIPS-pentacene thin films typically show highly crystalline grains which are ordered for
several hundred microns but the sample includes quite a few grains within the 1mm2 spot
size. The samples therefore may be crystalline and oriented on a microscopic scale. The
sample appears inhomogeneous or disordered over 1mm2. High resolution AFM or STM
can be an alternative for the measuring of molecular tilt angle [58, 65]. As shown in
figure 3.19, from the step height measurement of the first two mono-layers the molecular
tilt angle can be simply calculated. Even though this may be a preliminary method, it
allows us to roughly estimate the molecular tilt angle. 10° - 15° and 30° - 40°. molecular
tilt angles were observed in drop and spin cast films, respectively. It is believed that by
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increasing liquid duration time (film formation speed), the organic semiconductor
molecules can facilitate the interaction with surface molecule of gate dielectric and thus
can have lower tilt angles from substrate normal. As mentioned in previous chapter, the
drop cast films typically showed one order of magnitude higher mobility than spin cast
films. Although it is believed that the molecular ordering is the dominant factor for the
charge transport, it is worth noting that the molecular tilt angle of the first several
monolayers may also have an effect.

Figure 3.19 AFM images for molecular terracing structure and step height.
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Table 3.8 Summary of mobility difference of drop cast TIPS-pentacene OTFT with
crystal growth direction.

* Average values were obtained from more than 30 devices.
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3.2. F-TES ADT Organic Thin Film Transistor
5,11-Bis(triethylsilylethynyl) anthradithiophene (TES ADT) is one of the several
soluble small molecule organic semiconductors which have been investigated in an effort
to improve π-orbital coupling in pentacene-like organic semiconductors. TES ADT is
easily synthesized in a two step process from commercially available starting materials
and is soluble in a variety of common organic solvents. The synthesis does not require the
use of transition metal catalysts and is easily scalable giving it potential for low material
cost and flexible solution processibility.

The resulting product is recrystallized

repeatedly from hexanes to improve purity and forms red crystals of mm size. TES ADT
not only has two bulky groups like TIPS pentacene, but also has a modified backbone
structure with one benzene ring replaced by a thienyl at each end.

Our approach to creating soluble acene-based semiconductors involves the
addition of nearly spherical hydrocarbon groups to the peri-positions of the aromatic
compound, utilizing a flexible alkyne spacer to minimize the steric disruption of πstacking interactions [66, 67]. Molecules functionalized in this fashion can yield high
performance devices but only deposition methods that allow the material to slowly
crystallize into highly ordered films (such as drop-casting) produce good results.
Therefore if more scalable deposition methods such as spin-casting are employed,
significant post-processing is required to yield films of sufficient quality for good device
performance. In order to improve the crystallization of substituted acenes, we intended to
employ interactions beyond the simple steric. Numerous non-covalent interactions have
been used to enforce packing arrangements in aromatic crystals. For example, hydrogenbonding interactions have been used to induce π-stacking interactions in relevant
aromatic systems [35, 68]. Recently, fluorine interactions have been recognized as a
promising synthon in crystal engineering [69]. In the case of functionalized
anthradithiophenes, we envisioned both F---F and F---S interactions, that could be
“tuned” by altering the size of the alkyne substituent.
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As shown in figure 3.20, by adding fluorine molecules (F) to the TES ADT
backbone, the thiophene ring can be more electron deficient and thus the electron affinity
can be increased. As a result, it is expected that the electron-rich middle of the parent
compound overlaps well with the thiophene rings, leading to a decrease in the
intermolecular spacing. In addition, the increased electron affinity may allow good
electronic coupling between neighboring molecules because of its improved ability to πstack. In F-TES ADT this theory works well and less than 3.2 Å spacing between
molecules (for comparison, the spacing in TIPS pentacene is 3.43 Å) was observed. Also,
it is observed that putting fluorine on the thiophene ring significantly increases the
stability of the molecule creating a higher oxidation potential [40]. Fluorine molecules
may also raise the ionization potential (and thus change the HOMO level) [46, 66, 67].

Using F-TES ADT as an active material, bottom contact OTFTs were fabricated on
photolithographically defined source and drain electrodes. A thermally grown 200 ~ 320
nm thick silicon dioxide was used as the gate dielectric on heavily doped (0.05 ~ 0.015
Ω-cm) n-type silicon wafers. The doped silicon wafer acts as both the sample substrate
and OTFT gate electrode. Au source and drain electrodes were deposited by thermal
evaporation and patterned using a lift-off process. Prior to the active layer deposition,
substrates were cleaned using UV ozone. To improve metal/organic contact and device
performance, self-assembled monolayers of PFBT and HMDS were formed on the Au
source/drain electrodes and gate dielectric, respectively.

The PFBT treatment was

performed in a 0.1 ~ 100 mM ethanol solution and then HMDS was spun over the PFBT
treated devices. For the active layer, 2 ~ 3 wt% F-TES ADT solutions with several kinds
of solvents were developed over the prepatterned source/drain electrodes. All solution
preparation and device processing steps were performed in an air ambient and film
formation was carried out in an air or solvent-rich ambient.
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Figure 3.20 Molecular structure of fluorinated 5,11-Bis(triethylsilylethynyl) anthradithiophene (FTES ADT).

3.2.1. Drop, Dip and Spin Cast Devices

The three kinds of deposition methods which were mentioned in the previous
chapter were utilized again and similar results as in TIPS-pentacene OTFTs were
observed. From drop casting, highly ordered molecular terracing structures and large
grains in the channel area have been found. The best mobilities achieved to date are
greater than 3 cm2/V·s from 2~ 3 wt% toluene or chlorobenzene solutions and show
threshold voltages of 10 ~ 20 V, and subthreshold slopes between 0.3 ~ 1.5 V/dec. These
devices were treated by 0.1 mM PFBT in ethanol solution for 2 min followed by spinning
100% HMDS. The resulting surface has a contact angle of 60° ~ 70°. Figure 3.21 shows
the electrical characteristics with gate-source voltage of a drop cast high mobility F-TES
ADT OTFT. The ID-VGS curves showed some deviation from typical square-law device
characteristics possibly due to a contact problem between source/drain electrodes and an
organic active layer. As shown in figure 3.22, some devices showed good square-law
characteristics and the differential mobility accordingly showed an almost constant value
at the saturation region.
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Figure 3.21 Typical electrical characteristics of drop cast F-TES ADT OTFT. √IDS – VGS and
log(IDS) – VGS (VDS = - 40 V), and IDS – VDS characteristics for several values of VGS.

Also F-TES ADT has relatively large grains and a unique structure from spin
coating. In spinning due to the quick removal of the solvent and rapid fluid flow from the
rotation and mass exchange with the ambient, a rapid film growth often results in less
ordered films with smaller grain sizes. As shown in figures 3.22 to 3.24, the spun F-TES
ADT films show large grains on the PFBT treated gold electrodes and the grains extend
into channel area, colliding with each other between the source and drain electrodes. This
suggests the possible existence of good molecular ordering and a strong intermolecular πinteraction.
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Figure 3.25 shows the statistics of channel length dependent mobility for
microstured F-TES ADT OTFT from a chlorobenzene solution. As mentioned above, the
microstructured film showed critical dependence on TFT channel length. It is believed
that several factors contribute to device performance such as contacts, grain boundaries,
trap or defect densities, molecular ordering, and molecular packing structures. The
mobility statistics, X-ray diffraction, and AFM show that the microstructure in the
channel area is one of the critical factors in determining OTFT performance. Reduced
grain boundary density is not necessarily connected to the improved mobility, but after
examining microstructured F-TES ADT film from chlorobenzene and toluene solutions
the improved mobility with channel length may be related to improved microstructure in
channel area. This results in a substantial variation in field effect mobility with gate
length as grains growing from the source and drain electrodes meet and overlap. OTFTs
fabricated with films deposited on PFBT-treated samples have mobilities of 0.1 - 0.5
cm2/V⋅s from a toluene solution and 0.2 - 1.0 cm2 / V⋅s from a cholobenzene solution.
Figure 3.26 shows the statistics of channel dependent mobility for the devices from a
toluene solution. Because F-TES ADT is not a well established material yet, it shows
slightly different threshold voltages from batch to batch. Even though figure 3.36 shows a
slightly higher threshold voltage than that of chlorobenzene solution deposited film,
typically chlorobenzene solution based OTFTs show higher threshold voltages than that
of toluene based OTFT within a given batch of F-TES ADT.

Figure 3.22 Optical micrographs for microstructured F-TES ADT film on PFBT treated Au
electrodes and channel area from 2 wt% toluene solution with 1500 rpm (L = 20 µm, W = 220 µm).
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Figure 3.23 Optical micrographs for microstructured F-TES ADT film on PFBT treated Au
electrodes and channel area from 2 wt% chlorobenzene solution with 1500 rpm (L = 5 µm, W = 220
µm).

Figure 3.24 Optical micrographs for microstructured F-TES ADT film on PFBT treated Au
electrodes and channel area from 2 wt% chlorobenzene solution with 1500 rpm (L = 20 µm, W = 220
µm).
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Figure 3.25 Statistics for channel length dependent mobility and threshold voltage of microstructured
F-TES ADT OTFT from chlorobenzene solution.
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Before the organic deposition, a PFBT monolayer was deposited from a 10 ~ 100
mM ethanol solution for 15 ~ 30 min. The measured water contact angle of the PFBT
treated Au surface was around 90 ° and ionization potential was 5.34 eV. Ionization
potentials were determined and averaged between at least three points per sample with an
ambient photoelectron spectroscopy method (Riken-Keiki AC-2 spectrometer).
Following this, HMDS was spun over the PFBT treated devices from a 100% solution at
4,000 r.p.m. and annealed at 90 °C for 2 min, which resulted in a water contact angle of
70 ~ 80°. For the active layer, 2 wt% F-TES ADT solutions in toluene or chlorobenzene
solvents were spun over the prepatterned source/drain electrodes at 1000 ~ 1500 rpm.
All solution preparation and device processing steps were performed in an air ambient at
room temperature.
Figure 3.27 shows √ID and log(ID) versus VGS characteristics for VDS = - 40 V,
and ID versus VDS characteristics for an OTFT with 2 wt% F-TES ADT in a
chlorobenzene solution.

All electrical measurements were performed in air ambient at

room temperature. The device had a gate length of 10 µm, a gate width of 220 µm, and a
200 nm thick thermally grown silicon dioxide gate dielectric. The device has an extracted
field-effect mobility of 0.9 cm2/V·s with an on/off current ratio of > 106, a subthreshold
slope of < 0.4 volt/decade, and a threshold voltage of ~ 8 V. The typical mobility range
for OTFTs fabricated from chlorobenzene solutions was 0.2 ~ 1.0 cm2/V·s with threshold
voltages of 0 ~ 20 V, and subthreshold slopes of 0.3 ~ 1.5 V/dec. As shown in figure 3.28,
a higher mobility can be obtained in a shorter channel length (5 µm) but there is a
deviation from square-law characteristics at high gate voltages. The origin of this
behavior is fully understood but it appears to be related in part to the contact between
source/drain electrode and the organic semiconductor. The extracted mobility of figure
3.28 is 1.0 cm2/V·s with on/off current ratio of > 10 7.
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Figure 3.29 Differential mobility with gate-source voltage for spun F-TES ADT OTFTs in Fig. 327 (left) and Fig. 3-28 (right).

3.2.2. Surface Morphology, Molecular Ordering and Orientation.

Figure 3.30 ~ 3.32 shows optical micrographs, scanning electron microscope
(SEM) images, and AFM images of spin cast F-TES ADT thin films from chlorobenzene
and toluene solutions on PFBT treated Au area, bare SiO2, and various channel length
areas. As shown in figure 3.30, the crystallized structure extends from the Au area into
the SiO2 area. In the 5 µm channel area, crystals grow from one electrode and reach
across to the other electrode. Figure 3.31 shows the 20 µm channel area of a F-TES ADT
OTFT. Two different crystals were grown from the PFBT treated Au electrodes and
collide in the channel area resulting in a grain boundary. Even though it is not fully
understood, the crystal colliding may explain the channel length dependent mobility.
Typically in this microstured F-TES ADT OTFT, an increased mobility with decreasing
channel length was observed. Figure 3.32 shows the film structure on a PFBT treated Au
area and also on a bare SiO2 surface. The film shows nanocrystal or amorphous structure
over most of the SiO2 area.
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(a)

(b)

Figure 3.30 Extended grain growth of spun F-TES ADT grain growth from PFBT treated Au area
(a) 2wt% chlorobenzene solution, and (b) 2 wt% toluene solution (channel length of 5 µm).
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(a)

(b)
Figure 3.31 Crystal colliding of spun F-TES ADT in channel area (a) 2wt% chlorobenzene solution, and
(b) 2 wt% toluene solution (channel length of 20 µm).
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(a)

(b)
Figure 3.32 (a) Microcrystal growth of spun F-TES ADT on PFBT treated Au area from 2wt%
chlorobenzene solution (left) and 2 wt% toluene solution (right), and (b) nanocrystal or amorphous
growth of spun F-TES ADT on SiO2 from 2wt% chlorobenzene solution (left) and 2 wt% toluene
solution (right).
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The molecular ordering and molecular packing structure of spun F-TES ADT films
on PFBT treated Au areas were also investigated. F-TES ADT films deposited from
toluene and chlorobenzene solvents on PFBT treated Au surfaces typically have regions
with good molecular ordering. Also, they show large grain sizes, molecular terraces and
strong XRD peaks. Figure 3.33 shows the crystal packing structure of an F-TES ADT
molecule. Figure 3.34 shows XRD results for a 150 ~ 200 nm thick F-TES ADT thin
film spin cast from 2 wt% toluene and chlorobenzene solutions on a PFBT treated Au
surface and bare SiO2. The XRD result shows good molecular ordering for a spin cast
thin film on the PFBT treated Au surface and much less ordered film on a bare SiO2
surface. Single crystal F-TES ADT has a triclinic structure with unit cell parameters a =
7.1153 Å, b = 7.2342 Å, c = 16.626 Å, α = 97.522°, β = 91.361°, and γ = 107.491°.
From these parameters, strong, sharp peaks should be observed at 5.4° (001), 11° (002),
17° (003), and 23.2° (004) which would indicate a well-organized molecular structure
with vertical intermolecular spacing of 16.6 Å (d-spacing). We have observed that films
from chlorobenzene solutions typically show higher peak intensity than toluene solutions.
This is possibly due to increased film ordering as a result of a higher boiling point solvent
and therefore slower film formation speed [38, 68].

