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Chapter 1. General Introduction

1.1 Why electronic devices based on organic materials and market opportunity

The electronics sector is one of the largest industrial sectors in the world, and in the
last decade, the global electronics market has grown considerably. Companies in this sector are
engaged in manufacturing, designing, assembling, and servicing electronic products. The
electronics sector has led to increased productivity in research, development, innovation, trade,
and investment and has contributed to economic growth in developed and developing countries.
The growth of the electronics sector is largely motivated by increasing consumer demand and
increasing competition, which continues to seek to reduce manufacturing costs to make
electronic products affordable and available to a wider population.

In recent years, electronics industries have more intense to apply organic
semiconductor-based electronic devices for different applications, such as smartphones, TV
sets, sensors, l0Ts, etc. The electronic devices based on organic semiconductors can be
fabricated using lightweight materials, with low-temperature processes, in thin-films and offer
more space in chip design for various electronic products and even customization to meet
customers specification. Furthermore, organics electronic devices can be produced in bulk with
a low cost. Devices can be superflexible and can go through extreme bending tests suitable for
wearable electronics and compatible with biological systems. Organic materials do not require
very expensive techniques, such as zone refining, for purification and also purified sample is
commercially available. Secondly, there is no need for a clean room of any class while
processing these materials. A laboratory atmosphere or glove box environment is sufficient for
the handling of organic semiconductors.

Today, the most developed semiconductor-based devices are Organic Light-Emitting

Diodes (OLEDSs). They are prospective for creating emissive displays as new display screen
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technology used on smartphones, tablets, laptops, and TVs. Organic semiconductors can also
be used as active layers of photovoltaic cells (PV), and field-effect transistors (OFETS). Solar
cells and sensors with integrated organic semiconductors are very popular today due to high
scalability, processability, bendability, and more. The demand and sales of OLED display
panels are increasing because they are thinner than LCD panels. The Organic FETs (OFETS)
market tends to develop towards a demand for flexible OLED displays. One of the main reasons
is the increased investment from original equipment manufacturers such as Apple and Samsung
in flexible display technology.

IDTechEx Research is one of the independent market research company that
continuously monitors companies engaged in the marketing and development of organic
electronic devices reported that the total market for printed, flexible and organic electronics
will grow from $41.2 Billion in 2020 to $74 billion in 2030. The majority of that is OLEDs;
printed biosensors; and printed conductive ink for photovoltaics. On the other hand, logic and
memory, flexible batteries and capacitive sensors, and stretchable electronics are much smaller
segments but with strong growth potential.*

Some of market players in organic electronics devices are AU Optronics Corporation
(Taiwan), BASF SE (Germany), Bayer Material Science AG (Germany), DuPont or E. I. du
Pont de Nemours and Company (U.S.), LG Display (South Korea), Merck KGaA (Germany),
Novaled GmbH(Germany), Koninklijke Philips N.V. (Philips) (The Netherlands), Samsung
Display (South Korea), Sony Corporation (Japan), Sumitomo Corporation (Japan), Universal

Display Corporation (U.S).2

1.2 Organic Semiconductor
Organic semiconductors can exist in a crystalline or amorphous phase. In general,

organic semiconductors are electrical insulators; however, when charges are injected into them
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from the electrode, or after doping, or by photoexcitation, they become semiconducting.
Organic semiconductors are attracting a lot of interest from both academia and industry. Over
the last few decades, huge scientific progress has been made ranging from basic studies to their
applicability in different devices. Interest in organic semiconductors is their ease of processing
compared to inorganic semiconductors and their potential for application photoelectronic
devices and printable on flexible substrates. In OSC, the charge transport is controlled by
intramolecular charge transport along the conjugated backbone and intermolecular charge
transport hopping. 37 Various efforts are being made to design versatile OSC. By molecular
engineering, small molecules or conjugated polymers can result in high-performance, printable
OSCs, making them suitable for large-scale industrial production.

Organic semiconductors (OSCs) can be small molecules or polymers with alternating
single and double carbon atom bonds. Carbon atoms have six electrons and, in their ground
states, show the electronic configuration 1s2s?2p?, wherein the 2p atomic orbitals contain two
unpaired electrons. The low energetic difference between the 2s and 2p states leads one of two
electrons in 2s orbitals to move to vacant 2p orbital, which results in an excited electronic state
with the configuration 1s22s'2p3. The alternating single and double carbon bonds in OSCs cause
the overlapping of 2p; orbitals between adjacent carbon atoms to form bonding (w) and
antibonding (z*) orbitals.

An increase in the number of conjugates causes the energy levels of the m and 7*
orbitals split and start to form the 7 and z* bands. All the z orbital in the z band will be occupied
with electrons, and the highest energy orbital that contains electrons call the highest-occupied
molecular orbital (HOMO). At the same time, the lowest-unoccupied molecular orbital
(LUMO) in the z* band is the lowest energy orbital that doesn’t contain electrons. The gap
between HOMO and LUMO is the bandgap energy (Eg). The typical Eq of OSC is between 1.5

to 3.5 eV that offer capability to exited electrons from HOMO to LUMO only by the thermal
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energy. & The Eq could be tuned by changing the conjugation or molecule. Improving molecules
conjugation will increase the number of delocalization in m-electron that leads decrease in the
=

The central element of OSCs is carbon and hydrogen atoms in combination with other
elements such as sulfur, phosphorous, nitrogen, etc. The chemical structure of OSCs is largely
determined by kinds of atom, and the number of constituent atoms, which in the end determines
the optical and electrical properties of the OSCs. The charge transport properties in OSC are
determined by the molecular structure and its assembly in a solid state.

In thin films OSCs, uniaxial alignment of the backbone chains during film formation
usually provides higher mobilities along the chain alignment direction and anisotropic charge
transport. Bao group reported that highly aligned small-molecular organic semiconductors of
2,7-oxtyl[1]benzo-thieno[3,2-b][1]benzothiophene (C8-BTBT) blended with polystyrene
resulting in mobility up to 43 cm2V-1 s-1. ° S. G. Bucella et al. also reported an increase in
field-effect mobility in the aligned thin film of poly{[N,NO-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-bithiophene)} P(NDI20D-T2), with a
maximum value of 5 cm2 V-1 s-1.1° This increase is quite significant when compared to the

mobility of thin films formed using conventional spin coating in the range of 0.1 - 0.6 cm? V!

S-l.ll

1.3 Orientation of Semiconducting polymer

In the last two decades, various solution-based methods have been reported to control
the molecular arrangement and macroscopic orientation of semiconducting polymer in their
thin films and their correlation with device performance and anisotropic charge transport in
OFETs. A detailed discussion of the mobility achievements of OFET devices and their

anisotropic properties of each solution-based method used to fabricate oriented thin films can
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be seen in the report published by Pandey et al. 12 In addition; they also presented a discussion
regarding the advantages and disadvantages of each and the opportunity to be applied to make
electronic devices.

Due to the quasi-1-dimensional nature of the semiconducting polymers, their charge
transport properties can be easily improved by orienting the main-backbone along the one
direction that is along the charge transport direction. The polymer backbone can exist in three
different conformations on a substrate: edge-on, face-on, and end-on, as shown in Figure 1.1.
In edge-on orientation, the conjugated backbone axis and the n-stacking axis lie in parallel to
the substrate plane, and alkyl lamellar stacking lies normal to the substrate plane. Whereas in
the face-on orientation, the direction of the n-x stacking axis is perpendicular to the substrate
plane, while the direction of the conjugated backbone axis and the alkyl stacking axis is parallel
to the substrate plane. In the end-on orientation, -r stacking and alkyl lamellar stacking lie in
parallel to the substrate plane, while the direction of the conjugated backbone axis is
perpendicular to the substrate plane.

It is known that the maximum charge transport occurs through the conjugated
backbone direction, followed by the n—r stacking direction, and in general they differ by an
order of magnitude. However, in the alkyl stacking direction, the carrier mobility is extremely
low because the alkyl side chains act as an insulating barrier.*® Based on this fact, the edge-on
orientation is preferred for planar devices such as OFETs where charge transport takes place in
plane of the substrate in few nanometers thickness of semiconductor layer near the gate-
dielectric interface. Meanwhile, the face-on and end-on orientations are particularly suitable for
vertical devices such as PV and OLEDs where they require high carrier transport in the out-of-

plane direction, 41
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Figure 1.1. Schematic illustration of three different kind of polymer orientation on the
substrate. (a) edge-on, (b) face-on, (c¢) end-on. Chemical structure of PQT C-12

representing in two dimensions polymer model is shown (d) to understand the visvual
representation.

When the conjugated polymers macroscopically oriented, their orientation can be
identified using the naked eye under the polarizer sheet. When the oriented polymer is
illuminated by light, the electric field component of the light interacts with the electron cloud
in the w-orbitals along the direction of the conjugated polymer chain. The maximum interaction
occurs when the electric field component is parallel with the polymer chain orientation, which
causes electrons to oscillate in this direction, or a lot of light energy will be absorbed. On the
other hand, the minimum interaction occurs when the electric field components are
perpendicular to the orientation of the polymer chains. Thus, when the polarizer is parallel to

the orientation of the polymer, less light will reach the eye so that the color of the film will
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appear dark. On the other hand, much of the light reaches the eye when the polarizer is
perpendicular to the orientation of the polymer.

To characterize the polymer orientation quantitatively, polarized ultraviolet-visible
(UV-vis) electronic absorption spectroscopy and polarized photoluminescence spectroscopy
are sufficient methods to reveal such characteristics. Others techniques such as polarized
Raman spectroscopy, polarized Fourier transform infrared spectroscopy can also be used. These
measurements provide an adequate approach to calculate the degree of molecular orientation or
optical dichroic ratio (DR).'211° However, to study in detail the microstructure of thin films
such as crystallinity, molecular packing, orientation, and defects, the X-Ray diffraction (XRD)
technique is a proper technique to obtain such information.?°2 However, the limitations of the
XRD technique are its low spatial resolution and do not provide sufficient information
regarding the amorphous regions in the thin film. Another technique that can be used to obtain
qualitative information from oriented thin films is the near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) method. This method can provide precise information regarding the
semiconductor polymer backbone orientation to the substrate and/or perform surface
investigations covering only the top few layers.?

Conjugated polymers are quasi-one-dimensional in nature, and charge transport in
polymers are maximum along the pi-conjugation direction that is polymer backbone. Therefore,
orienting them in one direction gives efficient charge transport (field-effect mobility) along
orientation direction. On the other hand, we get in low field-effect mobility perpendicular to
orientation direction as charge transport is suppressed due to high resistance arising from the
presence of only z- = stacking and few tie chains or amorphous lying polymers. Moreover,
using multiple oriented floating films layer-by-layer for vertical integration of the device can

be good provided the directional charge transport is required. It is worth noticing that such
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layer-by-layer geometry is challenging to fabricate using any solution-processable method due

to the lack of orthogonal solvents for the majority of the semiconducting polymers.

1.4 Organic Field Effect Transistor

The concept of the thin-film transistor (TFT) was first introduced by Weimer in 1962.
24 Later, in 1986, A. Tsumura et al. from Materials and Electronic Devices Laboratory,
Mitsubishi Electric Corporation, Japan first introduced a field-effect transistor using
polythiophene as an organic semiconductor with mobility was ~107° cm?/Vs.? The performance
of organic field-effect transistors (OFETS) continues to improve, and, in 2016, Heeger's group
reported the OFET mobility of the organic semiconductor material poly[4-(4,4-dihexadecyl-
4H-cyclopenta[1,2-b:5,4-b]dithiophen-2-yl)-alt-[1,2,5]thiadia-zolo-[3,4-c]pyridine]
(PCDTPT) was 56.1 cm?/Vs which was obtained after iodine vapor doping treatments.?®
Detailed information on the progress made in OFET mobility over the period 1985 to 2018 can
be found in the report published by Paterson et al.?” From Figure 1.2; it can be seen that the
mobility achievement of p-channel OFETs is higher than that of n-channel. Interestingly, the
mobilities achievement of solution-processed OFETSs is comparable with that of single-crystal

and vacuum-processed OFETS.
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Figure 1.2. Plots of field-effect carrier mobility values over time. The data has been
separated into the following categories: a) Charge carrier type: p-channel and n-channel.
b) Processing technique: solution processed, single crystal, and vacuum. Reproduced with
permission.?’ Copyright 2018 Wiley-VCH Verlag GmbH

OFETs are a main device of flexible and/or plastic electronics. Many of these devices
are early-stage prototypes, which is certainly a challenge that scientists and engineers must
overcome before prototypes can become real-world products. However, some of them have
become commercial products and are part of today's modern electronic devices. One of the
advantages of using OFETSs is that they can be used as basic circuit elements to build integrated
circuits with specific functions. For example, the OFET can be used as a "driver" transistor
which can act as a signal amplifier or on/off switch of a device. To this day, most OLED-based
displays are driven by a back-plane of OFETS.

The configuration of OFETS varies according to fabrication method. In general, there
are four possible configurations of OFETSs available, as shown in the Figure 1.3. Among them,
the bottomgated configuration is the most reported. This configuration usually utilizes a doped
silicon wafers substrate having SiO2 on its top layer. The top-gated structure configuration
provides another advantage: an encapsulation of the semiconductor layer by a dielectric layer.
As a result, the semiconductor layer is protected from air and humidity in the environment.

The dielectric layer plays an important role in OFETSs because this layer serves to
accumulate charge carriers on the semiconductor/dielectric interfaces. Its permittivity and
thickness determine the capacitance of the dielectric layer. The value of the capacitance,
together with the operating voltage of the device, determines the number of charge carriers
generated in the semiconductor. Several new organic dielectric layers to meet the requirements
of low voltage operation, are solution-processable, transparent, and can be used on flexible

substrates, have been reported by several researchers.?-%
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Figure 1.3. Schematic illustration of OFETSs device configuration for (a) bottom gate top
contact, (b) bottom gate bottom contact, (c) top gate bottom contact, (d) top gate top
contact.

The operating principle of OFETs can be explained as follows: When a negative
(positive) voltage difference (Ves) between the gate and source terminals is applied, holes
(electrons) in the OSC accumulate at the OSC/dielectric interface, and then Fermi energy shifts
towards HOMO (LUMO) in the case of p-type (n-type) OSC. This accumulation of charge
carriers forms a conduction path between the source and drain electrodes. This conduction path
has a low resistivity that allows charge carriers to be transported. Therefore, by applying the
voltage difference negative (positive) between the drain terminal to the source terminal, holes
(electrons) can be transported through the conduction path; this condition causes the transistor
in the ON state.

Several parameters determine the OFET operation, i.e., the width of the source-drain
area or channel width (W), the distance between the source- and channel-terminals or the length

of the channel (L), the capacitance per unit dielectric gate area (C;), the voltage applied to the
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gate terminal (Ves), the voltage difference between the source and drain terminals (Vps), and
the minimum Vgs required to create a conduction path between the source and drain terminals,
this voltage is known as the threshold voltage (VtH). The current-voltage (I-V) characteristic of
the OFET can be studied by applying a constant Vgs, along with applying a continuously
increasing voltage Vp. Initially, Ip will increase linearly with Vps, but at certain Vps conditions,
Io will saturate. The variation of Ip with the voltage in the channel at some position x can be

written as:

av
Ip = WCi.U[VGS — Vg —V(x) ]a (1.1)

where x is the intrinsic channel mobility of charge carrier. Equation. ( 2.1) can also written

as Equation. (1.2)

IDax = WCi,u[VGS - VTH - V(x)]aV (12)

Since Ip is constant, by integrating x =0 to x = L,

L V(L)
Iy J ox = WCi,uJ Ves — Ve —V(x)] 0V (1.3)
0 v (0)

Since V (0) =0 and V (L) = Vps, on solving the Equation. (1.3), we get Equation. (1.4).

w Vgs
Ip = Tcill (Ves — Vru)Vps — N (1.4)

And,

This Equation. (1.4) is valid under two assumptions. First, the electric field
perpendicular to the channel plane induced by Ves is much larger than the electric field along
the channel due to Vps. This is also called the Shockley’s gradual channel approximation of the
junction field-effect transistor. This approach remains valid if the dielectric thickness is much

smaller than the channel length so that edge effects due to the gate can be ignored. Therefore,
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the assumption that gate field is independent of position in the channel will remains valid. The

second assumption is that mobility is constant across the channel.
2
In linear regime Vs < (Vgs — V) and % in Equation. (1.4) will be very small, and

will make negligible contribution in Ips. Therefore, Ips in the linear region 142 can be simplified

as Equation. (1.5)

, W
ILl)lgl = TCL'M(VGS — Vrg)Vps (1.5)

Similarly, in saturation where Vg > (Vg5 — Vrg), and Ips in the saturation region I5%" can be

described by Equation. (1.6).

w
Ig‘ét = iciﬂ(VGS - VTH)Z (1.6)

1.5 Research Motivations

Semiconducting polymers have attracted much interest in developing electronic devices
based on organic field-effect transistors (OFETSs). Polymers-based OFET devices offer
exclusive advantages such as mechanical flexibility and tunable optoelectronic properties
compared with traditional silicon electronics. In terms of fabrication, most of the
semiconducting polymers can solution-processed in a normal laboratory atmosphere or glove
box. Therefore, they are compatible for roll-to-roll processing of large-area films and devices,
resulting in low manufacturing costs. High mobility in semiconductor polymer-based devices
can be realized by optimizing the intra- and inter-molecular charge transport by molecular
engineering of the polymers itself or by device and film fabrication techniques. At the
semiconductor level, optimizing the molecular weight, coplanarity of the polymer backbone,
polymer chain orientation, and intermolecular interactions between neighboring molecules.

There are several well-established methods for the orientation of semiconducting polymer films.
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However, each method has some demerits associated with the feasibility of overall device
performance and fabricating devices by large-area hetero-structured fabrication.23!

The unidirectional floating film transfer method (UFTM) is one of the effective
methods that can be used to form large-area-oriented semiconducting polymer thin films. 1232-
3 Oriented thin films from many different semiconducting polymers such as P3HT, PQTC-12,
PBTTT-C14, F8T2, and PTB7 can be formed using this method.3334 The obtained oriented thin
films were then applied to electronic devices exhibiting anisotropy in OFETs and organic light-
emitting diodes. In this method, the film is made by dropping one drop of polymer solution on
a hydrophobic liquid substrate. The side-walls and slanted bottom of a slider assist the dropped
polymer solution spread in one direction over the liquid substrate and simultaneously form a
highly oriented solid thin floating film.

These resulting films are ribbon-shaped in nature. The length “longer axis” of these
films is along the polymer film expansion direction. However, no reports are investigating
large-area characteristics of these films to realize their applicability in large-area flexible
electronics, as most of the reports stated only small-area characteristics transferred from the
center region of the ribbon-shaped film. However, to reveal the suitability of a method for
fabrication of a large flexible electronic device, an in-depth investigation was essential.
Therefore, orientation mechanism during film formation, the opto-electrical characteristics of
the formed film for a large-area, its suitability for a flexible electronic device, and charge
transport anisotropic properties of the floating film interfacial (interfaces of the liquid substrate
and air) was certainly required. Furthermore, it is well known that template-assisted alignment
using pre-patterned substrates has been widely used to assist the orientation of various polymers.
In this regard, it was also necessary to examine the versatility of UFTM in assisting the

orientation of the guest semiconducting polymer in a well-oriented host polymer semiconductor
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matrix. Discussion of these studies and related topics is logically presented in subsequent

chapters.

1.6 Thesis Outline

This thesis focuses on the fabrication and characterization of large-area oriented thin
films of semiconducting polymers using a recently developed solution processable technique
named Unidirectional Floating Film Transfer Method (UFTM). This thesis consists of six
chapters which contain a detailed description of the results obtained for this thesis.

The first chapter of this thesis contains brief information regarding the current state-
of-art of development of organic electronics over conventional electronics, the theory of basic
knowledge of organic semiconductors and working principles of organic field-effect transistors,
background issues related to thin-film fabrication techniques for conjugated polymers, and the
objectives of this thesis work.

The second chapter provides information regarding the materials were utilized in each
of the experiments covered in this thesis. Where the material is obtained, and their chemical
structure is given. The types of substrates and the treatment performed on them are also
presented. This chapter also briefly describes the thin film deposition technique and thin film
characterization carried out in the research reported in this thesis.

The third chapter presented the investigation results on the orientation mechanism,
uniformity of film thickness, uniformity of polymer orientation, and carrier mobility in large-
area films. In addition, the film resistance to bending has not also been investigated. Thus, in
this work, we explore such things to study the versatility of this method for large-area flexible
electronics.

In the fourth chapter, a detailed investigation of the growth mechanism and charge

transport anisotropy in UFTM films at the liquid and air interface is presented. Anisotropy of
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charge transport mobility is studied through OFET fabrication with TGBC and BGTC
structures.

Chapter 5 discusses the versatility of UFTM in assisting the orientation of the guest
semiconductor polymer in a well-oriented host semiconductor polymer matrix. In this
experiment, two different semiconductor polymers were blended with PQT to form a thin film
using UFTM.

The last chapter is the sixth chapter, where a general and summarized conclusion of all
the work in this thesis is presented. In addition, future work to develop this method for the

organic electronic devices is also presented.
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Chapter 2. Experimental Section

2.1 Materials

Conjugated polymers which wused in this report were poly(3,3"-didodecyl-
quaterthiophene) (PQT-C12), poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-
di(thien-2-yl)thieno[3,2-b]thiophene)] (DPPT-TT), and poly(9,9-di-n-octylfluorenyl-2,7-diyl)
(PFO). PQT conjugated polymer was purchased from Sigma Aldrich and was used without any
further purification. DPPT-TT was synthesized following the previous report.>® PFO was
synthesized by Suzuki-Miyaura coupling as reported.*3” The dielectric layer for the OFETSs
were fabricated with CYTOP™ CTL-809M (CT-Solv. 180 as the solvent), which was supplied
by Asahi Glass, Japan. Chemical structure of each conjugated polymers and CYTOP™ shown
in Figure 2.1.

For different type of self-assembled monolayer (SAM) treatment, the chemicals were
purchased from different sources, and they were trichloro(octadecyl)silane (OTS) with purity
> 90% (from Sigma Aldrich), trichloro(octadecyl)silane (>99.0%) (from TCI), 1-octadecene
technical grade 90% (from Sigma Aldrich). The solvents used in the SAM treatment were super
dehydrated toluene (supplied by FUJIFILM Wako), super dehydrated chloroform (supplied by
FUJIFILM Wako), and super dehydrated cyclohexane (supplied by FUJIFILM Wako). The
chemical structure of all these chemicals are attached in Figure 2.2.

Different solvents, such as anhydrous chloroform, anhydrous 1,2-dichlorobenzene,
were used to dissolve polymers depending on the case/experimental requirements, and they
were purchased from Sigma Aldrich and were used without any further purification. The

chemical structure of these solvents shown in Figure 2.3.
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Figure 2.1. Chemical structure of conjugated semiconducting polymers of PQT-C12 (a),
DPPT-TT (b), PFO (c), and CYTOPTM (d).
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Figure 2.2. Chemical structure of acetone (a), trichloro(octadecyl)silane (b), 1-octadecene
(c), toluene (d), and cyclohexane (e).
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The liquid substrate, for fabrication of the polymer films via Floating film transfer
method (FTM), the mixture of glycerol and ethylene glycol was used. After fabricating the
FTM film on liquid substrate, they were transferred on the other substrates and adhered liquid
substrate was washed off with methanol. The chemicals for liquid substrate and for washing the
films, were purchased from Sigma Aldrich. Their chemical structure of them presented in

Figure 2.4.

Cl Cl
LN
Cl Cl Cl
Chloroform 1,2-dichlorobenzene

Figure 2.3. Chemical structure of chloroform (a) and 1,2-dichlorobenzene (b).
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Figure 2.4. chemical structure of glycerol (a) ethylene glycol (b) 2-propanol (c), and
methanol (d).
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2.2 Substrate preparation

Substrate type and surface treatment of substrate in this thesis work varied depending
on the experimental requirements. The typical substrates were normal glass, device-grade glass,
and SiO2/Si(n*™). The substrates were cut in desired size through a diamond cutter. They were
thoroughly cleaned in an ultra-sonic bath of acetone for 10 minutes and then rinsed with hot
acetone followed by irradiation under UV/O3 for 15 minutes to ensure the surface was clean
from any invisible particle and organics contamination. Further the SAM layer or a thin layer
of CYTOP™ deposited to increase surface hydrophobicity. For the purpose of evaluating the
optical anisotropy in thin films, the normal glass slides after SAM layer deposition were used.
To fabricate OFETS, the device-grade glass or SiO2/Si(n**) were preferred.

For SAM layer deposition, the clean substrates were immersed in a container filled
with the solution of 160 ul OTS into 40 ml of octadecene under a nitrogen atmosphere for 3
hours, followed by washing twice in an ultrasonic bath of a mixture of super-dehydrated

chloroform and cyclohexene in 1:1 ratio, and then once ultrasonic bath of super-dehydrated

chloroform for 10 minutes each. Then the substrates were dried at 150 °C for 15 minutes before

using them further. For the preparation of thin layer of CYTOP™ on the substrates, solution of
the CYTOP CTL-809M in the CT-Solv. 180 solvent with ratio (1:30) was poured on the
substrate then spun at 1000 rpm for 45 seconds followed by immediately annealing at 100 °C

for 1 hour under normal laboratory conditions.

2.3 Deposition methods

Thin film deposition technique significantly influences the modern era of technology

because it is the backbone of advanced technology in various fields such as optical devices,
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environment-related applications, telecommunications devices, and energy storage devices. At
the application stage, the main issue is related to the morphology and stability of a thin film,
strongly dependent on the deposition technique. Generally, there are two well-known
techniques to fabricate a thin film with top quality: chemical and physical deposition techniques.
This dissertation will present two chemical and one physical deposition technique to create thin
films. Unidirectional floating film transfer method (UFTM) and spin coating are the two
chemical deposition techniques to obtain polymer thin films, and thermal evaporation is the one

physical deposition technique to deposit metal electrodes for fabricating the organic devices.

2.3.1 Film fabrication via unidirectional floating film transfer method (UFTM)

FTM was initially reported in 2009, and thereafter extensively worked upon by
Takashima and co-workers. 2% This method offers convenience in fabricating a thin film as
well as aligning a backbone chains of 7-conjugated polymers.123:3° | ater, A. Tripathi et al.
modified the FTM, which in addition to offering the advantages of the previous method, also
provides the ability to create large areas of thin films.3? In the modified FTM, film expansion
direction is restricted by placing a custom-made slider, which leads to unidirectional expansion
of the oriented film, therefore, it was termed as unidirectional FTM (UFTM).

To fabricate a thin film via UFTM, around 10 ~ 20 ul of polymer solution in a low
boiling point solvent such as chloroform is dropped on the hydrophilic liquid substrate. The
solution spreads on the liquid substrate to form the floating film. During expansion, an effective
shear force from the liquid substrate acts on the conjugated polymers at the liquid-
substrate/solution interface, which led to an alignment of the polymer backbones perpendicular
to the expansion direction. The film formation on the liquid substrate provides free movement
of polymer molecules to self-alignment, covering the entire film thickness. A discussion of the

regulatory characteristics of polymers on liquid substrates and air surfaces is given in Chapter
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4. Moreover, the volatile solvent evaporates simultaneously, and the polymer backbones also
undergo self-assembly. Several parameters such as polymer solution concentration, liquid
substrate temperature, and viscosity of the liquid substrate determine the film-growth speed and

optoelectronic properties of the floating film formed.
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Figure 2.5. Schematic illustration of floating film transfer method and related mechanism.

The floating film is easily stamped on the desired substrate. Moreover, due to
hydrophobic nature of the polymer films, the film casting becomes more convenient on
relatively hydrophobic surface, i.e., CYTOP™ coated or SAM treated substrates. An in-depth
discussion accompanied by supporting data related to the mechanism and characteristics of the
thin films produced by the UFTM method will be given in Chapter 3

Reasonably priced and unsophisticated equipment is required to make thin films using

the UFTM method. A Plastic tray in size ~30 x 10 x 2.5 cm?® filled with the liquid substrate,
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I.e., mixture of glycerol and ethylene glycol in ratio 1:3 was taken. The slider was made of
PTFE sheet (thickness ~ 1 mm) and it was kept near one side of the tray, while keeping the
slant surface directed towards the opposite side of the tray. The amount of the liquid substrate
Is taken such that it reaches up to almost half of the slant surface of the slider.

To fabricate the film, a drop of the polymer solution is placed at the contact line of the
liquid substrate and the slant surface of the slider. Temperature controlling of the liquid
substrate was done by placing the tray on the hot plate which was equipped with temperature
control. Orientation of polymer backbone chain was easily observed by naked eyes with the
help of polarizer sheet while light of the lamp was shinned on the floating film. Photograph of

experiment set-up and schematic illustration of the UFTM method can be shown in Figure 2.5

and Figure 2.6, respectively.

Figure 2.6. Photograph of experiment set-up in UFTM method inside a fume hood.
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2.3.2 Film fabrication via Spin coating

One of the simple and widely used techniques in organic electronics and
nanotechnology to produce a thin film of organic materials in academic institutions and
industries through a solution-based process is spin coating.®%#, This technique offers uniform
film thickness with thickness variations of less than 1% due to its self-leveling nature. In general,
the thickness of a produced thin film is determined by the inverse of the spin speed square,

following the Equation ( 2.1).

1
hf‘x\/—a (2.1)

Where hr and o are the final film thickness and angular velocity/spin speed, respectively,
however, the true film thickness also depends on solution concentration and solvent evaporation
rate.