Figure 3.33 Triclinic crystal structure and molecular packing structure of F-TES ADT single crystal.
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Figure 3.34 Out of plane X-ray diffraction results of spun F-TES ADT film from 2wt%
chlorobenzene and toluene solution on PFBT treated Au and bare SiO2 surface.

For the investigation of the in-plane structure of spun F-TES ADT thin film, the
GIXRD was carried out. The GIXRD of the spun microstructured F-TES ADT film
indicates an in-plane structure which typically shows π-stacking and a strong molecular
packing structure. The packing structure of single crystal F-TES ADT is triclinic with a
two-dimensional π-stacking as shown in figure 3.33. In two-dimensional π-stacking
structure, four neighbor molecules have close contact with each other and thus can induce
higher π-orbital overlap between two adjacent molecules. As shown in figure 3.35, the
first two peaks in GIXRD data may indicate that the in-plane structure of spun
microstructured F-TES ADT film can include a two-dimensional π-stacking structure.
Also, the π-stacking spacing of 3.5 Å is dominant in the in-plane structure compared to 7
Å in the films from toluene solution. For comparison, typical orthorhombic onedimensional π-stacking structure of P3HT film shows only one π-stacking spacing of 3.7
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~ 3.9 Å [36, 57, 60]. The other weak peaks in this figure could be due to misoriented
crystals in the film, nonuniform regions near the edge of the sample due to the spin cast
process, or crystalline structure in the PFBT SAM layer. For grazing incidence XRD, the
films were illuminated at a constant incidence angle of 0.2° with a wavelength of 1.54 Å
and incident energy of 40 keV (30 mA). The X-ray data was collected using a 4-circle
goiniometer on an F-TES ADT film with an average thickness of ~ 200 nm.

We would like to thank to Konica-Minolta Company for the measurement of
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Figure 3.35 In plane GIXRD results of spun F-TES ADT film from 2wt%
chlorobenzene and toluene solution on PFBT treated Au and bare SiO2 surface.

62

3.3. Environmental and Operational Stability
Although a great deal of improvement has been seen in vapor phase and solution
processed OTFTs mobility, organic devices still have the significant shortcoming of
performance degradation due to environmental and operational stress. Extensive research
efforts have been focused on synthesizing organic semiconductor materials with
environmental and/or operational stability, high mobilities and ION/ IOFF ratios, and
improving OTFT performance by device engineering and optimizing processing
conditions.

Beyond characterizing TFT mobility and current modulation, the operational and
environmental stability of devices must be understood and controlled. Electronic
applications and circuits require stability in threshold voltage and subthreshold slope.
Environmental considerations such as moisture, illumination and oxygen in the
atmosphere are some of the causes of the degradation of electrical performance in OTFTs.
Previous reports that ambient H2O and other polar molecules degrade pentacene TFT
performance as they interact with or form traps at grain boundaries, which reduces the
TFT on-current, increases the TFT off-current, and shift the device threshold voltage [70,
71]. These effects may be reversed in vacuum.

Operational stress has only been

investigated insofar as showing that continued applied voltage leads to a decrease in
device on-current that may be recovered by applying a reverse bias [72, 73].

Many studies have been performed to investigate solutions to these problems. For
example, in the backplane of OLEDs, usually a two or four transistor design is used as
the switching device for the OLED display. It is well known that the threshold voltage
shift of transistors during device operation can be compensated for with additional circuit
design. Another approach to attack this stability problem is by using an encapsulation or
passivation layer on the active organic material to prevent it from direct exposure to air
and illumination [74].
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In this chapter, both the operational and environmental contributions to solution
processed OTFT are summarized, particularly the stability of solution processed TIPSpentacene and F-TES ADT OTFTs which has previously not been elucidated. First, TIPSPentacene OTFTs which were fabricated on thermally oxidized, heavily doped silicon
wafers were investigated. SAMs of PFBT and HMDS were formed on the Au source/drain
electrodes and gate dielectric, respectively, to modify surface energy and film wetting.
TIPS-pentacene active layers were deposited from 1 wt% solutions in several solvents. Best
results were obtained using toluene or chlorobenzene, with best OTFT mobilities > 1.2
cm2/V-s (figure 3.11) and strong molecular ordering in the deposited TIPS-pentacene thin
films.

After fabrication, TIPS-pentacene OTFTs with no electrical bias applied were
exposed to air in the dark, or air with illumination (room light), for periods of up to four
weeks. Table 3.9 illustrates the experiments and conditions which were used for these
operational and environmental tests. All devices showed threshold voltage shifts towards
normally-on devices and increases in sub-threshold slope. The addition of illumination
increased the magnitude of these shifts. Devices stored in a vacuum without illumination for
the same period showed little change in threshold voltage or substhreshold slope. Mobility
and current on/off ratio were nearly unchanged for all devices. Figure 3.36 shows the
illumination test results of TIPS-pentacene OTFTs.

Table 3.9 Test and measurements conditions for the environmental and operational stability experiments.
Condition

Environmental Test

Exposure Time

Illumination

>4 weeks

Dark

>4 weeks

Vacuum

Dark

>2 weeks

Bias Stress (DC)

Air

>2000 sec.

Repeated Cycling

Air

> 8 h, 16 h

Measurements

Air

(storage)

Air ambient and
room temperature

Operational Test
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(a)

(b)

Figure 3.36 Typical ID-VGS characteristics for air and illumination exposed TIPS-pentacene OTFTs from
1 wt% toluene solution (L = 20 µm, W = 220 µm); (a) with illumination, and (b) no illumination.

For the operational stability test, a bias stress was applied to TIPS-pentacene
OTFTs and their electrical characteristics were measured. 30 V for VGS and -40 V for VDS
for more than 2000 second were applied to test the off current changes. We observed a
slight increase and fluctuation in the off current with time. For an on current test, -40 V
was applied for both VGS and VDS and the current behavior was measured over time. The on
current is very stable and little to no fluctuations was found. The only significant change
was in the threshold voltages, with little to no change in mobilities, subthreshold voltages,
or on/off current ratios.

Figure 3.37 Typical bias stressed test results of TIPS-pentacene OTFTs from 1 wt%
toluene solution (L = 35 µm, W = 220 µm).
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Additionally, the I-V characteristics of the devices under air with room
illumination were repeatedly measured. The devices were repeatedly stressed by
measuring the ID–VGS characteristics in saturation for up to 2000 cycles (about 14 hours)
with no waiting time and reverse bias between scans. For these tests the drain voltage was
set at -40 V and the gate voltage was swept from -40 to 40 V. Long channel (> 20 µm)
OTFTs had changes with operation similar to, but greater than, devices with only
environmental exposure.

Shifts were observed in the threshold voltage and the

subthreshold slope, but little change was seen in the mobility and current on/off ratio.
Shorter channel length devices had somewhat greater shifts in threshold voltage and also
showed a decrease in mobility and a significant current drop with repeated cycling (figure
3.38).

Figure 3.38 Typical repeated cycling test results of TIPS-pentacene OTFTs from 1
wt% toluene solution (L = 10, 35 µm, W = 220 µm).
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Figure 3.39 Channel length dependent repeated cycling test results of TIPS-pentacene
OTFTs from 1 wt% toluene (W = 220 µm).

Figure 3.39 illustrates the results for repeated cycling test. These figures show the
results from channel length dependent cycle testing. As mentioned in the previous
paragraphs, the largest changes seen in threshold voltage and drain current were observed
in the shortest channel devices which have the highest drain currents. The drain current
and threshold voltage degradation appears to be related to operation at large drive
currents and may be related to large local power dissipation at the source contact.
Because drive current increases with decreasing channel length, short channel length
devices show larger contact-related effects such as contact heating during the operation.

Figure 3.40 (a) shows the summary of the environmental stability test for the
mobilities of solution processed TIPS-pentacene OTFTs. For comparison, published air
life-test results for vaporized pentacene OTFT were shown in figure 3.44. Even under air
and illumination condition, solution processed OTFTs show lower carrier mobility
degradation than vaporized pentacene OTFTs. For F-TES ADT OTFTs, the environmental
and operational test for spin and drop cast devices were also performed.
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Figure 3.40 Typical ID-VGS characteristics for air and illumination exposed spun F-TES ADT OTFTs
from 2 wt% chlorobenzene solution (L = 20 µm, W = 220 µm); (a) with illumination, (b) no illumination,
and (c) vacuum.
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Figure 3.41 Typical ID-VGS characteristics for air and illumination exposed drop cast F-TES
ADT OTFTs from 2 wt% chlorobenzene solution (L = 20 µm, W = 220 µm); (a) with
illumination, (b) no illumination, and (c) vacuum.
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In F-TES ADT OTFTs, mobility degradation and threshold voltage shifts
(approximately + 10 V) for only illumination conditions in both drop and spin cast devices
were observed. In dark conditions, both devices showed slight changes in threshold voltage
(< 5 V) and mobility which are comparable to the devices stored in vacuum. Nearly the same
analysis which was used for TIPS-pentacene OTFTs stability can be applied to F-TES ADT
OTFTs.

To understand the degradation process in solution processed TIPS-pentacene and
F-TES ADT OTFTs, the environmental and operation stability test results were
summarized in figure 3.42 and 3.43. In this summary, to reduce the contact effect
observed in shorter channel devices, relatively long channel devices (> 10 µm) were
chosen. It is found that in shorter channel devices the contact effect is more dominant
than material degradation with operational and environmental conditions. Figure 3.42
shows mobility change versus exposure time. These devices were originally on the same
substrate and after film deposition it was divided into 3 pieces for the different
environmental tests. Slightly increased mobility was typically observed in devices which
were exposed to vacuum. It is believed that the shallow traps which are related to
remnant solvent can be eliminated by vacuum. This may lead to improved mobility and
charge transport properties. Comparing to referenced results for vaporized pentacene
OTFTs (figure 3.45), these soluble organic materials show relatively stable mobility with
time. Previous investigators have implicated oxygen in the photodegradation of
pentacene. From Maliakal et al [75], the functionalization group at the 6 and 13 positions
of TIPS-pentacene and F-TES ADT can reduce the rate of photodegradation. Another
possibility for the increased air stability in the devices could be the unique crystal
structure. Vaporized pentacene film packs in a herringbone stacking with molecular
backbone spacing of ~ 4 Å which is larger than the spacing for TIPS-pentacene and FTES ADT (~ 3.5 Å and ~ 3.2 Å, respectively). This larger spacing may allow moisture or
oxygen to diffuse into crystal more easily and could be a reason for the poorer air
stability.
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Drop cast TIPS-pentacene OTFTs show an almost constant mobility with time in air
and illumination conditions. The normal humidity and illumination used in the experiments
was 30 ~ 50 % RH and around 400 ~ 600 lux, respectively. In dark and illumination
conditions, the devices typically showed decreasing mobilities, increasing threshold
voltages, and increasing subthreshold slopes. In air and illumination conditions, the devices
typically showed increasing drain currents, and almost constant or slightly increasing
mobility, increasing threshold voltages, and increasing subthreshold slopes. It is not fully
understood yet but we believe the moisture in air can degrade the charge transport by
inducing traps or defects inside film [76] and light may affect on charge transport
mechanism by a photochemical doping process [76]. Maliakal et al’s analysis of TIPSpentacene films describes a long excited state life time which can facilitate greater
photooxidation yield, resulting in a photochemical doping effect. This is consistent with the
experimental results which show a slight increase in mobility and drain current in air and
light exposed TIPS-pentacene devices. It is also believed that the increase of threshold
voltage and subthreshold slope may be due to the moisture effect in air ambient. However,
the slight deviation from these trends for F-TES ADT OTFT is not fully understood yet.
Figure 3.44 shows the test results for the cycling of solution processed TIPS-pentacene and
F-TES ADT OTFTs. Each measurement was performed in air and dark with channel lengths
of 35, and 20 µm respectively. As expected, even though threshold voltage increased, the
mobility and on/off current ratio were almost unchanged. Typically F-TES ADT films
showed more sensitive to illumination and thus indicated slightly degradation of mobility
and large threshold voltage shift with illumination.
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Figure 3.42 Self life-test results of solution processed TIPS-pentacene OTFTs with environmental
conditions.
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Figure 3.43 Self life-test results of drop cast F-TES ADT OTFTs (a), (b), (c) and spun F-TES ADT
OTFTs (d). (e), (f) with environmental conditions.
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Figure 3.44 Changes of electrical characteristics with operational cycling test for solution processed
TIPS-pentacene (top) and spun F-TES ADT OTFTs (bottom).
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Figure 3.45 Self-life test results of solution processed TIPS-pentacene and F-TES ADT
OTFTs with reference data for air self-life test (dark) of vaporized pentacene OTFTs [74, 77].