In general, spin coating is conducted in three steps; solution dropping, spin up, spin-
off and drying. In the first step, a solution is dropped on the substrate to cover the entire
substrate’s surface completely and then spin-up and spin-off in order. A centrifugal force is
applied to the solution during the spin-up while evaporating the solvent for obtaining a thin
layer. The highly volatile parts of the solution are easily removed; however, the lowly volatile
part remains on the surface, which requires further drying. A spin coater which was used to
fabricate a thin film in this dissertation is shown in Figure 2.7, while the schematic to describe

a spin coating process is shown is Figure 2.8.
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Figure 2.7. Photograph of the spin coater instrument which used in this dissertation.
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Figure 2.8. Schematic illustration of stages to create a thin film in the spin coating method.
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Although spin coating is a simple technique and results in a uniform film thickness,
this technique faces a limitation such as a substrate size, very low material efficiency, and
difficulty creating a multilayer thin-film structure. Increasing substrate size causes difficulty in
film thinning due to difficulty in high-speed spinning. Generally, in terms of efficiency, 95% -
98% of a solution dropped on the substrate is wasted, then only 2% - 5% portion of solution

adheres to the substrate “°.
2.3.3 Thermal evaporation

Thermal evaporation is a technique to form a thin layer on a particular substrate by
evaporating source materials. The high-temperature heating of the metals, inside a chamber to
facilitate the vapor particles to move directly and reach to the substrate and condenses to form
a thin film, very low air pressures is preferred, in order to avoid the undesired oxidation of the
electrodes. Evaporating a source material requires resistive heating, which exists in different
shapes such as boats, baskets, filaments, and coated roads, fabricated from tungsten, tantalum,
or molybdenum that having a high melting point.

Preventing film oxidation and reducing a contamination density during the evaporation
process can be achieved in the low pressure of the evaporation chamber, around ~10-4 Pascal.
At this pressure, the mean free path of gas in the chamber is approximately 8 meters, so these
vapor particles travel in straight lines from the resistive heating point to the target substrate due
to less scattering. The mean free path An of gas was determined by various physical parameters

as described in the Equation (2.2).

_RT
V2md2N,P

m

(2.2)
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2.3Where P is the pressure of chamber, R is the gas constant, T is the temperature of chamber,
NA is the Avogadro’s number, and d is diameter of the gas particles in meters. From this
equation, increasing temperature or decreasing the pressure of the vacuum chamber leads to an
increase in the mean free path.

In this work, the thermal evaporation technique was mainly used to vaporize Au or Cr
and Au to prepare a source- and drain-electrode or vaporize Al to create a gate electrode, a
photograph of the thermal evaporation system shown in Figure 2.9. Evaporation of Au was
always carried out when the chamber pressure was below ~5 x 10-4 Pascal, while for Al
evaporation it was always ensured that the chamber pressure was below ~5 x 10-5 Pascal.
Chamber pressure for evaporating Al was one order less than Au to ensure no oxidation process
occurs during the evaporation; because Al vapors have a very high oxygen affinity to form the
aluminum oxide.

Tungsten in a boat-like shape was used for a resistive heating element of source

materials because this metal has a melting point of 3,400 °C that applicable for high-temperature

in the range of 1,600 °C to 2,000 °C considering the melting point of Cr, Au, and Al is 1888 °C,

1065 °C, and 660 °C, respectively. Using the crystal detector, the deposition rate and thickness

were monitored and displayed on the small screen display. In addition, in order to control the
deposition rate and thickness, the thermal evaporation system is equipped with current control
for adjusting the current flow in the tungsten boat and shutter for hindering the source material

vapor from reaching the target substrate when the required thickness achieved.
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Figure 2.9. Photograph of thermal evaporation system for metals electrode deposition.

2.4 OFETs Fabrication and Characterization

2.4.1 Preparation of OFET substrates

In order to fabricate OFETS, device-grade glass or SiO2/Si(n**) with ~200 nm
thermally grown SiO; layer which have the capacitance (Ci) value of 17.9 nF/cm?, was utilized.
The device-grade substrate was chosen for top gated bottom contact (TGBC) device structure.

However, for fabricating bottom gated top contact (BGTC) OFETSs, SiO2/Si(n**) were preferred.
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In both the cases, before semiconductor deposition, on the surface of the substrate, either SAM

layer or CYTOP™ layer was deposited, as discussed above.

2.4.2 Polymer-based dielectric and semiconductor deposition

For fabrication of TGBC OFETS, pure CYTOP CTL-809M was deposited on the OTS
treated device-grade glass substrate with pre-patterned source- and drain-electrodes Au (~18

nm)/Cr (~2 nm) to form gated dielectric layer. The coating conditions of CYTOPTM layer, i.e.,

spinning at 4000 rpm for 45 seconds followed by instantly annealed at 100 °C for 1 hour in the

air atmosphere, the thickness of the CYTOP layer was ~ 650 nm with Ci of 2.77 nF/cm?2.

Spin coating and UFTM techniques were used for depositing semiconducting polymer
layers depending on the experiment requirements. UFTM method was utilized when purposes
of an experiment to examine the anisotropic properties of an oriented thin-film polymer.
However, films were spin coated to form a non-oriented film with isotropic properties.
Moreover, the thin spin coated films were also utilized as the supporting layer (to avoid cracking
near the edge of electrodes) in TGBC OFET fabricated with UFTM coated films.

Considering hydrophobicity on the substrate surface, film fabrication via spin coating
of polymer solution was difficult due to less wettability of polymer solution on the substrate.
Therefore, at the edges of the substrate fine boundary was created using polyimide tape, which
helped to hold the solution on the substrate during spin-up of substrates. In addition, spin-
coating was conducted in two steps, at first at 500 rpm for 5 seconds followed by 2500 rpm for
75 seconds, in order to deposited the polymer layer properly. For removing any remaining
solution on the substrate, a final step conducted spin-up at high speed (~6000 rpm) for 60s. Set-
up for UFTM experiment is shown in Figure 2.6, while the digital image of the instrument used

for of spin coating is shown in Figure 2.7.
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2.4.3 Electrode deposition

The electrodes were deposited by patterning the thermally evaporated metal. For
patterning the source and drain electrodes, a nickel shadow mask was placed on the
substrate/polymer thin film before evaporating vaporizing the gold inside the vacuum chamber
shown in the Figure 2.9. In some OFETS, the gate electrode was also fabricated by patenting
the evaporated gold or aluminum. The digital image and schematic for masking, and electrode
deposition are shown in Figure 2.10.

The mask was designed in such a way that, the channel length and width of the OFET
was 20 um and 2 mm, respectively. Moreover, since the substrate size was larger than the size
of the mask, gold layer was also got deposited on the edges of the substrate, which was not
desirable for preventing the current leakage in the OFETSs. Therefore, it was removed the using
a fine wooden tip and/or cotton bud. To deposit the aluminum for the gated-electrode, pieces
of nickel sheet were utilized to cover substrate/films and leaving a small portion of the area

near the source and drain electrodes exposed.
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Figure 2.10. Photograph of nickel shadow mask (a), substrate holder (b), and schematic
flow diagram of the steps for creating metals contact of OFETSs devices; for source-drain

electrode (c), and for gate electrode (d).

2.4.4 Device characterization

The performance of OFETs is probed by measuring their transfer and output

characteristics. Here, these measurements were conducted using a semiconductor parameter

analyzer (Agilent E5272A) interfaced with a computer, the image of the set-up is shown in
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Figure 2.11. Before measurement, the source-, drain-, and the gate-electrodes of the OFETs
were connected with copper wires (diameter of 0.1 mm and length of ~3 cm) using indium and
fixed on a solid base for the ease of handling. After fixing the OFET it was transferred to a
vacuum chamber and after evacuating for ~ 2 minutes (using rotary pump) the OFET
measurements were performed.

The transfer characteristics of the OFET was obtained by applying the constant drain-
source voltage, while the gate voltage was varied from the minimum voltage to the maximum
voltage (maximum gate voltage is not greater than the drain-source voltage); i.e., measuring Ip-
Vs at fixed Vpp. For output characteristic, the OFETs were supplied with source-drain voltage
that varies from low to high voltage, while the gate voltage was kept at different values; i.e.,

measuring Ip-Vpp at different Vgs. Both of these measurements were carried out cyclically.

measurement
chamber

Figure 2.11. Photograph of semiconductor parameter analyzer Agilent E5272A for
measuring I-V characteristics of fabricated OFETSs.
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From the transfer characteristics of OFETSs in saturation regime, i.e., from the plot of
\/E vs Vgs. The value of carrier mobility and threshold voltage were estimated by following

Equation ( 2.3 ), and further simplification, i.e., Equations (2.4) - (2.6).

C;uWw
I3st = —lZL (Vos = Vru)? (2.3)
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2.5 Characterization of the Thin Films

2.5.1 Ultraviolet — Visible Spectroscopy

The principle of UV-Visible Spectroscopy is based on the absorption of ultraviolet
light or visible light by molecules containing bonding and non-bonding electrons (ground state)
to excite these electrons to anti-bonding molecular orbitals that having higher energy (excited
state). The different energies between the ground state and the excited state of the electron are
equivalent to the total absorption of ultraviolet radiation or visible radiation. The wavelength
of the UV-Visible region covers around 800 — 200 nm, which is equivalent to the energy range
15-6.2eV.

UV-Visible spectroscopic data provide quantitative and qualitative information of
characterized molecules or compounds. In this work, UV-Vis-NIR spectrophotometer (JASCO

V-770DS) equipped with a polarizer (Model GPH-506) was utilized to characterize the
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fabricated polymer thin films. By analyzing the obtained spectra, the optical properties of the
films, such as increasing/decreasing effective conjugation length, increasing/decreasing inter-
molecular interactions, and optical anisotropic properties, were unveiled.

In order to characterize the optical anisotropic properties related to the degree of
orientation of the polymer chains, a polarizer lens (which resulted in linear polarization of the
light) was placed between the sample and the light source because the transition dipole moment
of the optically induced m—=n* transition is aligned along conjugation direction of the
semiconducting polymers #’. Thus, the absorbance was higher when the light polarization
direction was aligned parallel (||) to the polymer chain orientation direction, it further decreased
by moving the polarization direction away from the polymer chain orientation direction.

Subsequently the minimum value of absorbance was obtained when they were orthogonal (L)

to each other. The optical anisotropy was estimated in terms of the dichroic ratio (DR),
following Equation ( 2.7 ). Schematic representative of the UV-Visible spectroscopy and
digital image of the UV-Vis spectrophotometer used in this work are shown in Figure 2.12.

DR — Maximum Absorbption; at (Ayax)
- Absorbption, at (Amax) (2.7)
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Figure 2.12. Schematic representation of the processes involved in absorption
spectroscopy and (b) Photograph of the UV-Vis spectrophotometer (JASCO V-770DS).

2.5.2 2D position mapping

Basic principles in 2D position mapping are similar to UV-Visible spectroscopy;
however, mapping systems was equipped with a moving stage providing it the capability of
probing the distribution in thickness and molecular orientation in thin films. For conducting the
measurements, the instrumental setup established at Kyushu Institute of Technology, Japan was

accessed.
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The schematic representation of the 2D position mapping system is shown in Figure
2.13. For thin film characterization, the film coted on a transparent glass was mounted on a 2D
moving stage. Then the sample was irradiated with a white light source and the transmitted light
was received through the optical fiber cable connected to the photonic multichannel analyzer
(PMA, 7473-36, Hamamatsu Photonics). The PMA consists of a Czerny—Turner type
spectrograph where the light beam is collimated and dispersed in constituent wavelengths
followed by receiving of all the dispersed beams at different channels simultaneously. Since all
dispersed rays of all the wave lengths are received simultaneously, whole absorption spectra
for the irradiated area are obtained in a single instant.

For the measurement of polarized spectra, a polarizer film is placed between the
incident light and the sample. Further by moving the stage the spectra at different positions of
the film is measured and their integration leads to the characterization of thickness or orientation
variation in the film. The parameters for controlling the resolution of the mapping measurement
are mask diameter, stage speed, and the shutter operating frequency inside the PMA.*® For
optimum resolution and ease of measurement, the mask of diameter 0.5 mm, stage speed of 1
mm/s, and the shutter operating frequency of 2 Hz with 4% duty cycle were selected. The
spectra for continuous array of points, with diameter of 0.5 mm, were measured along the ribbon
width. At every point area, the absorption spectrum was taken with a spectral resolution of 2

nm, and to improve the S/N ratio five spectra were averaged out.

47



Deuterium/Halogen lamp

polarizer Y
_ Z > 00204 e 5.0 5.2 crerrrieaeis 9.8 10.0 cm
substrate with film
L

&Ji/ il 5 . ?

-y
I I
% function 20 ms
mask generator J —’I-I‘— H ’-L

LP t=1/f
=1/fs
- shutter operating signal
PMA-11

Figure 2.13. Schematic illustration of 2D positional mapping set-up
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2.5.3 X-ray diffraction

X-ray diffraction (XRD) is a well-known technique to study solid-state structural
properties. This technique has been widely utilized to analyze molecular and crystal structure,
identify quantitatively various compounds related to their chemical species, determining the
crystallinity degree, and measuring the particle size. X-ray diffraction patterns resulted from
the reflection of X-ray light from a solid-state corresponding to the physical and chemical
properties of its solid-state.

In order to characterize the organic thin films, the angle of incoming X-ray to the
sample has to below the critical angle of the surface from several nm up to typically several
100 nm. Therefore, Bragg reflections are only coming from the surface structure of the sample.

This technique is called Grazing Incidence X-ray Diffraction (GIXD). This technique gives the
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ability to unveil the sample structures within 10 nm from the surface to provide a clear picture
of the structure at the atomic and/or molecular level.
The equation to understand the X-ray diffraction is the Bragg equation, it given in the

Equation ( 2.8).

nA = 2d sinf (2.8)

Where n is an integer, 4 is the wavelength of the X-rays, d is the interplanar spacing between
the atoms, and @ is the angle between the X-ray beam and surface normal. From this equation,
interplanar spacing between the atoms can be calculated using respective 6

In this work, out-of-plane and in-plane GIXD technique was utilized to determine the
conformation of oriented thin films on substrates. In-plane measurement was conducted at the
Division of Green Electronics, Graduate School of Life Science and Systems Engineering,
Kyushu Institute of Technology, Japan. While out-of-plane measurement was carried out at
Division Materials Science, Graduate School of Science and Technology, Nara Institute of
Science and Technology. The measurements were conducted using Rigaku smart lab X-ray
diffractometer with a radiation source of Cu-Ka (1.5418 A) and operated at 45 kV (200 mA).

During the in-plane GIXD measurements, the sample and the detector were moved
along an arc with angles of ¢ and 26y, respectively. Here y represents the angle between the
scattering vector (Q) and polymer orientation direction.*®4® In order to characterize the
anisotropic macromolecular arrangement in the film, the measurement was taken in two
conditions, i.e., when x = 0° and when x = 90° The incident angle (w) and the scattered angles
of X-ray with respect to the sample plane was kept at 0.14 and 0.28, respectively. The schematic

geometry of out-of-plane and in-plane GIXD measurement shown in Figure 2.14.
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Figure 2.14. Schematic geometry of out-of-plane and in-plane GIXD

2.5.4 Atomic force microscopy

A powerful technique to study materials at the surface level is atomic force microscopy
(AFM). This technique is able to obtain a clear surface image of many kinds of surfaces such
as composites material, ceramic, polymer, and even biological samples. The basic principle of
this technique is mapping interaction between a flexible cantilever and the surface of a sample
during scanning. The integrated profile of interactions in the form of a deflection of the

cantilever results in the characteristics of the samples. Recent progress of this technique is its
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capability for investigating properties such as topography, adhesion, and other characteristics
of surfaces with resolution in the range of tens of microns to even few nanometers.