These initial results demonstrate that TIPS-pentacene and F-TES ADT OTFTs may
have changes in device characteristics due to both environmental exposure and device
operation. The increased device stability would clearly be of interest and also the relative
stability observed in the mobilities and current on/off ratios is encouraging for use in lowcost or large-area electronic applications.
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3.4. Material Consideration for Solution Processed Organic Thin Transistors
Compared to various solution processible pentacene derivatives, TIPS-Pentacene
and TES F-ADT typically show outstanding results. In this chart, we briefly review
several soluble small molecule organic semiconductors which were used as active layers
in our initial OTFT work. We collaborated with Professor John Anthony from the
Department of Chemistry at the University of Kentucky, who synthesizes these novel
molecules.

Recent studies of organic semiconductors based on aromatic backbones have shown
the importance of close molecular contact and π–stacking to fabricate efficient devices.
Materials that yield ordered, π–stacked arrays in the solid state lead to devices with
significantly higher charge mobilities.

Pentacene, one of the most promising organic

material for OTFTs, has a crystalline order with minimal π–stacking (herringbone
packing) as shown in figure 3.46. This herringbone order results in a poor dispersion of
the electronic bands implying that pentacene’s transport properties are limited by the
crystal packing. There have been numerous attempts to increase the close contact and π–
stacking in pentacene by variations in deposition methods or substrate modification, but
here we provide an approach to increase pentacene π–stacking by direct functionalization.

Figure 3.46 Herringbone packing structure of typically ordered pentacene film.
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The herringbone packing of unsubstituted pentacene represents a simple
combination of edge-to-face and face-to-face interactions. Our goal is to distrupt edgeto-face interactions by substitution at one or more of peri positions of the acene with
bulky groups. This leave only the strong edge-to-face interatction, which we assume will
lead to a separation between acene planes of 3.4 Å. The π–stacking axis of the pentacene
derivatives crystal will be comprised of slip-stacked pentacene units, with the spacing
between the stacks related to the size of the substituent. The size of the substituent will
also influence the amount of π–overlap along the pentacene long axis between any two
adjacent acenes. Table 3.3 shows various pentacene derivatives with different
substituents. It also indicates the packing motif, close contact distance, and device
performance (mobility from OTFT) of each material.

Table 3.10 Packing motif, close contact distance, and field effect mobility of various pentacene derivatives
which were tested in these experiments.
Molecular

Material

Packing Motif

TIPS Pentacene

2-D

3.43

>1.8

TES / TMS pent

1-D

3.42

~ 0.001 (needle-like structure)

TES ADT

2-D

3.24

>1

TIPS ADT

1-D

3.41

~ 0.05

TES M-ADT

Hybrid

3.5 / 3.48

~ 0.4

TES E-ADT

Hybrid

3.5 / 3.8

In progress

TES P-ADT

2-D

3.8

0.03

TES ADS

1-D

3.45

0.00003 (needle-like structure)

TTBS Hexane

2-D

3.42

Insoluble

TES F-ADT

2-D

~ 3.2

> 3.5

TIPS TDT

1-D

3.42

~ 0.0003 (needle-like structure)

TIPS oxene

1-D

3.41

0.00001 (needle-like structure)

TCPS diox

2-D

3.44

In progress

∆-Pentacene

1-D

3.41

In progress

TCPS Pentacene

2-D

3.36

In progress

∆-ADT

In progress

In progress

In progress

close contact (Å)

Mobility (cm2/V·s)
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All the devices in table 3.2 were made by drop casting in appropriate solvents
(toluene or chlorobenzene).

Each material is comprised of 1-dimensional or 2-

dimensional interactions. 1-dimensional interactions means that 2 neighbor molecules are
in close contact (1 above and 1 below), whereas 2-dimension interactions occur when 4
neighbors are in close contact (2 above and 2 below).

From the above experimental

results, we have observed several important points;

1) All of the best materials have had 2-D interactions and interplanar spacings of ~
3.45 Å (or less).
2) None of the materials with 1-D π-stacks yielded good mobility (mostly due to
film-forming issues).
3) 1-D / 2-D hybrid structures (TES M-ADT) yield reasonable mobilities.
4) 2-D interactions with large spacing (3.8 Å, TES P-ADT) lead to low mobility.
Most of 1-D stacked materials have formed a needle-like film structure which is
different from the 2-D stacked material. 2-D stacked materials typically show
very large crystals.

Further experiments are pending to clarify the relation between molecular
structure and device performance.
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CHAPTER 4
SOLUTION PROCESSED OTFT CIRCUITS ON GLASS AND
PLASTIC SUBSTRATES
The fabrication of OTFT circuits on arbitrary substrates is a key step toward
demonstrating the potential of OTFTs in commercial applications. The first reported
organic TFT integrated circuits were ring oscillators fabricated on plastic substrates in
1998 using the polymer polythienylenevinylene (PTV) and pentacene as the active layers
[78]. These devices had a low field-effect mobility ranging between 10

-4

and 10

-2

cm2/V·s and propagation delays of 200 µs per stage. In 1999, pentacene TFT circuits
were fabricated at Penn State University using photolithographically patterned bottom
contacts structure on glass substrates. Ring oscillators had a propagation delay of 73 µs
per stage, a record for organic TFT circuit speed at the time [79].

Later in 1999, ring oscillators based on complementary organic TFT inverters
using the small molecule copper hexadecaflouropthalocyanine (F16CuPc) as the p-type
material and dihexyl quinquethiophene (DH〈5T) as the n-type material were
demonstrated with gate delays as low as 38 µs [80]. The field-effect mobility for these
complementary materials was similar to pentacene in the 10

-2

cm2/V·s range, but the

circuit speed was increased as a result of the complementary circuit design.

The propagation delay of pentacene TFT circuits is limited by problems related
to threshold voltage. Typically, p-channel inverter designs require enhancement load
devices so that input and output voltages of successive stages are compatible. Pentacene
TFTs with silicon dioxide gate dielectric are typically depletion mode due to a slightly
positive threshold voltage. Circuit design for depletion mode devices requires a levelshift stage on each inverter to shift the input / output voltages to compatible levels. This
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additional level-shift stage significantly increases the propagation delay of each stage
since of drive current available at the output of the inverter is significantly reduced.

Recently, solution processed OTFT circuits have drawn attention because they
have several advantages over vapor deposited OTFT circuits. Soluble OTFTs are
compatible with processes such as ink-jet printing and roll-to-roll printing, which can
lead to high volume production and low cost. Philips group has fabricated solution based
organic ring oscillators operating at a frequency of 5 kHz [34]. They used spin coated
pentacene precursor as an active layer and level shift stages to match the output level.
Other groups such as University of California at Berkeley [81] and Cambridge University
[82] have also fabricated solution processed OTFT circuits using a pentacene precursor
and P3HT as the active material, respectively. They have obtained several kHz operating
frequency.

Having established high performance solution processed small molecule OTFT
processing, and demonstrated advancements in fabrication technology, the next desired
step is to explore a new application for solution processed small molecule OTFTs.
Innovation in solution processed OTFT circuits on novel substrate materials is a
promising research objective. Using our transistors to design integrated circuits with good
static and dynamic characteristics could be useful for a variety of emerging applications,
such as smart cards, RFID tags, and large area flat panel displays.

Due to lack of technology for patterning solution processed organic film,
unisolated OTFT devices were used for our circuit experiments. In digital logic circuits,
nominal logic 0 and logic 1 voltage values should fall within specific ranges so small
variations in logic input voltages have little or no effect on output voltage. The
subthreshold region of OTFT devices typically has low drain current and thus we can
ignore the low current and voltage effect on our logic values.
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4.1. Simulations of Solution Processed Unit OTFTs and Circuits
The most widespread potential application of solution processed OTFTs has been
large volume applications, so most of the initial research in solution processed OTFT
circuitry has been aimed at RFID tags and smart cards [83, 84]. The advantages of
organic materials have made it the leading active material in large volume production and
manufacturing cost reduction, but the low carrier mobility, environmental and operational
instability, and the lack of an effective n-type material have made integration of solution
processed OTFT circuitry difficult to achieve. Currently, the advancements toward high
performance n-type organic materials and improvements in the stability make solution
processed OTFT circuits again promising for low cost electronics.

To support the experimental work, circuit research began by simulating load
OTFT / drive OTFT electrical characteristics with various dimensions, mobilities, and
other device parameters. The geometry was determined to maximize the speed of our
circuits as well as the output voltage gain. For the commercial applications, optimized
circuits will be needed to maximize the potential of solution processed OTFT circuits.
This will require reproducible and stable threshold voltages compatible with
enhancement-load circuit designs. The threshold voltage for our devices is expected to be
strongly dependent on the quality of the semiconductor, gate dielectric interface, and the
quality of the gate insulator itself. Alternative gate dielectric materials or gate dielectric
surface treatments will be needed to adjust and change the threshold voltage of our
devices. Solution processed TIPS-pentacene OTFTs and F-TES ADT OTFTs from
toluene solutions typically show a threshold voltage close to zero with ion-beam
sputtered or thermally grown silicon dioxide.

In F-TES ADT OTFTs from chlorobenzene solutions, higher mobilities have been
obtained but also high positive threshold voltages (5 ~ 10 V). This means a level shift
stage may be necessary due to its depletion mode properties. A gate dielectric surface
treatment or an alternative gate dielectric structure [85] may be required to achieve
enhancement mode OTFT devices from chlorobenzene solutions. Treatment of the silicon
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dioxide gate dielectric surface with OTS can result in threshold voltages close to zero and
sometimes negative compared to untreated silicon dioxide [86]. Alternative gate
dielectric materials and surface treatments require a thorough investigation and are topics
for a separate thesis. The TFT modeling software AIM-Spice [87], designed for a-Si:H
TFT modeling, was used to simulate our solution processed OTFTs and circuits. To
achieve an accurate simulation, a model for our solution processed OTFTs on a glass
substrate was developed using the device characteristics for a typical device (- Vt,
enhancement mode). The device performance for the solution processed OTFTs on a
glass substrate used for our model is summarized below:

1. Solution Processed TIPS-pentacene OTFT on a glass substrate (drop cast from 1~2
wt% toluene solution)
µ = 0.1 ~ 0.6 cm2/V·s at Vds = - 40 V
Vt = -10 ~ 5 V
Subthreshold slope = 0.4 ~ 1.7 V/decade (No patterning of organic semiconductor)
On/off current ratio = 103 ~ 104 (No patterning of organic semiconductor)

2. Solution Processed F-TES ADT OTFT on a glass substrate (spin cast from 2 ~ 3 wt%
toluene solution)
µ = 0.1 ~ 0.3 cm2/V·s at Vds = - 40 V
Vt = -5 ~ 2 V
Subthreshold slope = 1 ~ 2 V/decade (No patterning of organic semiconductor)
On/off current ratio = 103 ~ 104 (No patterning of organic semiconductor)

3. Solution Processed F-TES ADT OTFT on a glass substrate (spin cast from 2 ~ 3 wt%
chlorobenzene solution)
µ = 0.3 ~ 0.7 cm2/V·s at Vds = - 40 V
Vt = 5 ~ 10 V
Subthreshold slope = 1 ~ 2 V/decade (No patterning of organic semiconductor)
On/off current ratio = 104 ~ 105 (No patterning of organic semiconductor)
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AIM-Extract [88] software was used to generate the model by visual optimization.
In AIM-Extract the device parameters can be adjusted until the experimental curves and
the modeled curves overlap closely. This method allows important parameters such as
mobility, threshold voltage, subthreshold slope, and contact resistance to be adjusted to
easily to obtain an accurate model based on the measured device characteristics. Figure
4.1 - 4.3 show the drain current (log scale) versus gate-source voltage characteristics for
the actual device and the TFT model. Note that because the AIM-Spice software is
designed for n-channel a-Si:H TFTs, p-type OTFTs must be represented as n-type
devices in the software. Therefore, solution processed p-type OTFT with a + 10 V
threshold voltage is modeled in AIM-Spice as a n-channel device with a - 10 V threshold
voltage. The polarity of supply voltages must also be reversed. In figure 4.1 - 4.3, the
model parameters and spice cards are shown.

W/L = 500 / 25 µm
tox = 300 nm
µ = 0.42 cm2/V-s
Vt = 0 V

.model
nnn
nmos
level=15
+alphasat=4 defo=0.6 delta=5
+cgdo=0.2e-9 cgso=0.2e-9
+emu=0.02 el=0.1 eps=11 epsi=3.9
+ gamma=0.4 gmin=1e+023
+ iol=5e-013 kvt=-0.01
+ lambda=0.01 m=1.2
+ muband=0.0001 rd=7000
+ rs=7000 sigmao=5e-013
+ tnom=27 tox=3e-007 vaa=7500

Figure 4.1 AIM-Spice modeling of solution processed TIPS-pentacene OTFT on a
glass substrate from toluene solution.

W/L = 200 / 5 µm
tox = 460 nm
µ = 0.18 cm2/V-s
Vt = 0 V

.model
nnn
nmos
level=15
+alphasat=0.5 defo=0.5 delta=5
+cgdo=0.2e-9 cgso=0.2e-9
+ emu=0.02 el=0.1 eps=11 epsi=3.9
+ gamma=0.01 gmin=1e+023
+ iol=3e-014 kvt=-0.01
+ lambda=0.01 m=0.15
+ muband=0.001 rd=7000
+ rs=7000 sigmao=5e-011
+ tnom=27 tox=4.6e-007 vaa=7500
+ vdsl=7 vfb=-15 vgsl=7 vmin=0.3
+ vo=0.09 vto=0.5

Figure 4.2 AIM-Spice modeling of spun F-TES ADT OTFT on a glass substrate from
toluene solution.
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W/L = 200 / 5 µm
tox = 460 nm
µ = 0.54 cm2/V-s
Vt = 5 V

.model nnn nmos level=15
+alphasat=1.5 defo=0.6 delta=5
+cgdo=0.2e-9 cgso=0.2e-9
+ emu=0.02 el=0.1 eps=11
+epsi=3.9
+ gamma=0.01 gmin=1e+023
+ iol=5e-012 kvt=-0.01
+ lambda=0.01 m=0.3
+ muband=0.0001 rd=7000
+ rs=7000 sigmao=5e-011
+tnom=27,tox=4.6e-007
+vaa=7500
+ vdsl=7 vfb=-19.5 vgsl=7
+ vmin=0.3 vo=0.2 vto=-4

Figure 4.3 AIM-Spice modeling of spun F-TES ADT OTFT on a glass
substrate from chlorobenzene solution.

Figure 4.4 Schematic of voltage inverter with enhancement load.
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The simplest binary digital circuit is a voltage inverter, shown schematically in
Figure 4.4. Different from CMOS inverter, in a PMOS voltage inverter two transistors
are connected such that one of them is acting as a voltage-controlled switch (or driver)
and the other as an active load (diode type). An AIM-Spice simulation was carried out to
evaluate the static switching performance of the solution processed organic voltage
inverter for a range of threshold voltages.

For solution processed TIPS-pentacene OTFTs from a toluene solution, the
threshold voltages ranged from -10 to +5 V and the carrier mobility from 0.1 ~
0.6 cm2 / V-s. Figure 4.5 shows the voltage inverter characteristics of the modeled TFT
circuit wired according to the schematic in figure 4.4 with VDD = - 70V. The drive OTFT
has a gate length of 10 µm and a gate width of 100 µm, while the load OTFT has a gate
length of 60 µm and a gate width of 20 µm. Through electrical characterization of the
individual devices it was confirmed that both TFTs were slightly depletion-mode or
enhancement mode devices with threshold voltage ranges from -10 to +5 V which is
typical for solution processed TIPS-pentacene OTFTs from toluene solution.

To investigate the importance of OTFT threshold voltage in circuit operation,
three different threshold voltage regime such as deep depletion, near enhancement, and
deep enhancement were examined in the voltage inverter and ring oscillator circuit
simulations. Using high inverter geometry (Wdrive/Ldrive)/(Wload/Lload), or beta ratio (βR =
30), based on basic theory for a Pseudo-PMOS logic inverter circuit, we are able to
induce a high output-high-voltage (VOH) and low output-low-voltage (VOL). [89]
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(a) VT = +10 V
VDD = -70 V

(b) VT = 0 V
VDD = -70 V

(c) VT = - 10 V
VDD = -70 V

Figure 4.5 AIM-Spice simulations for TIPS-pentacene OTFT inverter with various
threshold voltages.
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Figure 4.5a indicates that the output voltage decreases with increasing input
voltage (toward negative voltage), and a relatively large voltage gain of 4.4 (ideally √30
= 5.4) is obtained. However, Figure 4.5a shows that the input and output signal levels is
not compatible. A large negative output voltage (ideally corresponding to the binary
value “1”) is only obtained when a large positive input voltage is applied, but 0 input
voltage does not lead to high output voltage. A near-zero input voltage (ideally
corresponding to a binary value “0”), results in a near-zero output voltage, which will
induce a significant output voltage loss of logic circuits. In this case, inverter circuits with
deep depletion OTFTs (VT = +10 V) need compensated circuits such as level shift stages.
In solution processed TIPS-pentacene OTFTs on glass substrates, the range of threshold
voltages is typically -10 to +5 V and we choose Vt=0 V for this simulation. Figure 4.5b
shows improved transfer characteristics of the inverter, and the inverter operation is good
with acceptable logic level conservation. When the threshold voltage of -10 is chosen,
we have obtained an almost matched input and output signal level as shown in figure
4.5c. Figure 4.6 shows the schematic diagram of the simulated 7-stage ring oscillator.
Figure 4.7a shows the simulation result for a 7-stage ring oscillator with enhancement
load OTFT with Vt=0V and a mobility of 0.42 cm2/V·s. The dimension of load and drive
transistors are W/L = 20/60 and W/L = 100/10 (βR or Inverter geometric = 30),
respectively. Each load and drive transistor has the gate-source/drain overlap distance of
2 um.

Figure 4.6 Schematic of 7-stage ring oscillator.
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The simulation shows an oscillation frequency of 28 kHz with gate delay of 2.5
µs at – 70 V. The output voltage ranges from -2.5 to -26 V and the oscillation starts after
around 100 µs. As shown in figure 4.7b with Vt = + 5 V for the load and drive
transistors, the output voltage range decreased to -8 ~ -12 V and the oscillation starts after
1500 µs with same frequency as figure 4.7a.

Figure 4.7c shows the 7-stage ring

oscillator characteristics with non-uniform OTFT characteristics. Each stage has nonuniform OTFT characteristics including different threshold voltages from +2 to +8 V and
mobilities from 0.09 to 0.42 cm2/V·s. The oscillation frequency is 10.2 kHz and output
voltage range is from -2 to -10 V. Finally, figure 4.7d indicates a low oscillation
frequency of 5 kHz but the same output voltage range from -2.5 to -26 V. This 7-stage
ring oscillator is composed of OTFTs with 0 V threshold voltage and mobility of 0.09
cm2/V·s.
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Figure 4.7: AIM-Spice simulation for TIPS-pentacene 7-stage ring-oscillators.

As shown in figure 4.7, It is observed that unit OTFT mobility is one of dominant
factors to determine circuit speed. Threshold voltage does not have a large effect on
circuit speed, but can be one of the dominant factors determining output voltage swing
and thus limitation of circuit operation. Because the threshold voltage of the unit OTFT is
closely related to the voltage transfer characteristics of inverter, it has effect on ring
oscillator output swing voltage. In addition, uniform performance in the unit OTFTs of
the ring oscillator is very important for both operation speed and output swing. Solution
processed (drop cast) TIPS-pentacene film have typically shown relatively high
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mobilities (0.1 - 0.6 cm2/V·s) but have suffered from nonunifrom film shape and thus
nonuniform device performance. Therefore, in drop cast TIPS-pentacene ring oscillator
circuit design we first considered high output voltage gain for avoiding the limitation of
circuit operation due to a significant gain loss.

In F-TES ADT OTFTs ring oscillator simulation, the nonuniform film properties
were ruled out because spin-cast F-TES ADT films are typically much more uniform.
Similar to figure 4.6, a 7-stage F-TES ADT OTFT ring oscillators was also designed
using the OTFT characteristics. The 7-stage ring oscillators were designed with an
enhancement load and +0 V threshold voltage and a mobility of 0.18 and 0.2 cm2/V·s for
drive and load OTFT, respectively. The dimension of load and drive transistors are W/L
= 20/20 and W/L = 100/5 (βR = 20), respectively. Each load and drive transistor has the
gate-source/drain overlap distance of 2 um. An output capacitance of 1 pF and resistance
of 1e13 Ω are added to mimic the real circuit measurement setup. A unit gain amplifier
was used for the measurement the ring oscillator circuit to minimize the output
capacitance inherent in the measuring coaxial cable and probe tips. The high voltage
amplifier which is used in the measurement has output capacitance of 1 - 3 pF and output
resistance of 1013 Ω [90].
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Figure 4.8 Simulation results for inverter (βR of 20, n-type device simulation, left) and 7-stage
ring oscillator as a function of supply bias and gate to source-drain overlap (right).
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Figure 4.8 shows simulation results for a unit inverter and a 7-stage ring oscillator
with spin-cast F-TES ADT OTFTs. As shown in figure 4.9, it is found that the overlap
distance between gate and source/drain electrode (OL) is an important factor in
determining the ring oscillator circuit speed. It is also observed that the circuit speed and
output swing voltage of the circuit are dependent on supply bias. Figure 4.10 shows the
simulated oscillation frequency as functions of gate to source-drain overlap and TFT
mobility.
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Figure 4.9 Simulated output signals for 7-stage ring oscillator as a function of supply biases.
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The 7-stage ring oscillator circuit in figure 4.10 has βR of 30 and drive OTFT
channel lengths of 1µm and 10 µm (Channel length 1 um; drive Tr. W/L = 100 / 1 um
and load Tr. W/L = 200 / 60 um, Channel length 10 um; drive Tr. W/L = 100 / 10 um and
load Tr. W/L = 20 / 60 um). It was found that mobility, overlap distance between gate
and source/drain electrode, and supply bias are important factors for ring oscillator circuit.
To optimize the circuit design, detail simulations were carried out with different drive
OTFT gate lengths, overlap distances (OL), unit inverter beta ratios, and supply biases.
As shown in figure 4.10, the oscillation speed and propagation delay per stage of ring
oscillator are strongly dependent on mobility, channel length, and overlap distance of
OTFT. From the simulation results, it is also found that ring oscillators with shorter
channel drive OTFTs have much faster speeds, but can be suffered from serious contact
problems which we described in the previous chapter (chapter 3; operational and
environmental test). Short channel OTFTs have shown serious operational and
environmental instability with time and thus for real OTFT circuit design, optimum
channel length of drive OTFT or optimum gate dielectric thickness should be considered.

Figure 4.11 demonstrates simulation results for the circuits with different βR of
inverter circuit. For reliable experiments, the channel length of drive transistors were
fixed for each βR. Typically, lower βR circuits show faster speeds, but also have lower
output swing voltage. Therefore, in real circuit design, an optimum βR should be
considered to get reasonable circuit speed simultaneously with large output swing voltage.
A minimum area layout will usually be achieved with device size chosen so that the
geometry of the inverter is unity. Basically, by reducing the value of βR, we can reduce
the circuit area. In our OTFT ring oscillator circuit simulation, it is found that providing
optimized processing conditions, a 1 ~ 2 µm channel length, a nearly 0 µm overlap
distance, and low βR (2 ~ 5), several hundreds kHz oscillation speed can be obtained with
a OTFT mobility of 0.1 ~ 0.2 cm2/V·s.
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Figure 4.11 Simulation results for 7-stage ring oscillator as a function of mobility and inverter
geometry.

4.2. Solution Processed TIPS-pentacene OTFT Circuits.
The integration of OTFTs into electronic circuits on substrates like glass or plastic
requires selective gate electrodes and a gate insulator that can be deposited at
temperatures compatible with the substrate. For the work reported here, all transistors and
circuits were fabricated on borosilicate glass (Corning 7059) using the device structure
shown in figure 4.12. Nickel (Ni) was deposited and patterned to form the gate electrode,
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and silicon dioxide (SiO2) deposited by reactive ion-beam sputtering at 80 °C was used as
the gate dielectric and insulation layer for wiring cross-overs. Au source and drain
electrodes were deposited by thermal evaporation and patterned using lift-off. Prior to
the active TIPS-pentacene layer deposition the substrates were cleaned using UV ozone.
After UV cleaning, to improve the metal/organic semiconductor contact and device
performance, SAMs of PFBT and HMDS were formed on the Au source/drain electrodes
and gate dielectric, respectively. The PFBT monolayer was deposited by immerging the
sample in a 10 mM ethanol or toluene solution for 2 min. Following this, HMDS was
spun over the PFBT treated devices from a 100% solution at 4,000 r.p.m. and showed a
water contact angle of ∼ 60°. The active layer was deposited from a 1 - 2 wt% TIPSpentacene solution in toluene and dried. All solution preparation and device processing
steps were performed in an air or solvent-rich ambient at room temperature.

The transistors described typically show field-effect mobilities of 0.1 - 0.6
cm2/V·s, threshold voltages of - 10 - 5 V, and subthreshold slopes of 0.4 - 1.7 V/dec.
Figure 4.13 shows the typical electrical characteristics of solution deposited TIPSpentacene OTFTs on a glass substrate. Figure 4.14 shows the optical micrograph and
typical transfer characteristics of solution deposited a TIPS-pentacene OTFT inverter
circuit on a glass substrate. Because our TIPS-pentacene OTFTs are typically
enhancement mode or slightly depletion mode devices, the inverter threshold permits
simple circuits without level shifting. Despite the evident non-uniformity of the organic
active layer, inverter operation is good with acceptable logic level conservation and a
maximum voltage gain of 3 ~ 4. Using AIM-Spice circuit simulation based on measured
OTFT characteristics, we chose the W/L of the drive transistor as 100/10 µm and of the
load transistor as 20/60 µm (βR = 30) to obtain good ring oscillator circuit speed and
good voltage gain. All the ring oscillators based on drop cast TIPS-pentacene OTFT were
made with the same channel widths and lengths as the inverter circuit; gate to
source/drain electrode overlap was varied to examine the effect of capacitive loading on
ring oscillator performance.
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Figure 4.15 Optical micrograph and output signal of TIPS-pentacene 7-stage ring
oscillator on a glass substrate (Load TFT W/L=20/60 , Drive TFT W/L=10/100).