In general, the AFM can be operated in contact mode or non-contact mode. In contact
mode, the cantilever is kept physically in contact with the sample surface during the scanning
along the surface. In this mode, the cantilever gets a vertical deflection due to sample
topography. In Contrast to contact mode, in the non-contact mode, the cantilever oscillates near
the sample surface with the frequency close to the resonance frequency. The distance between
the cantilever and the surface is controlled by using feedback circuit to keep the amplitude and
phase of the oscillation unchanged.

In this thesis work both AFM modes were utilized to study the morphology of polymer
thin-films. Contact mode AFM were utilized for measuring the thickness of polymer thin films
and surface morphology. While the non-contact mode AFM was needed when the phase
separation in the polymer blend films were probed. In this work the AFM measurements were
conducted by an atomic force microscope (SPM-9700, Shimadzu). A digital image the

instrumental setup is shown in Figure 2.15.

/

Figure 2.15. Digital image of AFM instrument.
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Chapter 3. Unidirectional Floating Films Transfer Method for Large-Area

Floating Films

3.1 Introduction

Thin films of large-area semiconductor polymers that can be solution-processed with
high-throughput are one of the main challenges for the realization of large-area organic
electronic circuits for a wide range of practical applications from phototransistors, biological
sensors to organic electronic circuits. 120! Semiconductor polymers have excellent resistance
in terms of flexibility and stretch-ability, which offer them to coat on complex surfaces, which
expands the range of microelectronic devices for applications in wide-area display circuits, and
a wide variety of sensors and actuators.>?>3

The increase in charge transport in semiconductor polymers can be enhanced by the
uniaxial orientation of the polymer main chains along the channel direction of organic field-
effect transistors (OFETSs). 1039515456 v/arious methods for orienting semiconductor polymers
at a macroscopic scale using shear forces during/post-film fabrication have been developed and
established. However, its application in wide-area flexible electronics is somewhat limited for
various reasons described in detail elsewhere. 12°7

In general, polymer orientation techniques depend on mechanical shear forces, which
are sensitive to the hydrophobic nature of the surface and are not suitable for flexible
substrates.*®585° Therefore, the preparation of the film separately with the coating process on
the substrate is important to obtain complex heterostructures through layer-by-layer transfer
and provides control over the morphology of the film, which is independent of the surface
morphology of the substrate.!> The UFTM method provides this capability and is also capable

of preparing large-area-oriented films from multiple polymers, 35460
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In the UFTM method, the orientation of the backbone is precisely controlled in one
direction. However, uniformity of film thickness, uniformity of polymer orientation, and carrier
mobility in large-area films has not been reported. In addition, the film resistance to bending
has not also been investigated. Thus, in this work, we explore such things to study the versatility
of this method for large-area flexible electronics. The film prepared from poly(3,3"-

dialkylquaterthiophene) (PQT) formed by using UFTM method.

3.2 Experiment Details

3.2.1 Materials and films preparation

Polymer material and solvent: poly(3,3"”-didodecyl-quaterthiophene) (PQT-C12) and
anhydrous chloroform were purchased from Sigma Aldrich without any further purification.

Chemicals for liquid substrate in UFTM: Ethylene glycol (EG) and glycerol (GL) were
purchased from Fujifilm Wako Pure Chemical Corporation, Japan. Both chemicals were mixed
with a ratio of EG and GL was 3:1. The temperature of this liquid substrate was maintained at
45 °C before used for film casting.

Chemicals for SAM treatment: Octadecyl(trichloro)silane (OTS) with purity >99%,
and toluene super-dehydrated were purchased from TCI, Japan and FUJIFILM Wako, Japan.
CYTOP CTL-809M and CT-Solv.180 were purchased from Asahi Glass Co., Ltd., Japan.

Substrates: Glass substrates for optical characterization of thin films. SiO2/Si (n**)
substrates with SiO> thickness of 200 nm and flexible polyethylene naphthalate (PEN)
substrates for OFETSs device fabrication. PEN substrates also are used to transfer a completely
large area of floating film. Glass substrates were washed in ultrasonication bath of acetone for

10 minutes, followed by rinsing in hot acetone. Improving the surface hydrophobicity was
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conducted by immersing them in 10 mM OTS solution was prepared in super dehydrated
toluene for 3 h in an N2 atmosphere.

Polymer solutions: For orientation mapping using polarized absorbance and angular
dependence OFETs, PQT was dissolved in anhydrous chloroform with a concentration of 2%
(w/w). In order to investigate thickness-dependent performance in OFETs, PQT solution
concentration was varied from 0.5 to 4% (w/w) to increase the thickness of floating films.

Polymer films: Approximately 10 x of PQT solution was dropped near the edge of the
center of the tilted bottom slider wall and liquid substrate interface. The droplet solution will
spread unidirectional to form a large area of the thin film. The substrate was held with tweezers,

then, carefully placed on the floating film to transfer it to the substrate.

3.2.2 Devices Fabrication

Self-assembled monolayer (SAM) on SiO2/Si (n**) substrates with SiO> thickness of
200 nm prepared by immersing substrates in 10 mM OTS solution was prepared in super
dehydrated toluene for 3 h in an N2 atmosphere. Then, wash them using an ultrasonic bath of a
mixture of chloroform and cyclohexane (3:1) for 10 min with repetition 3 times and using fresh
solvents. As a final step, substrates were left for drying at 100 °C on a hotplate for 15 min in
the air atmosphere.

For preparing a thin film of CYTOP on SiO2/Si (n++), substrates were washed in an
ultrasonic bath of acetone for 10 min followed by dipping in hot acetone and cleaned using N2
flow. Later, the solution of CYTOP CTL-809M and CT-Solv.180 (1:30) dropped on the
substrate, then spun at 1000 rpm for 45 s followed by annealing at 100 °C on a hotplate for 1 h,
then cooled down to room temperature. Floating films were transferred on these substrates and
washed with isopropanol to remove any adhered residual liquid substrate to the semiconductor

(PQT) film. For flexible devices, PEN substrates were cleaned and mounted on rigid substrates,
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as reported earlier. > Aluminum (Al) was evaporated for gate electrodes using a shadow mask.
The cleaned substrate with Al electrode on the top was treated with UV-ozone for 5 minutes
before coated CYTOP CTL-809M using a spin coating (4000 rpm: 45 s) as a dielectric.

For the source and drain electrode, 50 nm of gold was thermally evaporated at a rate
of ~1 A/s at a pressure of 107 pa, and the electrode was patterned using a nickel shadow mask.
Channel length (L) and channel width (W) was 20 um and 2 mm, respectively. Spin coating of
PQT was done with 0.2% (w/w) solution in 2 steps 500 rpm for 5 s followed by 1500 rpm for

75 s.

3.2.3 Characterization

To revealing the conformation of oriented thin films on substrates, out-of-plane and
in-plane GIXD measurement was conducted using Rigaku smart lab X-ray diffractometer with
a radiation source of Cu-Ka (1.5418 A) and operated at 45 kV (200 mA). During the in-plane
GIXD measurements, the sample and the detector were rotated with angle angles of ¢ and 26y,
respectively. The y represents the angle between the scattering vector (Q) and polymer
orientation direction.*®“° In order to characterize the anisotropic macromolecular arrangement
in the film, the measurement was taken in two conditions, i.e., when y = 0° and when y = 90°.

Polarized absorption spectra measurements were conducted by using UV-vis-NIR
spectrophotometer (JASCO V-770DS) be equipped with polarizer. Thickness measurement and
surface topography were measured via atomic force microscope (AFM) using SPM-9600
Shimadzu, Japan. Semiconductor parameter analyzer Agilent E5272A was utilized for current-
voltage (I-V) characterization of OFETs. Capacitance/Area (Ci) was measured using an LCR
meter (ZM2375, NF Corporation) for parallel plate capacitor structure fabricated similar to

transistor geometry, it was 17.9 nF/cm? and 15.38 nF/cm? for SAM coated SiO2 or CYTOP
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coated SiO., respectively. Field-effect mobility (x) was extracted from the transfer curves in

the saturation region using equation below.

uc;w
Ips = T (Vs — Vps)? (3.1)

Where Ips is the drain to source current, Ves is the gate to source voltage and Vps is
the drain to source voltage.

Orientation degree/DR was calculated from the polarized UV-vis absorption spectra
using Equation ( 2.7 ) in Chapter 2. The film with size 35 x 18 mm? prepared and
characterized through a 2D positional mapping technique for evaluating the thickness and
orientation variation of UFTM films, as reported.'® For better resolution and ease of
measurement, optimum parameters with a mask of diameter 0.5 mm, shutter operating
frequency of 2 Hz with 4% duty cycle, and stage speed of 1 mm/s were used. A continuous
array of point areas (diameter: 0.5 mm) were scanned along the ribbon width. At every point
area, the absorption spectrum was taken with a spectral resolution of 2 nm, and five spectra

were taken and averaged to improve the S/N ratio.

3.3 Results and Discussions

In the UFTM method, thin films are prepared by dripping the PQT solution at the slider
interface and a specially fabricated liquid substrate, as shown in Figure 3.1 (a). Due to the
unique design, the slider allows the spreading of the film in unidirectional, and the film was
solidified simultaneously during expansion due to the low boiling point of the solvent. It was
easy to confirm the orientation direction, just placing a transparent polarizing film on top of the
floating film the orientation direction could be confirmed. In most areas of the film, the

orientation direction was found to be parallel to the width and perpendicular to the direction of
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film expansion, as schematically illustrated in Figure 3.1 (a). But the orientation pattern at the

edges of the floating film was different from that in the center.

a) 'Step [:drop  Step II: spreading/solidification
& Step III: transfer

side walls y /
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tray containing viscous liquid substrate height 2.5 cm f
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Figure 3.1. (a) Schematic of the uni-directional floating film transfer method. (b)
Chemical Structure of PQT. (c) Photograph of the uniaxially oriented films of PQT 40
cm? on flexible PEN substrate.
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Uniformly oriented floating film can be transferred to any substrate via simple
stamping, ignoring edges having different orientation directions. This method is particularly
suitable for preparing large-area-oriented floating films. An example of such films on a flexible
PEN substrate with an area of ~40 cm? is shown in Figure 3.1 (c), with the uniaxial orientation
direction shown in Figure 3.2. The effective use of the material in this method was
understandable because even after neglecting the edges, 40 cm? of a uniformly oriented film
with a thickness of 10 nm can be prepared to produce the required polymer weight per unit area

of ~2.5 g/cm?. In particular, the 9 nm spin-coated film required ~138.8 g/cm?.
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Figure 3.2. Polarized photograph of the representative 40 cm? PQT films on PEN
substrates prepared using UFTM when the polarizer aligned in parallel (a) and
perpendicular (b) with the polymer orientation. Single-sided blue arrows represent the
floating film expansion direction, and double-sided green arrows indicate the orientation
direction along the width of the floating film. Double-sided red arrows represent the
direction of the polarizer.
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Figure 3.3 (a) shown the polarized absorption spectra of the center region of the PQT
floating film. The DR of the film was 15 with order parameter (S) being >0.8, where S= (DR-
1)/(DR+1), which reflect chains backbones of polymer aligned uniaxially along one direction.
Well-defined absorption peaks at 545 nm and shoulder at 585 nm were associated with
absorption of n—= lamella stacking reflecting strong intermolecular interactions among PQT
macromolecules. 823 In most areas of the film in UFTM, the PQT films exhibit a strong optical
anisotropy, in which light polarized pendicular (L) to the direction of film expansion is more
strongly absorbed than parallel polarized (||), indicating that the PQT main chains are uniaxially
oriented perpendicular to the direction of film expansion ( along the width of the tape-shaped
film).

A photograph of a portion of the film taken across the bandwidth through the polarizer
film is shown in Figure 3.3 (b and c). These images reveal that most of the central regions
have maximum absorption with polarized light parallel to the direction of the film width.
another thing, the two edges have opposite trends indicating intense absorption with polarized
light perpendicular to the film width. To evaluate thickness and DR variation across width,
these films were mapped using our 2D position mapping system as previously published. °

In general, semiconducting polymer thin films with minimal thickness variations are
sensitive to their peak absorbance, directly proportional to thickness (Beer's law). 54%° Therefore,
small variations of the absorption peaks reflected variations in thickness, as shown in Figure
3.3 (d). These results indicate that the film was fairly uniform at 35 mm wide and 18 mm long.
The morphology and surface roughness were also investigated using AFM, and the results
showed that the film was very uniform with a root mean square of surface roughness <1 nm, as
shown in Figure 3.4.

Orientation mapping was carried out, taking into account that the polymer was oriented

along the film width. The results are shown in Figure 3.3 (e), where the DR ratio appears to be
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>10 in most middle regions across the width. In particular, the mapping can only estimate the
DR concerning a certain direction as a reference. In this case, the orientation direction of the
center region was taken as a reference. Therefore, these measurements do not determine that
the polymer was not oriented at the edges because the orientation of the polymer in the region

may have a different direction from the direction of the center region.
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Figure 3.3. (2) UV-Vis polarized absorption spectra of UFTM film. Photograph of the
section of the floating film on a bare-glass substrate with a polarizer in parallel (b) and
perpendicular (c¢) to the width of ribbon-shaped UFTM film. (d) Peak absorption
distribution of a section of ribbon-shaped film. (¢) DR distribution considering light
polarization direction parallel and perpendicular to the width of the ribbon-shaped film.
Single-sided blue arrow (b, c) shows the floating film expansion direction in ribbon-
shaped UFTM films. Double-sided red arrows in (b, ¢) show the light polarization
direction. A single-sided green arrow shows the polymer orientation direction or width
direction of the floating film. For 2-D mapping, the film shown in (b or c) was used.
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Figure 3.4. AFM topography and surface roughness details of the floating films prepared
with PQT concentration (a) 0.5% (w/w) and (b) 1% (w/w).

A single line scan of the peak absorption intensity as shown in Figure 3.5 (a), with the

direction of light polarization parallel (||) and perpendicular ( L) to the film width, was

conducted to evaluate the orientation distribution along the width. The absorption peak with
light polarization parallel to the width has a uniformly high absorption peak in the center region,
decreasing towards the edges. On the other hand, the absorption peaks with light polarization
perpendicular to the width direction are consistently low compared to the previous case in most
central regions and increase at the edges. These results indicate that the polymer was uniformly
oriented along the width direction in the middle, and the orientation direction gradually changes
towards the edges.