Figure 4.15 shows the optical micrograph and output signal of a 7-stage solutionprocessed TIPS-pentacene ring oscillator with an output buffer, operating at a supply bias
of -80 V. For this ring oscillator a gate to source and drain overlap of 2 µm is used and
the oscillation frequency is around 10.4 kHz corresponding to a propagation delay of 7 µs
per stage at -80 V, and less than 10 µs/stage at a supply bias of - 40 V. The TIPS96

pentacene film is visibly non-uniform by optical microscopy. Despite this, the ring
oscillator yield is good and the operation characteristics are reasonably reproducible.
Figure 4.16 (a) shows the oscillation frequency as a function of supply bias for 7-stage
ring oscillators with 2 µm, 5 µm, and 10 µm gate to source-drain electrode overlap. As
expected, the propagation delay decreases with increasing supply voltage and with
decreasing gate to source-drain electrode overlap. Because solution-processed TIPSpentacene OTFTs on glass substrates typically have low subthreshold slopes (as low as
0.4 V/dec.) and near zero threshold voltages it is possible to operate these OTFT circuits
at very low voltages. Oscillation typically begins at a supply bias as low as -3 V. Figure
4.17 shows the output waveform from the buffer of a 7-stage ring oscillator operating
with a supply bias of – 5 V. Figure 4.18 shows the comparison of simulated and
experimental results with various gate to source/drain electrode overlap and supply biases.
The experimental results show less dependence on supply voltage than suggested by the
simple simulations. The solution processed TIPS-pentacene ring oscillators showed stable

14

50
10 µm overlap
5 µm overlap
2 µm overlap

12
10

Propagation Delay (µs)

Oscillation Frequency (kHz)

operation and could typically be operated for several hours or more in ambient air.

8
6
4
2
0

-20

-30

-40

-50

-60

Supply Bias (V)

(a)

-70

-80

10 µm overlap
5 µm overlap
2 µm overlap

40
30
20
10
-20

-30

-40

-50

-60

-70

-80

Supply Bias (V)

(b)

Figure 4.16 Oscillation frequency (a) and propagation delay per stage (b) as a function of supply bias
and gate to source-drain electrode overlap of 7-stage solution-processed TIPS-pentacene ring oscillators
with output buffer.
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Figure 4.19 shows an optical micrograph and the output waveform of a 15-stage
ring oscillator. The devices used in this ring oscillator have a minimum channel length of
10 µm and an overlap between the gate and source-drain electrodes of 5 µm. Figure 4.19
also shows the oscillation frequency and propagation delay as a function of supply bias
for the 15-stage ring oscillator. The propagation delay is less than 34 µs/stage at a supply
bias of - 40 V and less than 22 µs/stage at a bias of -80 V.
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Figure 4.19: (a) Optical micrograph, (b) output signal, and (c) oscillation frequency and
propagation delay as a function of supply bias for TIPS-pentacene 15-stage ring oscillators.
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Using drop cast TIPS-pentacene, we have fabricated solution-processed OTFTs and
integrated circuits on glass substrates. This solution-deposited small molecule organic
semiconductor requires no high-temperature processing with the highest process
temperature after organic semiconductor film deposition being only 60 °C. TIPSpentacene OTFT based 7-stage ring oscillators have maximum oscillation frequency
greater than 10 kHz. These circuits also operate with supply voltage as low as about -5 V.
These results demonstrate that circuits can be fabricated with solution-processed small
molecule organic semiconductors with relatively high performance compared to
vaporized pentacene OTFT circuits.

4.3. Solution Processed F-TES ADT OTFT Circuits.
As mentioned previously, it is observed that device uniformity is very important
in circuit performance. Using spin-cast F-TES ADT film we hope to obtain uniform films
as well as relatively high mobility. Spin coating is very common way to get uniform and
reproducible results. Unit OTFTs and circuit fabrication process are nearly identical for
TIPS-penatcene and F-TEST ADT. The bottom contact circuit structures were fabricated
as described in the previous section and then 2 wt% F-TES ADT from toluene or
chlorobenzene solutions was spun over them with 1500 ~ 2000 r.p.m. It is already
observed that spun F-TES ADT OTFT uniformity is much better than drop cast TIPSpentacene as described in chapter 3 (σTIPS = ~ 0.31, σF-TES ADT = 0.04 ~ 0.18).

On glass substrates the mobility for discrete OTFTs was typically 0.1 - 0.3
cm2/V⋅s with threshold voltage of – 6 - 3 V when spin-cast from toluene and 0.3 - 0.7
cm2/V⋅s with threshold voltage of 3 - 12 V when spin-cast from chlorobenzene. The
OTFT from chlorobenzene solution suffered from high positive threshold voltage and
typically indicated depletion mode devices that are not applicable to our enhancement
mode circuit design. To control the threshold voltage of spun F-TES ADT OTFT from
chlorobenzene solution, we have tried a Al2O3/SiO2 stacked gate dielectric [85]. It is well
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known that implementing a level shift stage in ring oscillator significantly lowers circuit
speed [86]. The exact role of each dielectric material is not fully understood, but a
stacked dielectric can reduce the threshold voltage by 5 ~ 8 V at the same mobility.
Although a reduced threshold voltage was observed, it is still too high to apply to the
enhancement mode circuit design. The stacked gate dielectric research is another thesis
topic as it is extremely useful to be able to control the threshold voltage of OTFTs. Figure
4.20 shows the cross-sectional image of a spun F-TES ADT unit OTFT and circuits on a
glass substrate. Figure 4.21 shows optical micrographs and electrical characteristics of a
spun F-TES ADT OTFT from 2wt% toluene solution on a glass substrate.

Figure 4.20 Schematic cross section of spun F-TES ADT OTFT circuits on a glass substrate.
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Figure 4.21 Optical micrographs and electrical characteristic of spun F-TES ADT OTFT from 2 wt%
toluene solution on a glass substrate.

As shown in figure 4.21, spun F-TES ADT OTFTs from toluene typically show
enhancement or slightly depletion mode devices. Figure 4.22 shows a spun F-TES ADT
OTFT from chlorobenezne. The chlorobenzene based devices typically showed higher
mobility than toluene based devices, but also show a higher positive threshold voltage.
Even though the high threshold voltage by stacked gate dielectric can be reduced, the
threshold voltage is still too high for enhancement circuit design as mentioned
previously.
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Figure 4.22 Optical micrographs and electrical characteristic of spun F-TES ADT OTFT from 2 wt%
chlorobenzene solution on a glass substrate.

Experiments for statistics were performed on more than 150 devices of spun FTES ADT OTFTs on a glass substrate. Figure 4.23 shows, more than 150 OTFTs were
fabricated on a 2” x 2” borosilicate glass with SiO2 and Al2O3/SiO2 stacked gate
dielectrics. The 2” x 2” sample consists of 13 dies which each die containing 23 devices
of different channel lengths. Figure 4.24. shows the mobility and threshold voltage
statistics of spun F-TES ADT OTFTs from chlorobenzene on SiO2 and Al2O3/SiO2
stacked gate dielectrics.
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Figure 4.23
substrate.

Schematic representation for spun F-TES ADT OTFT statistics on a glass
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Figure 4.24 Statistics of mobility and threshold voltage for spun F-TES ADT OTFT from
chlorobenzene solution on Al2O3/SiO2 stacked gate dielectric and SiO2 gate dielectric.
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OTFTs and ring oscillator circuits were fabricated using the solution processed
small-molecule F-TES ADT as the active material. The integration of TFTs into
electronic circuits on a plastic substrate requires a select gate electrode and gate insulator
that can be deposited at temperatures compatible with the substrate. Most of the circuit
fabrication is similar to TIPS-pentacene circuits on glass substrates except for PFBT
treatment. After UV cleaning, to improve the metal/organic contact and device
performance, SAM of PFBT were formed on the Au source/drain electrodes. The PFBT
monolayer was deposited from a 10 ~ 100 mM ethanol solution. 2 ~ 3 wt% F-TES ADT
solutions in toluene were spun over the prepatterned circuit electrodes and dried. All
solution preparation and device processing steps were performed in an air ambient at
room temperature.

As mentioned in chapter 3-2, F-TES ADT OTFTs typically show a large channel
length dependent mobility. The initial inverter and ring oscillator circuit design which is
used for TIPS-pentacene OTFT circuits has a large load TFT channel length to obtain a
large βR (large voltage gain). As shown in figure 4.25, the large channel length (L = 60
µm) devices have shown few microcrystal structures in some of the channel areas,
resulting in low mobilities compared to the short channel (L = 10 µm) drive TFTs. Drive
OTFTs with channel lengths of 5 µm typically show mobilities of 0.1 ~ 0.2 cm2/V⋅s from
toluene. Load OTFTs with channel lengths of 60 µm show mobilities of 0.02 cm2/V⋅s ~
0.06 cm2/V⋅s from toluene. As we already observed in TIPS-pentacene OTFT circuits, the
low performance of load OTFT and nonuniform device characteristics brings about poor
circuit performance such as low operation speed and poor output swing characteristics.
From circuit point of view, the low mobility and current of the load OTFT induce longer
charging and discharging time for the output voltage swing [89]. Figure 4.26 shows an
optical micrograph of a 7-stage ring oscillator circuit with βR of 30 and load TFT channel
length of 60 µm. The oscillation frequency at – 80 V was only 1.5 kHz.
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Figure 4.25 Optical micrographs of spun F-TES ADT OTFT for channel length of 10 µm (left) and 60
µm (right) from toluene solution on a glass substrate.
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Figure 4.26 Optical micrographs of spun F-TES ADT OTFT 7-stage ring oscullator with β R of 30 and
output signal as a function of supply bias (drive and load TFT channel length of 10 µm and 60 µm,
respectively).
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To solve this problem, inverter circuit was designed with reasonably high βR of 10
and relatively low load TFT channel length (L = 20 µm). Figure 4.27 shows optical
micrographs of a 7-stage ring oscillator with βR of 10 (W drive / L drive = 100 / 10 µm
and W load / L load = 20 / 20 µm) as well as the output voltage characteristics versus
supply bias. As shown in this figure, the shorter channel length of 20 µm has improved
the microcrystal structure in channel area, resulting in mobility of 0.1 ~ 0.2 cm2/V⋅s. Due
to the different βR, direct comparison for the two results (fig.4.26 and fig. 4.27) may be
incorrect but from the simulation results on different βR of ring oscillator (fig. 4.12), the
factor of 2 ~ 3 can be expected in oscillation speed from the different βR (10 and 30). As
shown in figure 4.27, the oscillation speed was improved at least by factor of 6. We
believe that the improved mobility and drain current of the load OTFT can be one of the
reasons for the increased circuit performance.
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Figure 4.27 Optical micrographs of spun F-TES ADT OTFT 7-stage ring oscullator with βR of
10 and output swing voltage with supply bias (drive and load TFT channel length of 10 µm
and 20 µm, respectively).
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Even though the output swing voltages of the circuits in figure 4.26 and 4.27 are
quite low compared to simulation results, it is believed that this is possibly a result of
process problem. In different samples, high output swing voltage was achieved and thus
the low output swing voltage which shown in above figures can be improved through
process optimization. To increase ring oscillator circuit speed, shorter channel length
drive TFTs and lower parasitic capacitances between gate and source/drain electrode (by
reducing overlap distance) were adapted. Figure 4.28 shows output signal of a 7-stage
spin cast F-TES ADT ring oscillator with output buffer, operating at supply biases
of -80 V and – 40 V (βR of 20, drive TFT L of 5 µm, and OL of 2 µm). Figure 4.29 shows
a comparison of simulation and experiment results by varying OL and supply bias.
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Figure 4.28 Output signal of spun F-TES ADT OTFT 7-stage ring oscillator with β R of 20 and
OL of 2 µm (drive and load TFT channel length of 5 µm and 20 µm, respectively).
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4.4. Solution Processed Organic TFT Circuits on Plastic Substrates.
One of the trends in the flexible electronics technology is to develop low-cost
disposable or throwaway electronics. These disposable or throwaway electronics will
require devices with reasonable electrical performance and practically negligible
production cost. One of the methods to reduce manufacturing cost is to fabricate the
electronics on cheap plastic or paper sheets with roll-to-roll and solution processes. To
make these novel electronics and fabrication processes a reality, there are several major
problems to overcome.

1) Need for a low temperature processible material: Materials such as conventional
inorganic semiconductors such as amorphous Si, polycrystalline Si, and
compound semiconductors typically require high temperature and vacuum
processes with glass and/or wafer substrates which can endure high temperature
processing. Using flexible substrates is a key to novel electronics, but most
plastic and paper substrates have poor thermal properties, which are unsuitable for
conventional inorganic semiconductors. For these reasons, many studies have
served to demonstrate the importance of low temperature processible organic
semiconductors.

2) Low cost process and technology: Recent research on flexible electronics has
focused on non-lithography processing technology such as direct ink-jetting and
contact printing in roll-to-roll systems. Solution processible materials are
preferred in these technologies, and this has lead to the rapid development of low
temperature solution processible metal nano-powders and organic semiconductors.

3) Mechanical stability with bending and folding: To achieve a mechanically stable
flexible electronic device, several issues have to be addressed. First, flexible
electronics still use very similar processes as conventional glass-based technology.
Appropriate process modifications should be completed in advance to reduce cost.
Second, inorganic materials such as metals and oxides are still being used in
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present electronics technology. These materials typically have very different
mechanical properties than the plastic substrate leading to effects such as cracking
and delamination. For example, typically the Young’s modulus (E) of widely
used poly (ethylene terephthalate) (PET) substrate is ~ 5.3 GPa whereas indiumtin oxide (ITO) and Chromium (Cr) are 118 and 289 GPa, respectively. In
addition, the thermal expansion coefficients of polymer substrates are much larger
than those of inorganic materials which introduce stresses during the deposition
process. These residual stresses along with the external bending stress would lead
to failure of devices. Controlling or minimizing this stress is critical towards
realizing practical flexible electronics.