We defined a regime as a boundary region, at the places, where intensity peaks of ||
and L absorbance intersects. These results also reflect that the orientation direction of the
polymer gradually changes its direction in the boundary region and the degree to which the
orientation direction of most polymers at the film edge is somewhat orthogonal. This result in
line with the film's polarized image shown in Figure 3.3 (b and c) and the DR mapping in

Figure 3.3 (e). In order to accurately estimate the orientation and direction of the DR in each
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Figure 3.5. (a) Peak absorption intensity distribution of the film with light polarization
direction parallel and perpendicular to the substrate. (b) Schematic representation
showing the distribution of the possible orientation direction of polymers in different
regions of the films. Normalized peak intensity of angle-dependent spectra taken in
different regions for the left side (c) and right side (d) of the film.

region of the film, i.e., the center, border, and edge regions across the film width, as shown
schematically in Figure 3.5 (b), we carried out further investigation.

The angle-dependent polarized absorbance was measured in various regions over the
entire width of the film. The peak absorbance of each region from the left side of the film was
measured towards +90° to -90° with an interval of 15°. In each case, a polarization direction of
0° was defined with reference to the direction of the center orientation to measure the
orientation distribution. The peak intensity of the absorbance value at each angle was
normalized by considering the maximum intensity obtained in the area. The results are shown
in Figure 3.5 (c). It found the intensity at the center region to be maximum at around 0°, which
steadily decreases when rotating the polarizer along with other directions and is in accordance

with the mapping results shown in Figure 3.3 (e).
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In the boundary region, peak intensity was found to be increasing (decreasing) towards
the angles >0° (<0°), and maximum (minimum) intensity were observed at +45° (-45°). For the
left edge of the film, peak intensity was found to increasing (decreasing) towards the angles
>0° (<0°), and maximum (minimum) intensity was observed at +75° (>-15°). These results
suggest that the center region covering most of the film area has orientation perpendicular to
the expansion direction of the film, as schematically shown in Figure 3.5 (b); however, across
the boundary region to the edges of the film, they tend to be oriented in different directions
compared to the film center. A similar trend was observed on the right side of the film, with the
orientation of the boundary and the edge region skewed towards the edge of the film, as shown
in Figure 3.5 (d).

Despite the different orientation directions across the edges, it should be noted that the
DR in each region can be roughly estimated by the ratio of of the peak intensities in this 180°
scan, which is ~10, as can be seen from a perusal of Figure 3.5 (c). These results suggest that
the orientation intensity of polymers’ domain in different regions is similar; however, their
orientation direction gradually shifted along the film expansion direction.

The schematic illustration shown in Figure 3.6 was a possible mechanism for this
behavior. We believe the gradual change in orientation direction on both sides of the film results
from the shear stress caused by the slider walls designed to expand the film in one direction as
the solution begins to flow. Therefore, unlike the circular orientation observed in the floating
films fabricated in Petri dishes, ¢ polymers in ribbon-shaped FTM were uniformly oriented in

center regions that account for more than 70% of the total width.
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side-walls

bottom-wall

Figure 3.6. Schematic illustration of proposed orientation mechanism in unidirectional
floating film transfer method.

To confirm the validity of this orientation characteristic in UFTM, we also tested the
versatility of this phenomenon with other high mobility Poly[2,5-(2-octyldodecyl)-3,6-
diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene)] polymers, and a
similar behavior was observed, as shown in Figure 3.7. The polarized photograph in Figure
3.7 clearly shows that when light was polarized along the width of the film's central region, it
is dark. On the other hand, when light polarization was perpendicular to the wide region, most

of the center region was light in color. In addition, the color of the edge region was intense.
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Figure 3.7. Polarized photograph Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-
5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene)] films prepared using UFTM. Film was
transferred on glass substrate across the film width. Light polarization is parallel in (a)
and perpendicular in (b) with respect to the film width. Double-sided red arrow shows the
light polarization direction. Single-sided blue arrows show the floating film expansion
direction in UFTM. Double-sided green arrow shows the polymer orientation or film
width direction.

Orientation conformation of the semiconducting polymer in a thin film is important
for understanding the charge transport anisotropy in OFET. Therefore, we prepare the PQT film
from the center region then measure out-of-plane and in-plane GIXD. From out-of-plane GIXD
measurement results, we observed the diffraction peaks (h00) up to 2" order related to alkyl
lamellar stacking, as can be shown in Figure 3.8 (a). d-spacing was calculated to be 2.07 nm
which shows that alkyl side chains are partially interdigitated and is in good agreement with
studies reported by Kline et al.®” Measurements of in-plane GIXD were conducted along the
parallel (x = 90°) and perpendicular direction (y = 00°), the schematic of measurement setup
and results were shown in Error! Reference source not found. (b). A diffraction peak around 2
0, = 21.2° arising from n—n staking between the polymers was only observed for y = 90°,
reflecting the unidirectionally aligned polymers. There was no diffraction peak related to the
alkyl lamellar stacking in in-plane measurement, which reflect that polymer backbones were
aligned uniaxially with the conjugated backbone and n—= staking in-plane of the substrate, so-

called edge-on orientation. 3>%,
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Figure 3.8. Out-of-plane (a) and in-plane (b) GIXD pattern of PQT films prepared by
UFTM. Inset in (a) is a schematic illustration of edge-on oriented conformation. Inset in
(b) shows the schematic illustration of in-plane GIXD measurement where scattering
vector is parallel (x = 90°) and perpendicular (% = 00°) to polymer orientation direction.

Analysis of both peaks that appeared in the out-of-plane XRD measurement results
using the Williamson-Hall equation, which is defined as 8 cos@ = KA/D + ¢ 4sinf. Where D
is the crystallite size in nm, K'is a numerical factor refer to as the crystallite shape factor (0.95),
A is the wavelength of X-rays, £ is the width (full-width at half-maximum) of the X-rays
diffraction peak in radians, is a micro-strain and &is the Bragg angle in degree. The full width
of the diffraction peak at half the maximum of both peaks is the result of the contribution of
crystal size and micro-strain, where the contribution of micro-strain is almost the same as the
contribution of crystal size as shown in Figure 3.9. These results indicate that the resulting thin
film has a semi-crystalline structure, which has high long-range order but weak positional order.

Mobility anisotropy in edge-oriented films is smaller (<1 order of magnitude) because
of the presence of a conjugated backbone and n—= staking in-plane of the substrate in
comparison to face-on-oriented films. 1888 In-plane charges transport properties of the films

were checked by making OFETSs in each region. Since the orientation direction in different
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Figure 3.9. Williamson-Hall plot of out-of-plane X-ray diffraction data in Figure 3.8 (a)

regions were already known, OFET’s channel direction was tuned considering 0° in parallel to
the orientation direction of the center region and was set as a reference in each region as shown
in Figure 3.10 (a). The mobilities of the angle-dependent field effect in different regions with
respect to the orientation direction in the central region was shown in Figure 3.10 (b).

At the center, where polymer orientation direction is at 0° to channel direction, field-
effect mobility in parallel (0°) and perpendicular (90°) direction was found to be 5.7x1073
cm?/Vs, and 6.4x10* cm?/Vs, respectively. Tripathi et al. have reported the dependence of the
molecular weight on DR and field-effect mobility of UFTM film.®® As the SAM layer is similar
to that reported, we believed this lower value of field-effect mobility is due to the low molecular
weight of the purchased PQT. The mobility anisotropy of 8.9 is in line with polarized UV-vis
absorbance and GIXD results, showing high DR and edge-on conformation..”® "2

Maximum field-effect mobility in the boundary region was found when the channel
direction was at 45° with respect to the orientation direction of the central region as shown in
Figure 3.10 (a), and was in line with the results of angle-dependent peak absorbance. At the

edge region, field-effect mobility was lowest at 0° as the dominant orientation was found for
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angle ~70° (>45°), shown in Figure 3.10 (b). Maximum field-effect mobility in the edge region
was also observed at 45°. However, it is worth noticing that field-effect mobility was high for
angles >45°, compared to that of center and boundary regions. Since the channel width of
OFETs was 2 mm more than the width of edge-region of UFTM films, as can be seen in Figure
3.3 (b and c). Therefore, these field-effect mobilities in the edge region were expected to
originate from both the edge and boundary regions. The lowest mobility at 0° and higher
mobility at angles >45° reflect that the polymers in the edge region were almost orthogonally
oriented towards the center.

For comparison, spin coated devices were also prepared on same substrates and
average field-effect mobility was estimated to be 1.42x10° cm?/Vs. Field-effect mobility of
spin coated devices is in well agreement with the results reported by Pingel et al.,”® where they
have reported the effect of molecular weight of PQT on field-effect mobility. Moreover, field-
effect mobility spin coated device is between 0° and 90° oriented films as these films are

isotropic in nature. Similar results on oriented poly(3-hexyl thiophene) using strain alignment
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Figure 3.10. (a) Schematic of OFET and reference angle for measurement of angle-
dependent field-effect mobility in different regions of ribbon-shaped films of PQT. (b)
Angle-dependent field-effect mobility in different regions of UFTM film and field-effect
mobility of spin coated OFETs. Average and standard deviation at each angle was
calculated from 5 or more devices.
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have been reported where mobility of isotropic film was in between the mobility along the
orientation direction and orthogonal direction.”

Large area films, which comprise 70% of the area along the width, can be obtained by
transferring floating films at the center region, even though ignoring its boundary and edge
regions. For example, one of the large area films with a size of 40 cm? having a uniaxial
orientation shown in Figure 3.2. In order to investigate the variation of the field-effect mobility
in these large-area films, we fabricated a transistor array by transferring the film along the
expansion direction, considering that the channel direction was parallel to the orientation
direction (film width). From this large floating film, we can obtain 42 OFETS fabricated in two
rows along their length in an area of 15 x 2.5 cm?, as shown in Figure 3.11 (a). In this case, the
SAM-layer was replaced with an ultra-thin layer (9 nm) of CYTOP which facilitates better
adhesion with the floating film due to its high hydrophobicity. It found that device-to-device
variation and hysteresis in OFET performance using high SAM decreased by a considerable

amount in the case of CYTOP. >76
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Figure 3.11. (a) Schematic illustration of fabricated bottom-gated top-contact OFET
devices with a photograph showing many CYTOP/SiO2/Si(n++) substrates transferred on
single large-area floating films for mobility mapping along the 16 cm length of the ribbon-
shaped floating films. (b) Transfer characteristics of OFETSs at length 0, 3, 6, 9, 12, 15 cm
of the single ribbon-shaped floating film. (c) Variation of field-effect mobilities along the
length of the single ribbon-shaped floating film. (d) Variation of field-effect mobility and
film thickness with PQT concentration. PQT concentration was 2% (w/w) in (b) and (c).
Values in parentheses in (d) are total number of devices fabricated.

Figure 3.11 (b) shown the transfer curve of the OFETs along length at the equidistant
interval of 3 cm. This transfer curve clearly showed p-type unipolar behavior with an on-voltage
around 0 V and lon/lof ratio of 10°. It has been commonly reported that the hysteresis in the FET

device was due to the presence of hydrophilic components at the semiconductor and dielectric
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interface. 7 Since these floating films were washed with isopropanol and then annealed at 60 °C
to evaporate any residual solvents, therefore, negligible hysteresis and well-defined on/off
characteristics can be attributed to the absence of any residual solvents or hydrophilic liquid
substrates from UFTM procedure. We believe that strong interaction between the CYTOP

interface and PQT films, highly hydrophobic CYTOP surface with water contact angle of ~

112°, and subsequent washing with isopropanol prevented any hysteresis, as many researchers
have reported.’883

Figure 3.11 (c) shown the variation of field-effect mobilities for two rows along the
length, and the average field-effect mobility of these OFETs was 0.0262+0.0033 cm?/Vs.
Interestingly we did not find any malfunctioning devices, and all of the 42/42 transistors
fabricated were working. Moreover, the standard deviation of mobility in these large-area films
was negligible, comparable to or better than many other solution-based procedures for the
fabricating of isotropic and anisotropic large-area films for OFETs and circuits. 887

Only by changing the concentration of the polymer solution, the thickness of the film
formed by UFTM will change. To investigate the effects of semiconducting polymer film
thickness on the FET devices, we varied the solution concentration from 0.5 to 4% (w/w),
resulting in a film thickness of 5.6 to 45 nm. Results of the field-effect mobilities and film
thickness regarding PQT concentration are shown in Figure 3.11 (d). Interestingly, field-effect
mobilities were in the same order even if increased the thickness by =9 times. However,
maximum mobility and higher reproducibility were obtained with 10 nm thick films prepared
with 1% (w/w) concentration. These results confirm that UFTM offers large-area films with
oriented semiconducting polymers and enables minimal compromise in performance
uniformity.

Floating film prepared by 0.5% (w/w) was 5.6 nm thick, which means film merely

consisted of 2-3 layers of edge-on stacked polymers on the substrate considering the lamellar
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stacking distance of ~2.1 nm. These results reveal that even 2-3 layers could construct charge
pathways as film maintain considerable performance >0.01 cm?/Vs. However, we believe that
slightly low value and device-to-device variation were due to the film's relatively high surface
roughness, as confirmed by AFM images (Figure 3.4). Many researchers have studied
thickness-dependent performance in OFETS, and the relation between thickness and field-effect
mobility depends on several parameters, as already reported.®>88°  Therefore,
thickness/concentration-dependent growth mechanism in UFTM and their influence of film
morphology using various semiconducting polymers is important.

Flexible OFETs were fabricated in bottom-gated top-contact geometry on 100 pum
thick PEN substrates using Al gate electrode and CYTOP dielectric (Ci = 2.54 nF/cm?) shown
in Figure 3.12 (a). Measurement was first conducted with flat devices such that the bending
radius of curvature (r) is . Average field-effect mobility of flexible devices was 0.0181 +
0.006 cm?/Vs (maximum 0.026 cm?/Vs). These results on flexible devices are comparable to
devices on rigid substrates with a CYTOP interface. We also examined mechanical flexibility
by bending the devices across the channel direction sequentially across cylindrical rods of
different radii (r= 10 mm, 6.5 mm, 3 mm).

Transfer curves of flexible OFETs are shown against the different bending radius
shown no considerable difference, as shown in Figure 3.12 (b). Evolution of field-effect
mobility and threshold voltages with respect to bending radius is shown in Figure 3.12 (c) and
(d). The mobility and threshold show no significant change even when bent at radii of 3 mm,
suggesting the absence of significant film cracking or layer delamination during flexing of the
substrate. We noticed that connection to drain and source pads via silver paste were delaminated
as bending 100 um thick PEN substrates was difficult; such aggressive flexing can cause

deformation the flexible substrate. Nevertheless, this process depends not only on the quality
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of the semiconductor layer but also on the mechanical compatibility between the other device

layers and the intrinsic properties of the other layers and their response to bending.8"%
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Figure 3.12. (a) Schematic illustration of the flexible bottom-gated top-contact OFETSs. (b)
Transfer curve of the flexible OFETSs at different bending radii. Evolution of field-effect
mobility (c) and threshold voltage (d) with r. Inset in (b) is the photograph of the flexible
OFETs.