The objective of this experiment is to develop solution processed OTFT circuits
on flexible substrates. Such technology could form the basis for a variety of novel lowcost flexible electronics. This research will be subdivided into multiple tasks: the
development of a low temperature and mechanically stable solution OTFT process on
plastic or paper substrates, the design and fabrication of solution processed OTFT
integrated circuits, and the integration of the low temperature process to circuitry on the
flexible substrates. The starting point was to consider the substrate treatment needed for
solution processed flexible circuitry. Recent developments in plastic substrate materials
make them now capable of withstanding temperatures >150 ~ 200 °C. This has spurred
considerable interest in fabricating flexible electronics. Table 4.1 shows the commercially
available plastic substrates and their properties. As shown the table, most of plastic films
have poor thermal properties, even though polyimide film (Kapton, DuPont Co.) has
shown the ability to endure high temperatures (~ 250 °C).

The transparency of

polyimide films is typically less than 50 %, which prevents the film from applications in
liquid crystal displays, and it also carries a relatively high cost. Other choices for flexible
substrates could be polyethersulfone (PES, Sumitomo Co.) or polycarbonate (PC, Teijin
Co.) due to their relatively high temperature capability (180 ~ 200 °C), and excellent
transparency (more than 88 %).
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Table 4-1: Typical properties of several plastic substrates (from 2005 data sheet) and glass substrate.
Properties

Unit

Polyimide

PC

PES

PET

PEN

Glass

(Kapton ®)

(Teijin)

(Sumitomo)

(Courtaulds)

(Teonex ®)

(Soda-lime)

Thickness

µm

7.5 ~ 125

100

100 ~ 200

100 ~ 150

50 ~ 125

100 ~ 700

Weight

g / cm3

1.42

1.2

1.37

1.4

1.36

2.5

Transmittance

%

< 50

> 90

> 88

> 90

> 87

> 90

Haze

%

-

0.3

0.4

0.6 ~ 3

3.5

0 ~ 0.15

-

1.7

1.59

1.65

1.66

1.5 ~ 1.7

1.5

nm

-

10

13

68

50 ~ 80

0.3

nm

-

20 ~ 40

13

68

50 ~ 80

~0

°C

> 400

> 200

> 225

> 150

> 120

> 558

ppm/°C

20

20 ~ 37

18 ~ 44

17 ~ 52

13 ~

3~5

Reflective
Index
Retardation
(at 550 nm)
Birefringence
Glass
Transition
Temperature
C.T.E

In this thesis, polyimide (Kapton) substrates were used for solution processed
organic circuits. In contrast to glass and silicon substrates, plastic substrates have low
thermal resistivity, weak mechanical characteristics, and a high coefficient of thermal
expansion (CTE). The CTE of polyimide (Kapton) is one order of magnitude higher than
those of glass or metallic films. The difference in CTE between plastic substrates and
inorganic films can cause serious problems which degrade the conductive property of
metallic film. At high temperatures, the plastic substrate stretches in all directions at the
rate of 10 ~ 44 ppm/K, but the CTE for metallic films is much lower (around 10 orders).
This mismatch in thermal expansion can cause stress in the metallic film resulting in
delaminating or cracking. Polyimide substrates were used for this demonstration because
they provide the dimensional stability that allows small lithographically defined gate to
source/drain overlaps to be simply defined.
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The ring oscillators design which is direct coupled inverters with no level shifting
was used in this demonstration. Prior to device processing, the polyimide film is
preshrunk at a temperature of 250 °C in a vacuum oven to improve its dimensional
stability. Nickel (Ni) was used to form the gate electrode and silicon dioxide (SiO2)
deposited by reactive ion-beam sputtering at 80 °C was used as the gate dielectric and the
insulation layer for wiring cross-overs. Gold source and drain electrodes were deposited
by thermal evaporation and patterned by lift-off. Prior to active layer deposition UV
ozone cleaning was used to improve the metal/organic contact and device performance.
A SAM of PFBT was formed on the Au source/drain electrodes and the active layer, a 2
wt% F-TES ADT solution, was spin-cast over the prepatterned circuit electrodes. The
active layer was simply deposited by spin-casting in air (similar to photoresist application)
with no high temperature post-deposition bake. On glass substrates the mobility for
discrete OTFTs was typically 0.1 - 0.3 cm2/V⋅s when spin-cast from toluene. The
mobility for discrete OTFTs spin-cast from toluene on plastic substrates was typically 0.1
- 0.2 cm2/V⋅s. All solution preparation and device processing steps were performed in an
air ambient.

Figure 4.30 Optical micrographs of spun F-TES ADT OTFT inverters with β R of 2 on a polyimide
substrate; Wdrive/Ldrive = 200 / 10 µm, Wload/Lload = 100 / 10 µm (left) and Wdrive/Ldrive = 100 / 5 µm,
Wload/Lload = 50 / 5 µm (right).

112

Figure 4.30 shows optical micrographs of inverter circuits on a polyimide
substrate. The inverter circuits are composed of βR of 2; Wdrive/Ldrive = 200 / 10 µm,
Wload/Lload = 100 / 10 µm (left) and Wdrive/Ldrive = 100 / 5 µm, Wload/Lload = 50 / 5 µm
(right). We fabricated and tested various inverter circuits with different βR. Figure 4.31
shows the output voltage characteristics of inverter circuits on the polyimide substrate.
Each inverter circuit has different βR (2, 5, 10, and 20), but the same aspect ratio of drive
TFT (Wdrive/Ldrive = 100 / 10 µm) and different aspect ratios of the load TFT (Wload/Lload
= 50 / 10 µm, 20 / 10 µm, 20 / 20 µm, and 20 / 40 µm, respectively). As we expected in
previous simulations, inverter circuits with lower βR have lower gain, lower VOH and
higher VOL. Also, the measured gain value is comparative to the ideal gain value (√βR),
especially in low βR inverter circuits. From this experiment, reasonably high output swing
voltages were obtained with low βR ring oscillator circuit designs.
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Figure 4.31 Voltage transfer characteristics of spun F-TES ADT inverters with various β R on a
polyimide substrate.
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Figure 4.32 Optical micrographs of 7-stage ring oscillators on a polyimide substrate (top: before
F-TES ADT deposition, bottom: after F-TES ADT deposition).

Figure 4.32 shows the optical micrograph of a 7-stage spin cast F-TES ADT ring
oscillator with an output buffer on a polyimide substrate. Top figures show before F-TES
ADT deposition and bottom figures after F-TES ADT deposition (these are not the same
circuits but on the same die). This figure shows that the microstructured F-TES ADT
film only grows on PFBT treated Au source and drain electrodes. To facilitate the selfassembled property, the gold electrode line area was reduced as small as possible. This is
because the microstructured F-TES ADT film preferentially grows on the PFBT treated
Au areas, and a discontinuous Au line can split the microstructured film and limit
patterning resolution. Figure 4.33 (a) shows the output signal of a 7-stage spun F-TES
ADT ring oscillator on a polyimide substrate with a supply bias of -80 V. For this circuit
the inverter drive transistor has a channel length of 5 µm, βR of 2, and the gate to
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source/drain overlap is 2 µm. Figure 4.33 (b) shows the oscillation frequency and
propagation delay as a function of supply bias for 7-stage ring oscillators with minimum
progagation delays of 3.3 µs/stage and the circuits operate for 5 V < |Vdd| < 80 V. Figure
4.34 shows optical micrograph and oscillation frequency as a function of supply bias for
15-stage ring oscillators with βR of 5, 10, and 20. By varying the overlap capacitances
between gate and source/drain electrode, as well as the channel length of the drive OTFT,
we have observed changes in the oscillation frequency. As we expected, the oscillation
frequency is increased by decreasing the overlap capacitance, βR, and the channel length.
These results demonstrate the sensitivity of these circuits to parasitic capacitance, OTFT
channel length, and the βR of unit inverter.
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Figure 4.33 (a) Output signal and (b) oscillation frequency and propagation delay of spun F-TES ADT 7stage ring oscillator on a polyimide substrate (β = 2, L = 5 µm, OL = 2 µm).
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Figure 4.34 Optical micrograph and frequency versus supply voltage for spun F-TES ADT 15-stage
ring oscillators with different β ratios.
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Figure 4.35 Output signals of spun F-TES ADT 7 and 15-stage ring oscillator outputs for Vdd = –5 V (for
7-stage; β R = 2, L = 5 µm, OL = 2 µm, and for 15-stage; β R = 20, L = 5 µm, OL = 5 µm).

Because solution processed F-TES ADT OTFTs typically have a low
subthreshold slope (as steep as 0.4 V/dec.) and a near zero threshold voltage, both 7-stage
and 15-stage ring oscillators operate at supply voltage as low as - 3 V with stable,
reproducible operation at -5 V. Figure 4.35 shows the output signal of 7 and 15-stage ring
oscillators on a polyimide substrate at a supply voltage of – 5 V. The transistors in these
circuits have been fabricated with a minimum channel length of 5 µm because relatively
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long channel lengths typically retain process compatibility even after the thermal
shrinkage of the flexible substrate.

The circuit layout used in the simple circuit experiments consists of unit TFT
devices, inverter circuits and 5, 7, and 15 stage ring oscillators. Most of signal lines are
made with Cr or Ni due to its good adhesion to various substrates, and are covered by
wiring cross-over layer with via holes for each isolated line connection. Silicon dioxide
is then deposited as a gate dielectric and source /drain electrodes are evaporated gold.
Each isolated gate line is also connected by these gold electrodes. To increase the
operation speed (frequency), these circuits were laid out using the 2, 5, 10 µm design rule,
so that TFTs have a channel lengths and contact overlaps of 2, 5, 10 µm. We have
designed 5, 7, and 15 stage ring oscillators without level shift stages with areas of 0.6, 0.8,
and 1.2 mm2, respectively. To facilitate the dewetting and self assembled process, the
gold electrode line area was reduced as small as possible. This is because the silane and
thiolated molecules are usually attached to the chemical end O-H and S groups,
respectively. Therefore the organic semiconductor solution can split on a gold line
resulting in good patterning resolution.

Figure 4.36 Fabricated solution processed OTFT circuits on a flexible polymer substrate.
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CHAPTER 5
PATTERNING OF SOLUTION PROCESSED
ORGANIC THIN FILM
The ability to deposit electrodes and functional materials via a direct-printing
method is providing new opportunities for the low cost manufacturing of organic
electronics. Several manufacturers have recently produced fully-printed electronics by
ink-jetting, although the performance is not enough for real applications [90, 91]. One of
the problems with ink-jetting is the resolution of the printing system. The typical limit of
resolution for most direct-printing systems ~ 40 µm [92]. This is primarily due to the
difficulty in controlling the flow and spread of inks on the surface. To successfully
produce high performance organic electronics such as OTFT based integrated circuits and
flat panel displays, fast operation speeds and high aperture ratios are needed. To fulfill
these requirements, the channel length and total device size should be as small as possible.
In addition, for flat panel display applications, the on/off current ratio can be one of
dominant factors in determining panel resolution and display quality (frame speed). To
get high on/off current ratios in OTFTs, it is required to pattern the organic
semiconductor to eliminate the spreading current which can flow through an unpatented
organic semiconductor.

Another problem for direct-printing technology is poor uniformity and difficulty
in achieving good molecular ordering in the organic semiconductor. Molecular ordering
is an important factor that appears to influence device performance. The molecular
ordering of polymer or small molecular soluble organic semiconductors is closely related
to the surface conditions of the gate dielectric and the electrodes, the film formation
speed (solvent evaporation speed), post-annealing, et cetera. The difficulty in controlling
droplet ink amount and film formation speed typically prevents crystallization of organic
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semiconductors, and as a result the electrical performance is not as good as unpatterned
semiconductors.

One approach to overcome the resolution limitations of direct-printing is to
deposit a functional silane molecule in the form of a SAM onto a substrate and pattern it
using DUV (185 and 254 nm) light irradiation or photoresist masking. This monolayer
can restrict the deposited liquid to only the desired areas. Self-assembly, in contrast to
lithographic top-down methods, can easily build nano or microstructures with a good
resolution. Particularly, the direct exposure of the silane monolayer offers great flexibility
for two dimensional patterning processes. Both the chemical reactivities and surface
properties (hydrophobicity) can be used to meet the needs of different specific
applications [93]. Most importantly, this process does not require photo-resist coating,
developing, or etching which are typically responsible for more than 40% in the
manufacturing costs.

SAM-forming materials can be physisorbed or chemisorbed layers such as
organothiols bonded to metal or organosilanes bonded to SiO2. Both types of SAM films
inherently offer a high degree of control in the direction normal to the plane of the film
and substrate. Chemisorption films are typically versatile and stable due to the strong
interaction between the film precursor and the surface. As shown in figure 5.1, by
irradiation DUV light, we can easily change the bonding structure of the SAM film and
remove it. DUV irradiation of SAM films typically induces a photochemical reaction
which involves the cleavage of Si-C bonds to form a removable organic product and
polar siliceous species, likely a silanol (Si-OH). After cleavage of the Si-C bond, an
extremely reactive Si radical is left at the surface. These Si radicals react immediately
with atmospheric moisture to form silanol groups and yield a hydrophilic surface. These
hydrophilic sites are reactive to a variety of chemical coupling reactions, such as
chemisorptions of a second organothiol onto the photochemically removed sites of the
first SAM film [94].
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Figure 5.2 shows the non-relief 2-D lithography process which uses the direct
exposure of DUV light with a quartz mask. The substrates were cleaned with a 4:1
(volume) mixture of sulfuric acid and hydrogen peroxide for 4 ~ 5 min. at room
temperature. The substrates were then rinsed with deionized water, dried in compressed
air, and put in oxygen plasma for 10 min. To create the OTS SAM, the substrate was
immerged in a 10 mM solution of OTS in hexane. The substrates were allowed to
incubate in the self assembly solution for about 1 hour. The silanization reactions were
performed in a glass container under air ambient conditions. After removal from the self
assembly solution, the OTS covered samples were washed and dried extensively with
hexane and dry compressed air. Spatial patterning of the OTS covered substrates was
achieved using DUV radiation through a quartz mask. The DUV radiation was performed
using a low pressure mercury lamp with peak wavelengths of 185 nm and 254 nm. This
process allowed the OTS layer to be selectively removed. Subsequently, a functionalized
organothiol material such as PFBT was solution deposited on the Au electrode by
immersing the substrate in a 10 ~ 100 mM solution of PFBT in ethanol for 15 ~ 30 min.
Finally, soluble organic semiconductor solutions were dispensed over the whole area and
dried in solvent or air ambient.

Figure 5.1 Non-relief 2D lithography process for patterning solution processed organic
film. This method uses direct UV exposure without photolithography process.
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Figure 5.2 Process flow of non-relief 2D lithography process for patterning solution
processed organic semiconductors.

Figure 5.3 illustrates the patterned TIPS-pentacene and F-TES ADT films using
the non-relief 2-D lithography process. The minimum resolution between the isolated
patterns is less than 5 µm. Several factors have been identified as important to split the
droplets on patterned OTS layer [82, 95];

1) The polarity (dielectric constant) of the solvent is important because a polarity
difference (non-polar) from the OTS layer is necessary to have a dewetting
property.
2) Wetting property also varies with deposition methods. Typically, spin coated films
show sharp features and better resolution.
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3) Total amount of liquid has an influence on the patterning property which is closely
related to the film formation speed and viscosity. If the viscosity exceeds a critical
value during the drying process before the film reaches a critical thickness required
for dewetting, the droplet cannot completely split top of the OTS layer.

Figure 5.4 demonstrates the possibility of the solution processed organic film deposition
for a circuit application using the non-relief 2-D lithography process. 2 wt% F-TES ADT
from toluene and chlorobenzene solutions was spun over the UV patterned OTS SAM
layer on unit TFT and circuits.

Figure 5.3 Patterned solution processed TIPS-pentacene and F-TES ADT films on
oxidized silicon wafer by non-relief 2D lithography process with direct DUV exposure.
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Figure 5.4 Demonstration of patterned solution processed F-TES ADT films on OTFT, inverter, and 7stage ring oscillator electrode by non-relief 2D lithography process which is using direct UV exposure,
OTS SAM.
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As shown in figure 5.4, the non-relief 2-D lithography process with OTS SAM
and DUV exposure successfully patterned the organic layer. The patterning resolution
was affected by the polarity (dielectric constant) of solvent. The solvents with higher
polarities showed more sensitivity to the hydrophobic surface, and therefore could be
easily split, resulting in a higher patterning resolution. The left images in figure 5.4 show
a spun F-TES ADT film from a 2 wt% toluene (polarity of 2.7) solution, and the right
images show the patterned film from a 2 wt% chlorobenzene (polarity of 4.5) solution.
We believe that the higher polar groups in the solvents may induce a stronger repulsive
force to surface SAM layer and facilitate the splitting process. We found the splitting in
spun F-TES ADT films from a chlorobenzene solution has a splitting resolution less than
a 20 µm on a glass substrate. Figure 5.5 shows the √ID and log(ID) versus VGS
characteristics for VDS = - 40 V, and ID versus VDS characteristics for a range of gate
voltages, for an OTFT deposited by a 2 wt% toluene solution. The device had a gate
length of 5 µm, a gate width of 100 µm, and 460 nm thick ion-mill sputtered silicon

0

1E-5

1/2

0.0025

1E-6

0.0020

1E-7

0.0015

1E-8

0.0010

1E-9
2

µ = 0.12 cm /V-s
0.0005 W / L = 100 / 5 µm

1E-10

tox = 460 nm
0.0000
-40

-30

-20

-10

0

10

Gate-source Voltage (V)

1E-11
20

Drain Current (A)
Drain Current (µA)

Square-root of drain current (A )

dioxide gate dielectric.

-2

VG = 20 V
VG =

0V

-4 V = - 20 V
G

-6

VG = - 40 V

-60

-50

-40

-30

-20

-10

0

Drain-Source Voltage (V)
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The device has an extracted field-effect mobility of 0.12 cm2/V·s with on/off
current ratio of > 105~6, subthreshold slope of < 1.0 volt/decade, and the threshold voltage
of -5 ~ 3 V. The typical mobility range for patterned OTFTs fabricated on an OTS SAM
layer is similar or slightly lower than that of unpatterned OTFT’s. Figure 5.6 shows the
transfer characteristics of inverter circuits (βR = 20). The device performance such as
mobility, threshold voltage, and subthreshold slope are not largely affected by the
dewetting process using an OTS SAM layer. Also the PFBT SAM can be formed on the
patterned area of OTS SAM, which means differential SAM forming is possible using the
simple process. The patterned inverter circuits worked and indicated logical operation
with gain of 3 ~ 4 from a toluene based active layer. Figure 5.7 shows the output signal
of spun F-TES ADT 7-stage ring oscillator circuits for patterned active layer from 2 wt%
toluene solution. The ring oscillator has a beta ratio (βR) of 20 with a drive OTFT channel
length of 5 µm and OL of 5 µm. The 7-stage ring oscillator showed the oscillation
frequency of around 5.2 kHz at supply bias of – 80 V. Figure 5.8 shows oscillation
frequency as a function of supply bias and comparison of circuit performance with
unpatterned and patterned active layer. As shown in this figure, the ring oscillator circuits
with the patterned active layer have indicated around 70 ~ 80% performance of the
circuits with unpatterned active layer.
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wt% toluene solution and OTS SAM layer.

125

-4
VDD = - 80 V
f = 5.2 kHz

VDD = - 30 V
f = 2 kHz

-5

Output Voltage (V)

Output Voltage (V)

-9
-12
-15
-18
-21

-6
-7
-8
-9
-10
-11

-1000

-500

0

500

-2000

1000

-1000

Time (µs)

0
Time (µs)

1000

2000

Figure 5.7 Output signals of spun F-TES ADT 7-stage ring oscillator circuits for patterned
active layer from 2 wt% toluene solution.
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Because the fabrication processes are not optimized due to an alignment problem,
solution processed OTFTs and simple circuits were fabricated by an alternative non-relief
2-D lithography process (dewetting process). In this method, a photoresist mask and an
oxygen plasma were utilized instead of quartz mask and DUV light. Figure 5.9 illustrates
the dewetting process with a photoresist mask. By using photoresist mask and oxygen
plasma, the OTS layer in desired areas was removed and applied for the patterning
organic films.

Figure 5.9 Process flow of dewetting process for patterning solution processed organic
semiconductors with photoresist mask and oxygen plasma.
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Figure 5.10 shows the patterned solution processed OTFTs and circuits on glass
substrates. Figure 5.11 shows the electrical characteristics of the dewetting processed
TIPS-Pentacene OTFTs on glass substrates. The OTFT mobilities range from 0.05 to
0.27 cm2/V·s with on/off ratios as high as 10

5~6

. The mobility is approximately one

order of magnitude lower than unpatterned devices from drop casting. The low mobility
and poor device performance are probably due to an unclean surface in channel area and
organic film crystallization problems.

Figure 5.10 Optical micrographs of fabricated solution processed OTFTs and circuits
on glass substrate by using dewetting process with photoresist mask and oxygen plasma.
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Figure 5.11 √IDS – VGS and log(IDS) – VGS characteristics (left) and IDS – VDS (right)
characteristics for dewetting processed TIPS-pentacene organic thin film on glass
substrate.

Figure 5.12 and 5.13 demonstrate simple circuits such as inverters which are
fabricated by the dewetting process with a photoresist mask pattern. The inverter and ring
oscillator both have a βR of 30. Compared to unpatterned circuits the gain is lower, but
they are still functional.

129

Figure 5.12 Optical micrographs of solution processed OTFT based inverters on a
glass substrate by using dewetting process with photoresist mask and oxygen plasma.
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Figure 5.13 Output voltage characteristics of solution processed OTFT based inverter
on glass substrate by using dewetting process with photoresist mask and oxygen plasma.
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Figure 5.14 Optical micrographs and output signal of solution processed TIPSpentacene 5-stage ring oscillator on a glass substrate by using dewetting process with
photoresist mask and oxygen plasma.

Figure 5.14 shows optical micrographs and out signal of a 5-stage ring oscillator
fabricated by OTS patterning using a photoresist mask. The oscillation frequency is still
quite low compared to unpatterned circuits (11 kHz at – 80 V) but it demonstrates the
feasibility of this application for low cost solution processed organic film patterning.
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CHAPTER 6
FUTURE WORKS

6.1. Solution Processed OTFT Integrated Circuits: Logic Gates, D-Flip Flop, and
Frequency Divider

Various logic gates, a D-Flip Flop, and a frequency divider using the solution
processed small molecule OTFTs were designed and simulated. One of the big issues in
PMOS type OTFT circuits is large power consumption due to their diode type loads (high
static current). To solve this problem a clocked inverter based circuits which can be
operated by PMOS type OTFTs but significantly reduce the static current are proposed.
Every Boolean function can be realized using only inverters. For these reasons, clocked
inverter circuits were used for other logic circuits as shown in figure 6.1. Because the
solution processed OTFTs typically show enhanced mode or slightly depletion mode, the
inverter threshold permits simple circuits without level-shifting. For the circuit simulation,
the TIPS-pentacene OTFT or F-TES ADT OTFT model parameters which are shown in
figure 4.1 and 4.2 were adapted. Figure 6.2 shows NAND gates which are consist of
clocked inverters. As shown in figure 6.2, the clocked NAND gate is working logically
with clocked inverters
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Figure 6.1 Circuit and AIM-Spice transient simulation for logic operation of clocked inverter.
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Figure 6.2 Circuit and AIM-Spice transient simulation for logic operation of clocked NAND gate.
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Figures 6.3 shows block diagrams, circuit design, and transient simulation result
of the D-Flip Flop using clocked inverters. Figure 6.4 shows the circuit design and
simulation results of D-Flip Flop which is using NAND as a gate cell (conventional
design).
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Figure 6.4

Schematic diagram, circuit, and simulation result of frequency divider based on

conventional NAND gates.

136

As shown in Figure 6.5 and Table 6.1, comparing the simulation results for the Dflip flop with conventional NAND gate cell and proposed clocked inverter gate cell, we
found the static current was reduced significantly (from 0.25 µA to 0.16 µA). Also, the
average power consumption is reduced more than ~ 40% (from 8 µW to 4.4 µW). The
total number of TFT in conventional D-flip flop is 26 whereas in proposed circuit design
is 20 (including compensating capacitors). Figure 6.6 and 6.7 shows schematic diagram
and mask layout of the 5-stage frequency divider based on proposed clocked inverters
and conventional NAND gates.
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Comparison of performance and power consumption of D-FF (T-FF) based on (a)

proposed clocked inverter and (b) conventional NAND gate.

Table 6.1 Comparison of power consumption between D-FF (T-FF) based on (a) proposed
clocked inverter and (b) conventional NAND gate.
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Figure 6.6 Schematic of 5-stage frequency divider and D-flip flop based on proposed
clocked inverters.

(a)

(b)

Figure 6.7 Mask layouts for D-FF (T-FF) based on (a) proposed clocked inverter and (b) conventional
NAND gate.
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6.2. Solution Processed Organic TFT Driven Liquid Crystal Display
Figure 6.8 illustrates the basic electrical addressing scheme for an AMLCD. The
video signal is fed to the data lines, and the gate lines are pulsed sequentially, separating
the information into data parcels for each row. The row that is pulsed receives the data
(video signal) from the column lines, while the other rows are effectively switched off.
When the gate line is pulsed on, TFTs for that row are switched on, and the liquid crystal
(LC) capacitors are charged according to the magnitude of the data column signal. The
net effect of this addressing method is to scan the video signal by rows to generate the
entire displayed image when all of the rows have been pulsed. Typical display frame
rates are on the order of 60 frames/second, requiring a display with a thousand lines to
have pixel charging times under 20 µs and holding times of about 16.7 ms. Because gate
pulse times are short, the TFTs must be able to rapidly charge the pixel capacitor to its
full voltage. In addition, the charge leakage away from the pixel must be minimized
during the time that the TFT is off. The result of such leakage is a decay in the pixel
capacitor voltage, and therefore, a variation in the amount of light allowed through the
liquid crystal pixel.

Figure 6.8 Active matrix addressing for liquid crystal display.
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Figure 6.9 Pixel design for solution processed OTFT driven TN LCD.