3.4 Conclusions

The UFTM capability to prepared large-area (~40 cm?) uniformly oriented PQT thin
films has been demonstrated. Its high uniformity has been revealed using 2-D positional
mapping and AFM measurement. Using angle-dependent absorbance measurement, we

confirmed orientation characteristics in the majority of the center region covering 70% of the
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entire width of the film was highly uniform. The orientation of the polymer crosses the edges
nearly orthogonal to the center. Mapping angle-dependent field-effect mobilities were in line
with the angle-dependent peak absorbance of UV-vis absorbance spectra measurements. The
average field-effect mobility of many OFETs fabricated from two rows along the length of a
single film with an area of =15%2.5 cm?was 0.0262+0.0033 cm?/Vs. Film thickness variations
in field-effect mobility shown no appreciable difference in performance, and even 10 nm thick
films offer highly reproducible results in terms of device performance. Flexible OFETs with
bottom-gated geometry on PEN substrates using CYTOP dielectrics had average field-effect
mobility of 0.0181 cm?/Vs and no considerable change in mobility after bending the flexible
devices at different radii (10, 6.5, and 3 mm). In addition to multilayer film fabrication
capability, we believe these key features of UFTM are expected to contribute towards novel

hetero-structured devices and next-generation flexible circuits.
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Chapter 4. Anisotropic Properties of Floating Films at Different Interfaces

4.1 Introduction

Semiconducting polymers are widely investigated for various technological
applications such as flexible electronics, devices for conversion alternative energy, and sensing
and imaging devices. 52°1°2 The main advantage of conjugated polymers is that they can be
solution-processed, offering inexpensive and uncomplicated device manufacturing. Their one-
dimensional p-orbital result in optical and electronic anisotropic properties. These properties
can be achieved in device applications when the backbone chains are aligned. 123234 In addition,
the alignment of the backbone chains in polymer thin films can increase the mobility by more
than an order of magnitude, as has been widely reported.25893% The majority of the orientation
techniques to align conjugated polymers are suitable for practical large-area flexible circuits
due to the possibility of damaging the bottom films or substrate chemically or mechanically.
The floating film transfer (FTM) method is one method for aligning conjugated polymers, so
that the performance of OFET devices can be improved, as shown in some of the previous
reports. 123273455 | ater, by modified form of the FTM method, as shown in Figure 2.5,
unidirectional expansion of a polymer resulting in oriented and large-area of floating films can
be achieved, then we called unidirectional floating film transfer method (UFTM).

Molecular alignment in UFTM and their optical and charge transport anisotropy have
been extensively investigated. However, there are no detailed reports on the molecular
alignment at the liquid and air interface. Therefore, investigation pertaining to the orientation
at both the interface, or in other sense, how orientation (or degree of orientation) varies with
the thickness have not been investigated yet. It is well known that the charge transport in OFET

occurs within few nanometers or few monolayers near the gate-dielectric/semiconductor
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interface. Therefore, the charge transport anisotropy also depends on the alignment of polymers
near the interface. However, it is important to investigate the molecular-alignment
characteristics of floating films at both liquid interface and air-interface in UFTM as these
characteristics also determine the performance and anisotropy of OFETs when considering a
bottom-/top-gated geometry. These characteristics are investigated through the anisotropy of
the charge carrier in both OFET structures.

This chapter presents a detailed investigation of the growth mechanism and charge
transport anisotropy in UFTM films at liquid interface and the air interface. Anisotropy of field-
effect mobility was studied through OFET fabrication with TGBC and BGTC structures. In the
TGBC OFET, the air interface of floating film will be used for semiconductor/dielectric
interfaces. While in BGTC OFET, the liquid interface of floating film was studied. To fully
understand the effect of film thickness on charge transport anisotropy at both interfaces, we
also varied the film thickness by varying the casting of the polymer solution in UFTM. Further
results and discussion related to these investigations is made in the result section of the this

chapter.

4.2 Experiment Details

4.2.1 Materials and films preparation

Polymer material and solvent: poly(3,3"”-didodecyl-quaterthiophene) (PQT-C12) and
anhydrous chloroform were purchased from Sigma Aldrich without any further purification.

Chemicals for liquid substrate in UFTM: Ethylene glycol (EG) and glycerol (GL) were
purchased from Fujifilm Wako Pure Chemical Corporation, Japan. Both chemicals were mixed
with a ratio of EG and GL was 3:1. The temperature of this liquid substrate was maintained at

45 °C before used for film casting.
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Chemicals for SAM treatment: Octadecyl(trichloro)silane (OTS) with purity >90%,
and toluene super-dehydrated were purchased from TCI, Japan and FUJIFILM Wako, Japan.

CYTOP CTL-809M and CT-Solv.180 were purchased from Asahi Glass Co., Ltd., Japan.

Substrates: Normal glass substrates for optical characterization of thin films, while
device-grade glass substrate and SiO2/Si (n™) substrates with SiO> thickness of 200 nm for
OFETs device with structure BGTC and TGBC. Before SAM treatment and CY TOP deposition,
substrates were washed in an ultrasonication bath of acetone for 10 minutes, followed by rinsing
in hot acetone and drying under nitrogen flow.

To improve the surface hydrophobicity of normal glass for optical characterization,
the substrates were immersed in 160 ul of OTS solution prepared in 40 ml super dehydrated
toluene for 3 h in the air atmosphere. However, for OFETS fabrication purposes, SAM treatment
and CYTOP deposition were presented in detail in the device fabrication section.

Polymer solutions: PQT was dissolved in anhydrous chloroform with various
concentration because the concentration of polymer solution is an important parameter to decide
the thickness of thin-film.3%912 |n this study, variations in the concentration of PQT were 0.5,
1, 2, and 3% (w/w) to vary the film thickness.

Polymer films: Approximately 10 ul of PQT solution was dropped near the edge of the
center of the tilted bottom slider wall and liquid substrate interface. The droplet solution will
spread unidirectional to form a large area of the thin film. The substrate was held with tweezers,

then, carefully placed on the floating film to transfer it to the substrate.

4.2.2 Devices Fabrication

For BGTC OFETs fabrication, clean SiO2/Si(n++) substrates were coated by

CYTOP™ using spin coating at 1000 rpm for 45 s, then annealed just after coating at 100°C
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for 1 h in the air atmosphere, resulting in the thickness of ~10.44 nm. The CYTOP solution was
prepared by dissolving CYTOP CTL-809M in CT-Solv. 180 in the ratio of ~1:30. The PQT
floating film then transferred on these SiO/Si(n++) coated CYTOP. The source-drain electrode
with the channel length of 20 um and width of 2 mm was formed by evaporating the gold under
the nickel shadow mask. The gold was evaporated resulted in thickness up to ~50 nm.

SAM coated on clean device-grade glass substrates for fabrication of TGBC OFETSs
device. Clean substrates were immersed in a container with 160 x of OTS solution prepared in
40 ml super dehydrated toluene which was placed on a hot plate (80 °C for 2 h) in the air
atmosphere. Substrates was cleaned in ultrasonication bath of toluene for 10 minutes with
repetition 3 times using fresh solvents. As a final step, substrates were left for drying at 100 °C
on a hotplate for 15 min in the air atmosphere. Later, source and drain electrodes were formed
by placing a nickel shadow mask on the substrate before vaporizing the chromium and gold.
The chromium was vaporized firstly, then gold, which resulted in thickness of ~2 nm and ~18
nm, respectively.

The PQT floating film was transferred on that substrate, followed by proper washing
with 2-propanol to remove the liquid substrate adhering to the film; then dried at 60 °C for 30
minutes under nitrogen atmosphere. Later, pure CYTOP CTL-809M was coated using spin
coating with a speed of 4000 rpm for 45 seconds, obtaining the CYTOP thickness ~650 nm,
then dried at 60 °C for 1 h in air atmosphere, immediately after coating. As a gated electrode,
the aluminum was evaporated under the nickel sheet mask with a thickness of ~40 nm.

In any case, since the thickness of source-drain of TGBC FETs was ~20 nm, for PQT
films with the thickness 5.6 and 10 nm obtained from PQT solution of 0.5 and 1 % (w/w),
diluted PQT solution with concentration 0.2 % (w/w) in 1,2-Dichlorobenzene deposited using

2 steps spin coating (1st step of 500 rpm for 5 s and 2nd step of 1500 rpm for 75 s) resulted in
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thickness of (8.7+£0.1) nm as supporting layer to avoid cracking of films at the edge of both

sources and drain electrodes.

4.2.3 Characterization

Polarized absorption spectra measurements were conducted by using UV-vis-NIR
spectrophotometer (JASCO V-770DS) be equipped with polarizer. Thickness measurement and
surface topography were measured via atomic force microscope (AFM) using SPM-9600
Shimadzu, Japan. Semiconductor parameter analyzer Agilent E5272A was utilized for current-
voltage (I-V) characterization of OFETs. Capacitance/Area (Ci) was measured using an LCR
meter (ZM2375, NF Corporation) for parallel plate capacitor structure fabricated similar to
transistor geometry, it was 2.77 nF/cm? and 15.38 nF/cm? for pure CYTOP coated device-grade
glass and CYTOP coated SiO, respectively. Field-effect mobility (1) was extracted from the
transfer curves in the saturation region using below.

uC;w
Ips = _ZLL (Ves — VDS)2 (4-1)

Where Ips is the drain to source current, Vgs is the gate to source voltage and Vps is the drain to
source voltage. Orientation degree/DR was calculated from the polarized UV-vis absorption

spectra using Equation 2.7 in Chapter 2.
4.3 Results and Discussions

UV-Vis polarized absorption spectra of films with variation solution concentration
shown in Figure 4.1 (a). It is clearly shown that all the fabricated films have clear optical
dichroism with high DR with main peak at Amax around 537 nm in parallel absorption spectra.®®
Absorption spectra in parallel show a low energy feature around 580 nm, suggesting a vibronic

band associated with the (0-0) transition spectra corresponding to structural ordering formation
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in the solid-state and ©-m lamella stacking which is absent in perpendicular absorption spectra
is attributed to random distribution of polymer chains. 32399

Obviously observed in Figure 4.1 (b), the main peak of normalized nonpolarized
absorption spectra at around 540 nm was unchanged even though the solution concentration
increased. However, the ratio Ao-o/Ao-1 increases when the solution concentration more than
0.5 % (w/w), which reveals the PQT macromolecule enhances their interchain interactions.
Increasing the polymer concentration to 2 and 3% (w/w) causes a shoulder peak of about 500
nm to be clearly seen, addressing the presence of an amorphous polymer chain. This is also
confirmed by the appearance of a weak absorption peak at around 680 nm, which shows a
transition between amorphous and crystalline phases. 7%

In concentration 0.5 % (w/w), the PQT macromolecules have a high degree of freedom
of movement in the solution phase; once it dropped on the liquid substrate, droplet solution
spread out on the liquid substrate before it solidified that provide non-uniform floating-film and
low interchain interaction. However, when using concentrations 1, 2, and 3 % (w/w), the
number of polymer macromolecules in one polymer droplet enhances, restricting their free
movement while they are going from solution to solid-state. Therefore, solidification will be
faster polymer solidification and solvent evaporation, preventing rapid dispersal resulting in a
uniform floating-film and high interchain interaction, which indicated by increasing the ratio
Ao-of Ao-1.

The evolution of the number of aligned polymers contributing to the electronic
transition in the polarized absorption spectrum is shown in Figure 4.1 (c). It was clearly
observed that the absorption intensity in parallel enhancing with increasing the concentration
of the solution. Interestingly, adding the concentration from 0.5 to 1% (w / w) did not change
the absorption intensity perpendicularly, suggesting that the contributions of unaligned polymer

in both films were similar. However, using a more concentrated polymer would slightly
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increase the absorption intensity perpendicularly due to increasing content of randomly lying

polymer as a result of decrease in DR.
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Figure 4.1. Absorption spectra of PQT C-12 films with different concentration. (a)
Polarized (normalized), (b) Non-polarized (normalized), and (c) Polarized.

The change in film thickness due to different concentrations is presented in Figure 4.2
(a), and increasing the polymer concentration every 1% (w/w) resulted in arise in film thickness
of about ~ 10 nm. This result shows that a favorable way to tune the film thickness in solution-
based processing of fabricating a thin film, especially in the UFTM, is possible by controlling

polymer solution concentration. For each solution concentration 0.5, 1, 2, and 3 % (w/w)

81



resulted in the PQT film thickness of (5.6+0.6), (10.0+0.4), (21.0+0.2), (29.8+0.6) nm,

respectively.
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Figure 4.2. (a) Films thickness of the oriented film with different polymer solution
concentration. (b) Variation in the film's dichroic ratio in respect to the film thickness

Figure 4.2 (b) presents the DR of films as a function of film thickness due to different
polymer solution concentration casting of UFTM. At a certain range of thickness, the DR tends
to increase; however, increasing the concentration more than 1% (w/w) reduces the DR together
with the appearance of increased amorphous polymer content in the film. It shows that the
maximum DR achieved at the film thickness of 10.02 nm for solution concentration 1 % (w/w).

The AFM images in Figure 4.3 disclose the evolution of the interfacial morphology
at liquid-and air-interface of floating film with respect to concentration or film thickness. The
AFM images exhibited a similar surface morphology of both interfacial at the same solution
concentration where observed the noodle-like structure, this structure more pronounced when
increased the concentration. Surface morphology of the film prepared using solution
concentration 0.5 % (w/w) with thickness 5.64 nm resulted in the root mean square (RMS)

roughness (Sq) 0.865 nm and 0.867 nm for liquid- and air-interface, respectively. The Sq of the
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film prepared from 0.5% (w/w) was relatively larger and we believe that low polymer
concentration decreases the solidification speed, giving more time to polymers assemble by
themselves and grow by the static mode, as explained elsewhere.>* The increasing polymer
concentration in the solution at a certain concentration results in uniform polymer distribution
in a large area because expansion and solidification of polymer in the droplet were in balance
which was approved by decreasing Sg.

At a certain concentration/film thickness, the rms roughness of both interfacial
morphologies of the floating film was slightly different. The Sq of the air interface was a
comparatively less than the Sq of the liquid interface and is attributed the friction force arising
from the liquid substrate. Increasing the film thickness offer less influence of friction force from
the liquid substrate on the most top layer/air interface of floating film. Since the Sq of all thin
films was less than 1 nm, which is sufficient for OFFET devices. Several studies have been
established to reveal the effect of the conjugated semiconductor roughness on the device
performance, and they found the field-effect mobility will only be effected when the roughness
are in the range of 1 to 4 nm, 8297.98.99

Another interesting finding of UFTM is its ability to orient the polymer in a thin film
with a thickness of up to 29.8 nm, which corresponds to a solution concentration of 3% (w/w).
However, to confirm the orientation distribution over the thickness, anisotropy in field-effect

mobility using BGTC and TGBC needs to be evaluated with different film thicknesses.
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Figure 4.3. Contact-mode atomic force microscopy image of the liquid interface (a) — (d)
and air interface (e) — (h) of the floating film formed with different polymer concentration.
From (a) to (b) and (e) to (h) the polymer concentrations were 0.5, 1, 2, and 3 % (w/w),
respectively
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Figure 4.4 (a) and (b). show illustration schematic of OFET with structure BGTC and
TGBC fabricated with different PQT film thickness clearly exhibited the typical transfer
characteristic of a p-type OFET with negligible hysteresis and similar on/off ratios in the order
of 10° for the channel aligned in parallel with the polymer orientation, as shown in Figure 4.5
(a) and (b). Field-effect mobility in the saturation regime for PQT films with orientation
parallel/perpendicular to the channel direction is presented in Figure 4.5 (c) and (d).
Anisotropic charge transport with high field-effect mobility with orientation direction parallel
to channel direction can be clearly seen. The highest average mobility achieved in PQT PETs
with BGTC and TGBC structure was 0.035 cm?Vs and 0.029 cm?/Vs, respectively. In
comparison with the benchmark value of PQT-C12 (>0.1 cm?/Vs), relatively low mobility in
this report could be related to many other parameters that should optimized; such as molecular
weight, polydispersity index, dielectric/semiconductor interface, channel length, and
fabrication condition, etc. other than polymer chains orientation, which their optimization is

beyond the scope of present study.*®"®

Gate (Al)

CYTOP (~650 nm)

Figure 4.4. Schematic diagram of fabricated (a) bottom-gated top-contact (BGTC) and
(b) top-gated bottom-contact (TGBC) OFET device.
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Result shown in Figure 4.5 suggests that a charge transport in the OFET occurs in
semiconductor near the dielectric/semiconductor interface as only with ~5.6 nm thick film of
semiconducting polymer containing 2~3 layers of edge-on stacked interdigitated PQT is
sufficient for charge transport as discussed in the previous chapter. Figure 4.5 (c) and (d)
showed that field-effect mobilities of devices with the channel direction aligned in parallel did
not changed significantly even when the DR of the corresponding PQT film changed
significantly. This indicates there exist some limitation on the polymer alignment to effect the
overall charge transport in an oriented thin film after certain DR is achieved.

Figure 4.6 (a) showed the evaluation of anisotropy in field-effect mobility (za/ L) at
liquid-interface and air-interfaces with different polymer thickness in BGTC and TGBC OFETS.
The s/ trend is similar for BGTC and TGBC OFETSs at each film thickness. These results
indicate that the UFTM method capable of orienting the polymer throughout the film thickness
and not only near the liquid substrate and which is maintained even when the film thickness

increased up to around ~30 nm.

86



a) 41 BGTC PQT Film thickness b) _55 TGBC PQT Film thickness
10 3 — 56nm 107 3 — 5.6nm
5 — 10.0 nm ] — 10.0 nm
10~ = m— 21.0 nm 6 | — 21.0 Nm
E — 29.8nm 10 3 — 29.8nm
46 -
10~ 3 77
] 107 3
< 107 4 < ]
_ _ -8
=R 5 10 3
= 10° 2 = 3
9
. 1 E
109‘; 0 ]
. C,; = 15.38 nF/cm? -10 ]
107"° Ve = 0V 103 ¢, =2.77 nFlom?
bs - 11 ] Vps =-100 V
107" LS I
[ T T T I T [ T I I T [ T | T I T | T | T [
-60 -40 -20 0 20 -100 -80 -60 -40 -20 O 20
Vas (V) Vas (V)
o BGTC a | TGBC
c) e d) .t
0'1§ O'1§ -X- spin-coated
To oo e To ‘?%
> > g8 '
NE 0.01¢ NE 0.015
(&) E [&] -
\—:-E 1: ] --@-- "@ ””””” o \':5 B '//}’,,'%‘-—_;__
3 3 i ¥ %
0.001¢ 0.001F
||||| | I A S S U N AN TN N ST ST SN A B N A AN Beooooo by v by v by by v n o by v n s byagg
5 10 15 20 25 3 5 10 15 20 25 30

Thickness (nm) Thickness (nm)

Figure 4.5. Transfer characteristic of the OFET devices with channel || to the polymer
orientation as function of the film thickness for (¢) BGTC and (d) TGBC architecture.
Average psat of OFET devices with channel || and 1 for (e) BGTC and (f) TGBC.

Many researchers have studied thickness-dependent performance in OFETS, and the
relation between thickness and field-effect mobility depends on several parameters. 8888 |n
this work, we found that the field-effect mobility in PQT channel aligned in parallel with
polymer orientation slightly changed with film thickness; meanwhile, the DR changed largely.
This finding suggests that after achieving a certain value of DR, the charge transport in the

semiconducting polymer will not increase significantly due to a presenting of amorphous
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parts/tie chains. These tie chains providing interconnecting transport pathways between
crystalline domains in the PQT thin film that facilitates charge transport.10:192

Figure 4.6 (b) shows the possible charge transport mechanism in the PQT film. When
the channel direction was aligned along the orientation direction, we assumed that the charge
would be transported through =m-conjugations, tie chains, and n-m stackings. The most
contribution in charge transport is through n-conjugations that give the fastest transport, and

the tie chain facilitates the transporting of charge from one crystalline domain to another. At

the same time, the -7 stackings help in charge transport when there is discontinuity of the « -

conjugations in the crystal domain. This assumption is in line with the observation that a large
drop in DR value does not reduce value of g significantly. In any case, the charge will be
passed m-m stackings and tie chains when the channel direction is aligned perpendicularly to the
orientation direction. Thus, the n-7 stackings are the most widely used pathway for charge
transport, while tie chains support transporting between crystal domains.

In the FTM method, the film is grown on a liquid substrate, providing more freely
moving for the polymer molecule during the film formation. This freedom of movement affords
the ability of the polymer chains to uniformly self-assembly with the direction of arrangement
of the polymer chains perpendicular to the direction of polymer dispersion and over the entire
film thickness. Furthermore, the uniqueness of a growing mechanism of the film on a liquid
substrate provides the same degree of orientation at the film on the liquid substrate interface
and air interface. Therefore, the orientation characteristics of the UFTM film will provide the

same performance to OFET devices with top gate and bottom gate structures.
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Figure 4.6. (a) The ratio of s to gL (su/pL) of PQT FETSs in various PQT film thickness
with the structure of BGTC (air interface) and TGBC (liquid interface), and (b) schematic
illustration of the possible charge transport mechanism in oriented PQT films.

4.4 Conclusions

In summary, we have confirmed that UFTM method could orient the polymer in a thin
film for the entire film thickness, which imparts similar anisotropic properties at the liquid-air
interface that means throughout the thickness of the film. This method is also suitable for the
fabrication of OFET devices with BGTC and TGBC structures. We have also revealed that once
the DR of the thin films reach a certain value, the parallel mobility will not increase significantly

by increasing the DR further as the existing tie chains also assist in charge transport.
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Chapter 5. Assisting Orientation of Conjugating Polymer Using Polymer

Blend

5.1 Introduction

In thin films of semiconducting polymers, mostly carrier transport occurs via the -
conjugated backbone and helped by tie chains, inter-chain, and inter-domain hopping. >>°8103
In the last decade, many tremendous scientific efforts were made to fabricate thin films of
oriented polymers for their various applications, which resulted in the development of many
different orienting methods. 2311% For that reason, several solution-based oriented film
fabrication methods were developed, which offer convenience and cost-effectiveness for high-
performance optoelectronic devices. 124

Pre-aggregation in solution is essential for directing the polymer chains in the film. In
general, marginal solvents are used to form polymer aggregates in solution, making this process
difficult because the solubility of semiconducting polymers is very sensitive to the chemical
structure of the conjugated backbone and side chains. Therefore, most reports based on a single
semiconducting polymer system orientation are mainly reported. %251 However, multi-
component systems are sometimes important in obtaining various optoelectronic characteristics,
which is difficult to do over single materials. 1%-17 In addition, several reports have shown an
increase in film crystallinity of organic small molecules and semiconducting polymer by
blending them with amorphous or insulating polymers to provide a polymer base matrix during
film fabrication, %108-110

The floating-film transfer method (FTM) was reported as an easy orientation technique.
.39 In FTM, a drop of polymer solution is placed on a hydrophilic liquid substrate with high

surface tension, and the solution is spread over it. The viscous pull acting against the direction
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of film expansion leads to the orientation of the polymer backbone resulting in an oriented
floating film. In addition, simultaneous solvent evaporation promotes self-alignment during the
transition from solution to solid phase through the lyotropic liquid crystal (LC) phase improving
the overall orientation. Semiconducting polymers with LC characteristics have shown better
orientation ability in FTM.®° However, not all CPs exhibit LC phase transition characteristics.

This chapter reported an examination of the versatility of UFTM in assisting the
orientation of guest semiconducting polymer in the well-oriented host semiconducting polymer
matrix during thin film fabrication. Examination of the backbone orientation degree in the film
was conducted via polarized UV-vis-NIR absorption spectroscopy. Therefore, to differentiate
the orientation degree in the blends, semiconducting polymers with an absorption spectrum that
does not overlap with the visible absorption peaks were chosen. Experiment details and further

discussion regarding the obtained results were presented in the next sub-chapters.

5.2 Experiment Details

5.2.1 Materials and films preparation

Polymer material and solvent: poly(3,3”-didodecyl-quaterthiophene) (PQT-C12) and
anhydrous chloroform were purchased from Sigma Aldrich, Japan without any further
purification. Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) was synthesized by Suzuki-Miyaura
coupling having the weight-average molecular mass (Mw) of 58 Kg/mol and polydispersity
index of (PDI) of 3.31 measured using gel permeation chromatography calibrated by
Polymethylmethacrylate standard 7. Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-
5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene)] (DPPT-TT) was synthesized as per the reported

literature having the My and PDI of 92 Kg/mol and 2.45 %
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Chemicals for liquid substrate in UFTM: Ethylene glycol (EG) and glycerol (GL) were
purchased from Fujifilm Wako Pure Chemical Corporation, Japan. Both chemicals were mixed
with a ratio of EG and GL was 3:1. The temperature of this liquid substrate was maintained at
55 °C before used for film casting.

Chemicals for SAM treatment: Octadecyl(trichloro)silane (OTS) with purity >90%,
and 1-octadecene technical grade 90% were purchased from Sigma Aldrich, Japan without any
further purification. Super dehydrated chloroform and cyclohexane super dehydrated were
purchased from FUJIFILM Wako, japan.

Substrates: Glass substrates were washed in ultrasonication bath of acetone for 10
minutes, followed by rinsing in hot acetone. Improving the surface hydrophobicity was
conducted by immersing them in the solution of 160 I OTS into 40 ml of octadecene under a
nitrogen atmosphere for 3 hours, followed by properly washing in an ultrasonication bath of a
mixture of super-dehydrated chloroform and cyclohexene in ratio 1:1 twice, and one time in
super-dehydrated chloroform for 10 minutes in each process. Then the substrates were dried at
150 °C for 15 minutes before using them in a further process.

Polymer solutions: Polymer solutions were prepared by dissolving in anhydrous
chloroform 1 % (w/w) and kept with a magnetic stirrer on a hotplate of 60 °C for 30 minutes to
ensure the complete dissolution. Polymer blend was prepared by mixing the polymer solutions
in different ratios (%, v/v). A similar method was used to increase the overall concentration of
polymers to 2% (w/w).

Polymer films: Approximately 10 zl of solutions were dropped near the edge of the
center of the tilted bottom slider wall and liquid substrate interface. The droplet solution will
spread unidirectional to form a large area of the thin film. The substrate was held with tweezers,

then, carefully placed on the floating film to transfer it to the substrate.
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5.2.2 Characterization

Polarized absorption spectra measurements were conducted by using UV-vis-NIR
spectrophotometer (JASCO V-770DS) be equipped with polarizer. Thickness measurement,
surface topography and phase images were measured via atomic force microscope (AFM) using
SPM-9600 Shimadzu, Japan. Orientation degree/DR was calculated from the polarized UV-vis

absorption spectra using Equation 2.7 in Chapter 2.

5.3 Results and Discussions

In this work, thin films were fabricated using the UFTM method, a schematic
illustration of the UFTM mechanism shown in Figure 5.1 (a). To examine the ability of the
UFTM method to orient the guest polymer through a blending approach, PQT was used as the
host polymer, PFO, and DPPT-TT as the guest polymer. Then, by mixing each guest polymer
into the host polymer, each guest polymer's degree of orientation or DR value increased. The
naked eye confirmed macroscopically oriented film perpendicular to the film spreading
direction by placing a polarizer film in front of the film. In addition, the degree of polymer
chain alignment was confirmed utilizing polarized UV-vis-NIR absorption spectroscopy. When
the direction of polarization of the incident light was parallel to the polymer backbone (Ay),
maximum absorption was observed. on the other hand, the minimum absorption was observed

when the direction of the incident light polarization was perpendicular to the polymer backbone
(AL).

Figure 5.1 shows the absorption spectrum of the PQT films coated by the ribbon-
shaped and spin-coated FTM, in which the PQT thin-film highly aligned with DR 11.68 + 1.26.

In addition, a Amax at 543 nm with a shoulder of about 602 nm was observed in the UFTM-

formed PQT films, whereas the spin-coated PQT films had the Anax at the same wavelength
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with relatively weak shoulders. The more prominent spectra on the UFTM film were due to
highly ordered lamella stacking, which makes the interactions between the chains better. In
addition, there was also an increase in the effective conjugate length and an increase in
intermolecular interactions, as indicated by a red-shift of the main peak and an increase in
shoulder vibration, respectively. 3239111

a) Step 1: drop
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Ny ‘, 5
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. . . m.

= g expansion direction  dragging force direction %?

2 mI tray containing viscous liquid substrate 5
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Figure 5.1. (a) Schematic illustration of floating film transfer method. (b) Chemical
structure of the different conjugated polymers utilized in this work.
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For PFO thin film with a similar casting condition resulted in a low DR of 2.94 with
Jmax at ~390 nm; this DR slightly better than the results reported by Arnaud et al. 3" These
results agree with the results reported by Arnaud et al., where they performed the FTM
procedure using a petri dish. In our case, we failed to observe the presence of the S-phase in the
PFO. 3”112 It should be noted UFTM films are highly reproducible with negligible variations in
thickness or DR.

It has been reported that the orientation ability of thiophene-based polymers is highly
dependent on two things i) the liquid crystal properties and ii) the interdigitation characteristics
of the side chains to provide free movement of the polymer backbone in solution during the
simultaneous phenomenon of solution expansion (spreading) and drying processes occurring in
the FTM. 1t Analysis of polymer orientation in thin films has been extensively investigated by
calculating DR using polarized UV-vis absorption spectroscopy. Therefore, to analyze the
orientation of the individual components in an oriented polymer blend, the individual polymers
in the blend must have different absorption ranges. As we can see in Figure 5.2 (a) and (b),
most of the absorption ranges of PQT and PFO did not overlap and could be used for this study,
where the pristine PQT FTM films have high DR, and pristine PQT FTM films have low DR.
It has also been reported that PFOs have liquid crystal properties and a tendency to align.