For the of active matrix LCD to operate properly, during the gate-pulse time, the gate
voltage on the TFT switches on, and the pixel voltage can be charged up to the data line
value. This charging time must be minimized, and is a major requirement for the TFTs.
After the pixel is charged, it must remain charged during the frame time (while all the
other rows are addressed). During this time, the pixel must accurately retain its voltage
in order to maintain a constant display image. The voltage drop (“kickback voltage”) in
pixel voltage at the beginning of the holding period was observed. This is a result of the
parasitic capacitance charging path present in the TFT which allows charge to be pumped
back into the TFT when the gate voltage falls.

Figure 6.10 Signal voltage waveform for active matrix TFT LCD.
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Using the performance of patterned solution processed OTFTs (dewetted), an active
matrix LCD was designed. This involves estimating the allowable gate line, designing
the pixel size, W/L of OTFT, and added capacitor size. Consider the below equation for
the operation of an active matrix LCD.

RON ⋅ (Cgd + CLC + CS ) < 0.2 ⋅

tf
m

Roff ⋅ (Cgd + CLC + CS ) > 100 ⋅ tf

(6.1)

(6.2)

From the equations (1) and (2), we can get
Roff
> 500m
Ron

(6.3)

Where m is allowable number of gate lines. As shown in previous chapter (Figure 4.10),
the patterned solution processed OTFT typically show Ion > 1x10 -6 A at VG = - 40 V (VD
= - 20 V, VT=5), Ioff < 1x10 -12 A at VG = 20 V (VD = - 20 V, VT=5). The equation (3)
can be written as
Roff
= 2 × 105 > 500m
Ron

(6.4)

So, less than 400 gate lines were chosen. For a simple design with large tolerance in
OTFT threshold voltage shift we choose 48 gate lines. In addition, several capacitors are
used to hold the data voltage during the frame time after the gate is pulsed off. To
determine real pixel size and storage capacitor size, we also have to consider the retention
ratio of the pixel,
Cpx ≡ CLC + CS + Cgs ⋅ ⋅⋅; Total pixel capacitance

τ=

Cpx
⋅ ⋅⋅; Charging time constant
β ⋅ (VG − VT − VD)

(6.5)

(6.6)
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Figure 6.11 Cross-section of designed solution processed OTFT driven TN LCD and
its equivalent circuit.

When the gate pulse is off, the pixel time constant is

τpx =

RLC ⋅ ROFF
⋅ Cpx
RLC + ROFF

(6.7)

To retain the data voltage during one frame time, τpx >> tf (= 16.7 ms)

τpx ⋅ (1 − r ) > tf (= kt ⋅ m ⋅ τ )

(6.8)

r = e − tf /τpx ;

Here, we assume RLC ≈ Roff (normally, RLC ≈ 10

12

~ 10 14 Ω) and if r = 99% (r = 0.99),

equation (6.8) can be
ROFF
⋅ (Cgd + CS + CLC ) > 16.7 × 10 −1 s
2

(6.9)

Based on the performance of patterned solution processed OTFTs, Roff = Ioff / (VG – VD –
VT ) ≈ 6.5 x 10 12 Ω. Therefore, we can find the requirements for the total capacitance as
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∴ Cgd + CS + CLC > 0.6 ⋅ pF

(6.10)

The pixel size, number of gate lines, source/drain overlap of driving TFTs, and storage
capacitor size were designed to satisfy equations (1), (2), (4), and (10). The typical cell
gap for a TN LCD is 4 ~ 8 µm and εLC = 5ε0 ~ 10ε0. When dLC = 5 µm, εLC = 5 ε0, and a
pixel area of 600 x 300 µm2,
∴ CLC ≈ 1.5 ⋅ pF

When dt_ox = 200 nm and added cap area of 300 x 30 µm2,
∴ CS ≈ 1 ⋅ pF
dt_GD = 350 nm, W/L of OTFT = 200 / 20 µm, and gate to source/drain electrodes overlap
of 10 µm,
∴ Cgd ≈ 0.1 ⋅ pF
Using a small number of gate lines (m = 48) allows relatively large tolerance of threshold
voltage shift (∆VT = ± 5 V). W/L = 10 (OL = 10 µm), CLC = 1.5 pF, CS = 1 pF, and Cgd =
0.1 pF. These characteristics satisfy all the proper operation conditions for a solution
processed OTFT driven active matrix TN LCD (pixel size = 600 µm x 300 um, storage
capacitor = 300 µm x 30 µm). We ignore all metal line-delays (gate, data line) due to
relatively short line lengths. Figure 6.12 shows the equivalent circuit for the signal
voltage waveform simulation of the solution processed OTFT driven TFT LCD (isolated
Cs type).
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Figure 6.12 Equivalent circuit for signal voltage waveform simulation of
active matrix solution processed OTFT LCD pixel.

Figure 6.13 AIM-Spice simulation of signal voltage waveform for the
solution processed OTFT driven active matrix TFT LCD pixel design.

Figure 6.13 shows the AIMSPICE simulation results for the signal voltage waveform. As
shown this figure, the 16.5 V pixel voltage which is charged in an ITO pixel can be
retained until the next gate pulse (pulse width of 50 µs, period 350 µs). The simulated
kickback voltage is around 3.5 V differs from the calculated (∆V=2.3 V). This is because
the simulated transistor characteristics are slightly different from those used in the
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calculation. Using a 16.5 V holding voltage is possible to control normal TN liquid
crystal since the liquid crystal can be fully operated in the range of 5 ~ 10 V. Figure 6.13
shows the simulated patterned OTFT characteristics which are used in the waveform
simulation (Mobility of 0.07 cm2/V⋅s, VT= +3 V). Figure 6.15 shows the mask design for
test version of solution processed TIPS-pentacene OTFT driven active matrix TFT LCD
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Figure 6.14 AIM-Spice simulation of solution processed OTFT with
patterned active layer.

Figure 6.15 Panel design for the test version of solution processed OTFT
driven active matrix TFT LCD panel.
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6.3. Solution Processed OTFT based Differential Amplifier

The advent of solution processible OTFTs for low-performance or disposable
applications such as smart cards and RFIDs requires analog circuits capable of handling
the most basic analog signal processing [95, 96]. In digital circuits, the low mobility of
solution processed OTFTs results in low circuit speed. A 7-stage ring oscillator has been
shown to run at 11 kHz at a supply bias of -80 V. A 15-stage ring oscillator also has been
shown running at 1.5 kHz at – 80 V. These digital circuits speeds suggest analog circuit
bandwidths may be in the range of 1 ~ 10 kHz. As shown in figure 6.16, we have chosen
three different types of differential amplifiers: a gate-source voltage controllable low
impedance active load, a current mirror which has drain-gate connected active load, and a
2-stage differential amplifier with single ended output. The device used for the AIMSpice model is a shallow depletion mode solution processed TIPS-pentacene OTFT with
a threshold voltage of 0 V and mobility of 0.4 cm2/V⋅s. While the differential amplifier
has a relatively low voltage gain 2 ~ 4 V/V, a significant amount of compensation is
expected since the gain can be controlled by the ratio of the differential pair and the load
device transconductance. Figure 6.17 shows the designed mask layout for the differential
amplifiers.
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Figure 6.16 Circuit design and AIM-Spice simulation for differential amplifiers.
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Figure 6.17 Mask layout of differential amplifiers
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CHAPTER 7
SUMMARY
This thesis work demonstrates a high performance solution processed OTFT
fabrication process, and shows advancements in solution processed OTFT circuits and
processing technology.

The pentacene derivatives TIPS-Pentacene and F-TES ADT

where used and high mobility solution processed OTFTs were produced.

Initial

experimental results suggested that the use of HMDS and PFBT layers may enhance the
charge transport in OTFTs. High performance is observed in drop cast films with solvent
annealing, which may be related to remarkable molecular ordering and clear molecular
terracing.

These

solution

processed

OTFTs

exhibit

improvements over existing solution processed OTFTs.

significant

performance

Solution processed TIPS-

pentacene and F-TES ADT OTFTs with mobility greater than 1.2 cm2/V·s and 3 cm2/V·s,
respectively were obtained from drop casting.

Additionally, using the F-TES ADT, spin cast OTFTs with mobilities greater than
1.0 cm2 / V⋅s and good film uniformity were fabricated. Unique film growth which is
considerably more ordered on PFBT treated Au surfaces was observed. In addition, in
TFTs with PFBT-Au electrodes, grains appear to grow out from the PFBT-Au areas into
the oxide areas. This results in a substantial variation in field effect mobility with gate
length as grains growing from the source and drain electrodes meet and overlap. OTFTs
fabricated with films deposited on PFBT-treated Au electrodes show mobilities of 0.1 0.5 cm2/V⋅s from toluene solutions and 0.2 - 1.0 cm2 / V⋅s from cholobenzene solutions.
The solution-deposited small molecule organic semiconductor requires no hightemperature processing. The self-assembled property of the spun F-TES ADT may have a
significant impact on device engineering, especially in industrial mass production. The
self-assembled process, or patterning free process, may provide a path for low cost mass
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production. This work also demonstrates that it is possible to fabricate solution processed
OTFTs with characteristics similar to vacuum deposited devices.

To test the operational stability of solution processed OTFTs, repeated
measurements of the I-V characteristics were performed under air with room illumination.
The OTFTs had operational changes similar to, but greater than, devices with only
environmental exposure. Shifts in threshold voltage and increases in subthreshold slope,
but little change in mobility and on/off current ratio were observed. These initial results
demonstrate that TIPS-pentacene and F-TES ADT OTFTs may have changes in device
characteristics due to both environmental exposure and device operation.

Although

increased device stability would clearly be of interest, the relative stability observed for
mobility and current on/off ratio is encouraging for use in low-cost or large-area electronic
applications.

Using high mobility solution processed OTFTs, simple circuits were fabricated on
glass and plastic substrates. The electrical characteristics of a solution processed TIPSpentacene OTFTs show average mobilities of 0.4 - 0.6 cm2/V·s and typical threshold
voltages of -5 to 1 V. Despite the evident non-uniformity of the organic active layer, the
inverter operation is fairly good. From spin-cast F-TES ADT films, improved OTFT
uniformity was obtained. On glass substrates the mobility for discrete spun F-TES ADT
OTFTs was typically 0.1 - 0.3 cm2/V⋅s when spin-cast from toluene and 0.3 - 0.7 cm2/V⋅s
when spin-cast from chlorobenzene. The mobility for the discrete OTFTs spin-cast from
toluene on plastic substrates was typically 0.1 - 0.2 cm2/V⋅s. All solution preparation and
device processing steps were performed in an air ambient.

The voltage gain of simple inverter circuits on glass and plastic substrates was
about 3 - 4 and the inverter threshold permits simple circuits without level shifting. The
devices used in 7 and 15-stage ring oscillator have a minimum channel length of 5 µm
and an overlap between the gate and source-drain electrodes of 2 µm. The propagation
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delay for a TIPS-pentacene 7-stage ring oscillator (βR = 30) was less than 15 µs/stage at a
supply bias of -40 V and less than 10 µs/stage at a bias of -80 V. Using spin-cast F-TES
ADT organic semiconductor we also have fabricated 7 and 15-stage ring oscillators on
both glass and plastic substrates. On plastic substrates the 7-stage ring oscillators operate
at more than 22 kHz, corresponding to a propagation delay of less than 3.3 µs/stage at a
supply bias of - 80 V (βR = 2). The circuits also operate at low voltages with oscillation
beginning at a supply voltage of about -3 V and oscillate at 2.8 kHz at -5 V. These results
demonstrate that simple circuits can be fabricated with solution processed small molecule
organic semiconductors.

A new non-relief 2D lithography patterning process was developed. This process
showed a simple fabrication method for low cost manufacturing high performance
solution processes OTFTs. This dewetting process does not require photo-resist coating,
developing, or etching processes which are typically responsible for more than 40% of
the manufacturing costs. An OTS self assembled monolayer was deposited by a solution
process onto an oxygen plasma and UV ozone cleaned SiO2 surface. Using a quartz mask
and deep UV light (185 and 254 nm), the OTS monolayer was selectively removed.
Following the OTS removal, a PFBT monolayer successfully formed on the Au
electrodes indicating differential SAM formation was possible with the simple processes.
Subsequently, the functionalized organic solution in toluene or chlorobenzene was
dispensed over the whole area and dried in a solvent or air ambient. Using this process,
unit OTFTs and simple circuits were fabricated successfully. 7-stage ring oscillators with
patterned active layers from the non-relief 2D lithography method are working and the
circuit performance is 70 ~ 80% of the unpatterned results. Therefore, the goal of future
research is to improve circuit performance and yield. The initial research can be extended
by designing and fabricating solution processed OTFT integrated analog and digital
circuits on plastic and paper substrates.

For the future works, solution processed OTFT based flat panel display,
integrated digital and analog circuits such as differential amplifiers, logic gates, and D151

flip flops were designed and simulated. All the circuit simulations were performed based
on extracted model parameters from empirically obtained solution processed small
molecule OTFTs with patterned or unpatterned active layers. In order to reduce power
consumption, a novel circuit design which adopts a clocked inverter as a unit gate cell
was proposed. Using the clocked inverter, the static current is reduced significantly and
thus power saving are improved. The power consumption of D-flip flop with the novel
design showed more than 40% power saving.

In this thesis, a number of advances to the rapidly expanding field of solution
processed organic thin film semiconductor electronics have been presented. It has been
shown that high mobility solution processed small molecule OTFTs can be designed and
manufactured to meet the performance requirements of a wide range of emerging lowcost electronics.
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