As the absorbance tail of PQT lies below 400 nm (Figure 5.2 (a)), therefore, to
estimate the DR of PFO in the blend, it was necessary to reduce the contribution of PQT in the
absorbance spectrum of the blending. To do this; first, the absorbance peak || or on pure PQT
in Figure 5.2 (a) normalized according to the absorbance peak || on the PQT PFO blend shown

in Figure 5.2 (c) and then subtracted to get the absorbance spectrum || of the PFO in the blend,

the similar procedure was carried out to obtain the absorbance _L of the PFO in the blend, the

result of this reduction was shown in Figure 5.2 (d).
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Figure 5.2. Polarized UV-Vis absorption spectra of FTM and spin-coated pristine PQT
(a) and PFO (b) films. (c) Polarized absorption spectra of FTM film of PFO: PQT (1:3)
blend. (d) Polarized spectra of PFO extracted from blend obtained after subtraction of
PQT contribution in the blend. In each case, || and L represent light polarization parallel
and perpendicular to the polymer orientation direction, respectively.

Figure 5.3 (a) and Table 5.1 show the DR of the PFO (DRrro) with various blending
ratios of polymer and overall polymer weight in solution. When the PFO amount was <25% of
the polymer blend, DRpro was >4. DRpro Was even found to be >8 when the PFO amount was
< 10% in the blend. On the contrary, the overall DR of the PQT (DRpgt) began to decrease
linearly. These results reflect that because PQT has a high self-assembly tendency at the
macroscopic scale, it tends to assist the orientation of the guest polymer, namely PFO, by 2—4
times. Moreover, because both polymers were well dissolved in chloroform, we failed to notice

any phase separation. For that reason, we believe that PFOs, when added in small amounts, tend
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to be between PQT macromolecules, and PQT's orientational ability promotes PFO

macromolecular alignment. In any case, for the 40% PFO in the blend, we speculated that the

decrease in DRpro must have been due to the high entanglement between the PFO

macromolecules, and consequently, the DRPQT was also decreased.
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Figure 5.3. Variation of DRrro (a) and DRpoT (b) with increasing PFO ratio in PFO:PQT

blend.

Table 5.1. DR of pristine PFO, PQT, and their blend with the increasing amount of PFO.

Polymer PFO % in b b
PFO DR PQT DR
Concentration blend? 0 Q
0% (Pristine
- 13.45+1.94
PQT) ’
5% 7.13+1.49 12.16 £ 1.31
+
10% 7.74 +£1.01 1.57+0.43
10.69 +0.47
y/ 29 £ 0.
L W% 15% 6.29+£0.79
D4 £ 0.
25% 426 +0.47 10.54+0.26
8.47 £ 0.65
30% 3.80+0.96
40 2.82+0.79 7.47 £0.28
100% (Pristine 2.49+0.23 -
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Polymer PFO % in

b b
Concentration blend?® PFO DR PQT DR
PFO)
0% (Pristine
PQT) - 14.27 £2.57
5% 8.19 £1.58 13.36 £1.08
10% 7.47+0.53 10.94 £ 1.61
2 Wt% 15% 6.39 +0.63 11.74+ 1.37
25% 3.98 +£0.54 9.34+1.50
30% 3.27+0.34 7.24 +0.47
40 3.05+£0.15 6.80+0.42
100% (Pristine
PFO) 2.05+0.16 -

Individual polymer solution was prepared by dissolving them in the solvent (%, w/w) and
then mixed (%, v/v) to prepare the blend. DR was calculated from at least 3-4 films.

Although there have been several reports of blending polymer/polymer and
polymer/small molecule, it has shown phase separation and increased interactions between
polymer chains. 13114 Contrary to this, as shown in Figure 5.4 (a), Ao-o/Ao-1 of PQT continued
to decrease with the increasing amount of PFO in the blend, which revealed that intermolecular
interactions between PQT macromolecules decreased with the addition of PFO in the blend.
Therefore, this evidence supports our hypothesis that PFO macromolecules were somehow
located in-between PQT macromolecular groups and were not phase separated even when PFO
accounts for 40% in the polymer blend.

It has been reported that there was a dependence of polymer concentration on DR NR-
P3HT; it found that polymer concentration changes the overall thickness of the film and the
solidification rate of the polymer solution when spread on a liquid substrate. ¥ The
contribution of polymer concentration to film thickness is difficult to measure and can change
from one polymer to another. However, in this case, as the overall polymer solution
concentration increased, the corresponding thickness increased, as shown in Figure 5.4 (b). It

should be noted that this increase in film thickness was possible without major changes in the
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Figure 5.4. (a) Normalized spectra of PQT for Ao-o/Ao-1 comparison. (b) Variation of film
thickness with increasing PFO ratio in PFO:PQT blend.

overall DR, as shown in Figure 5.3 and Table 5.1. Moreover, the film thickness in FTM can
also be controlled by layer-by-layer deposition because the film preparation procedure is not
dependent on the substrate, as previously reported.®°

To evaluate the validity of this technique, another polymer DPPT-TT was also mixed
in small amounts with PQT; the results are shown in Figure 5.5. The maximum DR obtained
with DPPT-TT pristine is 1.6. DPPT-TT does not have LC behavior. It has been reported that
semiconductor polymers that do not have LC behavior are oriented at a very low extent, such
as RR-P3HT and poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"|dithiophene-2,6-diyl][3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno [3,4-b]thiophenediyl].3*! Therefore, it is easily
understood that the low DR might due to the above considerations.

Similar to PFO, DPPT-TT was also blended with PQT, and the polarized UV-Vis-NIR
absorption spectrum was shown in Fig. 5.5 (b). DR DPPT-TT increased to 2.6 in the blend with
a weight ratio of 10% DPPT-TT in the blend of DPPT-TT and PQT. In addition, there was a
redshift from 802 nm to 824 nm in Amax 0f DPPT-TT. The wavelength feature at ~802 nm is

associated with the ground state absorption set as 0-0 (z-7* transition). The low wavelength
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feature set for the shoulder as 0-1 aligns with the previous literature for DPPT-TT and many
derivatives. 11118 The increased relative intensity of the 0-0/0-1 absorption feature of DPPT-
TT in the mixture compared to the pure film. These results suggest that the increase in the
effective conjugation length and highly ordered DPPT-TT macromolecules enhance the
intermolecular interactions in the polymer blend. Based on the results obtained for PFO and
DPPT-TT, when blended with highly ordered PQT, their features related to the absorption
spectrum reflect an increase in effective conjugation and inter-chain interactions.

The cantilever oscillates over the sample surface in AFM tapping mode/dynamic mode
without touching. The cantilever oscillates at high frequencies near its resonant frequency. This
particular interaction is important for soft materials such as polymers, as they are less damaging
to the sample. The advantage of AFM dynamic mode is that it can generate the topographic and
phase images simultaneously. The surface morphologies of the thin films prepared by pristine

and blended polymers using the UFTM were investigated by AFM tapping mode with scanning

size 2 x 2 ym?,
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Figure 5.5. (a) Polarized UV-Vis-NIR spectra of FTM coated pristine DPPT-TT (b)
Polarized UV-Vis-NIR spectra of FTM coated filmwith DPPT-TT 10% in DPPT-TT:PQT
blend. The dotted line in (b) represents the spectra of FTM coated pristine DPPT-TT for
comparison. In each case, || and L represent light polarization parallel and perpendicular
to the polymer orientation direction, respectively.
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Figure 5.6. AFM height and phase image of FTM films. (a) Pristine PQT, (b) Pristine PFO,
(c) PFO 25% in PFO:PQT blend (d) PFO 40% in PFO:PQT blend, (e) Pristine DPPT-TT,
and (f) 25% DPPT-TT in DPPT-TT:PQT blend. Scan area is 4 um?, and the scanning
direction was parallel to the polymer alignment direction.

The results of the AFM scan are presented in Figure 5.6 AFM images generated from
pristine polymers or films with a lower proportion of PFO in PQT show featureless and no
particular texture. This is because the surface roughness of the polymer blends be in between
the roughness of the individual pristine polymer films and seen no phase separation along the
lateral direction due to the high solubility of the polymer in chloroform. It is believed that even

if there is a nanoscale phase separation, it must be reflected in the form of increased interchain
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interactions. Therefore, these results agree with the results obtained with the absorption
spectrum shown in Figure 5.4, where we see a decrease in intermolecular interactions between

the individual polymers.

5.4 Conclusions

In conclusion, the alignment of the guest polymers can be easily controlled in the FTM
method using a polymer blending approach. Blending PFO into PQT helps improve PFO
alignment; DR of PFO increased ~ 2 — 4 times. The increasing DR also found in another CP
DPPT-TT having no LC-characteristic when it blended into PQT polymer. Both PFO and
DPPT-TT as a guest polymer were well-mixed into the PQT as host polymer without any phase
separation. Assisting ability of polymer alignment could be maintained even with increasing
film thickness. The polymer blending approach in FTM provides a strategy to investigate future

electronic properties and offer low-cost and large-area films in terms of fabrication.
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Chapter 6. General Conclusion and Future Work

6.1 General Conclusion

This thesis presents the work's results to investigate the characteristics and orientation
mechanism of the oriented semiconducting polymer thin films formed by UFTM. The method
under development is solution-based and is capable of producing highly oriented and large-area
thin films. With the capabilities that have been presented, this method seems to have good
potential for making significant contribution in the development of the organic electronics
device fabrication. Several characterization methods have been utilized to investigate the
characteristics of oriented thin films, including; polarized UV-vis-NIR absorption spectroscopy,
atomic force microscopy, and X-ray diffraction. In addition, to analyze the effect of thin-film
microstructure on electrical parameters, various types of organic thin-film transistors (OFETS)
have been fabricated and analyzed.

The first chapter of this thesis provides brief information about the motivation in
developing the electronics sector in the global industrial market and the reasons for the
electronics industry players to develop electronic products based on organic semiconductor
materials. Examples for electronic products based on organic materials, reports on its total trade
in 2020 along with its predictions in 2030, and companies that produce electronic products
made from organic are given in the first subsection. In addition, this chapter also provides a
brief introduction to semiconductor organic materials, a brief introduction to the orientation of
semiconductor polymer molecules in thin films to obtain improved performance of polymer-
based electronic devices, and a brief theory of the organic device of field-effect transistors.
Finally, at the end of this chapter, the writer gives a brief motivation for doing this research

work and outlines this thesis.
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The second chapter contains information on the polymers and chemicals used, sample
preparation techniques, and characterizations carried out in work reported in this thesis.

In the third chapter, we demonstrated the ability of UFTM to produce highly uniform
oriented PQT thin films with a large area (=40 cm?). The uniformity of the resulting large-area
films was revealed by the results of 2-D position mapping of the absorption peaks and AFM
images. We reveal that most of the central regions covering 70% of the entire film width have
uniform orientation characteristics. In edges regions, the molecular orientation directions were
nearly orthogonal to those observed in the center. Furthermore, the orientation characteristics
of the polymer molecular using angle-dependent UV-vis absorbance spectrum measurements
correspond to the results of angle-dependent field-effect mobility measurements. This chapter
also showed that OFETSs fabricated in two rows along a single film with an area of =15 x 2.5
cm? had uniform field-effect mobility, with an average of 0.0262+0.0033 cm?/Vs. In addition,
PQT FETs fabricated from UFTM films did not show significant performance differences
concerning film thickness variations, and even 10 nm thick films offer highly reproducible
results in terms of device performance.

The fourth chapter discussed the growth mechanism of highly oriented thin films and
the anisotropy of charge mobility at the surface interfaces, i.e., the liquid interface and the air
interface. For this purpose, OFETs with BGTC and TGBC configurations were fabricated, and
their mobility anisotropy was analyzed. The mobility anisotropy of OFET with BGTC and
TGBC configurations represents the anisotropy of charge mobility at the liquid interface and
the air interface, respectively. Although the film thickness increased up to ~30 nm, there was
no significant difference in charge transport anisotropy or field-effect mobility for the overall
film thickness, indicating that the SCPs in UFTM were oriented at both interfaces. In other

words, the orientation of the polymer in the UFTM film is uniform throughout the film thickness.
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These results simultaneously validate that UFTM could be utilized to fabricate OFETs with
BGTC and TGBC configurations and provide performance that is not much different.

In chapter five, the discussion focuses on testing the versatility of UFTM in assisting
guest SCP orientation in a well-oriented host SCP blend. In this work, thin films were prepared
by UFTM using a blending solution of PFO and/or DPPT-TT with PQT. Interestingly, the
orientation of PFO and/or DPPT-TT can be in-situ assisted by blending with PQT during film
formation, as evidenced by the increased DR of the two guest polymers (PFO/DPPT-TT).
Furthermore, the DR of the host SCP decreases monotonically with an increase in the guest
SCPs proportion, suggesting that guest polymers are well mixed in the host matrix without any
phase separation. Finally, although the film thickness is increased by increasing the polymer
solution concentration, assisting capabilities of the polymer can be maintained. With these
results, we believe the characteristics of FTM are favorable, and many unique properties can be

found in devices using this approach.

6.2 Future work

Recently, many researcher achieve the OFET mobility of conjugated polymers > 10
cm?/(V s) by molecular design strategies such as side chain engineering, chemical substitution,
and donor-acceptor polymer-based. However, such polymers are difficult to get in the market.
Our motivation in this work is in dept study of a new developed method to prepare a large area
thin film with high orientation. PQT is a conjugated polymer that has been reported to have
high orientation capability when prepared using the floating film transfer method (FTM) and is
easy to obtain. This report shows that the PQT films prepared using the FTM method have the
mobility of 10 times greater than those prepared using the spin-coating method. This increased
mobility is due to the film prepared using the FTM method having a polymer backbone

arrangement in one direction. As a result, the charge transport is maximum along this conjugate
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chain. Further work of interest is to use the FTM method to prepare thin films of polymers that
are reported to have high mobility.

UFTM offers several advantages in preparing polymer thin films, such as; easy to
control the film thickness, the resulting film is large and highly oriented, does not require
sophisticated equipment, and low production costs. In addition, the characteristics of the film
formed are not affected by the substrate used because the transferred film already solidified.
Furthermore, transferring solidified film has the advantage of making multilayers because it
will not damage the underlying layer. In addition, this report also demonstrates the uniformity
of OFET devices fabricated from a single floating film with large-area.

Until now, UFTM films are still being prepared manually, which may result in
variations, depending on who prepares the UFTM films. An interesting job in the future is to
make the UFTM film preparation process automatic. Figure 6.1 illustrates the process of
automating film preparation on a flexible substrate using the UFTM method. First, to get a
wider floating film, the size of the slider is enlarged, and the polymer solution flows from a
reservoir with a wide, narrow slit at the bottom. This polymer reservoir design allows the
solution to drop simultaneously, followed by forming a wide and oriented floating film. The
floating film is then transferred on the flexible substrate assisted by a rotating cylinder with a
speed similar to floating film growth. This automated UFTM design makes it possible to mass-
produce thin films on flexible substrates.

It has been demonstrated that this method resulted in the thin film of the p-type
semiconducting polymer with high orientation. Furthermore, the n-type semiconducting
polymer can also be prepared similarly to produce a high-performance n-channel OFET. Thus,
incorporating highly oriented n-type and p-type polymer semiconductors in multilayer

structures can develop flexible high-performance inverters.
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Figure 6.1. lllustration of automation of thin-film preparation on the flexible substrate in
UFTM method
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