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Abstract

In recent years, there has been a considerable interest in organic
semiconducting materials due to their potential to enable, amongst other things,
low-cost flexible opto-electronic applications, such as large-area integrated
circuitry boards, light-emitting diodes (OLEDs) and organic photovoltaics
(OPVs). Promisingly, improved electronic performance and device structures
have been realized with e.g. OLEDs entering the market and organic field-effect
transistors (OFETSs) reaching the performance of amorphous silicon devices;
however, it would be too early to state that the field of organic semiconductors

has witnessed the sought-after technological revolution.

Initial progress in the field was mostly due to synthetic efforts in the form
of enhanced regularity and purity of currently used materials, the creation of new
molecular species, etc. In this thesis we show that the advancement of physico-
chemical aspects — notably materials processing — and the realisation of increased
order and control of the solid state structure is critical to realize the full intrinsic
potential that organic semiconductors possess. We first investigated how the bulk
charge-transport properties of the liquid-crystalline semiconductor poly(2,5-bis
(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophenes) (pBTTT-Cy) can be enhanced by
annealing in the mesophase. To this end, temperature treatment of a period of hours
was necessary to realize good bulk charge transport in the out-of-plane directions.
This behaviour is in strong contrast to in-plane charge transport as measured in
thin-film field-effect structures, for which it was shown that annealing times of 10

min and less are often sufficient to enhance device performance. Our observation



may aid in future to optimize the use of pBTTT polymers in electronic devices, in

which good bulk charge transport is required, such as OPVs.

In the second part of thesis, we explored ink-jet printing of pBTTT-Cy, in
order to realize precise deposition of this material into pre-defined structures. In
organic electronic applications this can, amongst other things, enable deposition
of different semiconductors or reduction of the unwanted conduction pathways
that often result in undesirable parasitic ‘cross-talk’, for instance, between pixels
in display products. We demonstrate the integration of ink-jet printed transistors
into unipolar digital logic gates that display the highest signal gain reported for

unipolar-based logic gates.

Finally, recognizing that a broad range of conjugated organic species fall
in the category of “plastic crystals”, we explored the option to process this class of
materials in the solid state. We find that solid-state compression moulding indeed
can effectively be applied to a wide spectrum of organic small molecular and
polymeric semiconductors without affecting adversely the intrinsic favourable
electronic characteristics of these materials. To the contrary, we often observe
significantly enhanced [bulk] charge transport and essentially identical field-effect
transistor performance when compared with solution- or melt-processed
equivalents. We thus illustrate that fabrication of functional organic structures
does not necessitate the use of solution processing methods, which often require
removal of 99 wt% or more of solvent, or precursor side-products, nor application

of cumbersome vapour deposition technologies.



Summarizing, the expanding variety of processing schemes that also allow
organic semiconductors to be deposited into functional architectures offers new
exciting opportunities in the area of plastic electronics device technologies. In this
thesis we explored the potential of ink-jet printing and annealing of liquid
crystalline polymers to produce high mobility structures both in the in-plane and
out-plane directions. In addition, this thesis illustrates the potential of solid-state
processing methods. A multitude of scientific and technical applications readily
can be envisioned for all the processing schemes described in this thesis. The final
chapter of the present work (chapter 5) focuses on three particular possible

applications of them in the field of (organic) opto-electronic device technology.
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Truth is sought for its own sake ... Finding the truth is difficult, and the
road to it is rough. For the truths are plunged in obscurity. ... God, however, has
not preserved the scientist from error and has not safeguarded science from
shortcomings and faults. If this had been the case, scientists would not have

disagreed upon any point of science.”

Al-Hasan ibn Al-Haytham (Alhazen) (born 965 in Iraq - died 1039 in Egypt)

*Shmuel Sambursky, Physical Thought from the Presocratics to the Quantum Physicists, Pica Press, page 139, (1974).

This work is dedicated to Asmaa, Amaar and Yasser


http://en.wikipedia.org/wiki/Cairo
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Chapter 1

Introduction

1.1. Plastic electronics

During the last few decades, the field of organic electronics has attracted
significant attention from researchers working in academia as well as industry
because certain organic materials have emerged as potential candidates to replace
existing inorganic semiconductors, particularly in low-end electronic products, for
example, organic displays™ and radio-frequency identification tags (RFIDs).*’
Indeed, Polymer Vision, a spin-out company from Philips (Eindhoven, The
Netherlands), presented rollable display proto-types with individual pixels
driven by organic field-effect transistors (OFETS) based on solution-processed
small organic molecules (Figure 1a,b).2° The main advantages of organic
materials are that they are potentially inexpensive, mechanical flexible, and can be
deposited at low temperatures thus promising straight-forward up-scalability to
roll-to-roll manufacturing. In contrast, inorganic materials are relatively expensive
to process, difficult to functionalize and normally allow low through-put

methodologies.

The majority of the organic materials used in these applications— small

molecules and conjugated polymers are in general solution processable,

although, they can rapidly degrade if exposed to air and light. However, there are
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Figure 1. (a) Active-matrix display driven by solution-processed pentacene transistors. (b)
Multipixel display driven by 4,096 thin-film transistors based on solution-processed
poly(thienylene vinylene) (adopted from Ref. ®and °).

possibilities to realise more efficient optical and electronic devices with better
performance and greater stability in ambient conditions, for instance, by tailoring
the molecular structure of these organic semiconductors to adjust the ionisation
potential and improve molecular packing. Therefore, if the existing advancement
within the field of organic electronics continues to evolve at current pace, it may
indeed revolutionize the future of electronic products leading to truly flexible and
large-area devices, and possibly replace the inorganic-based industry in some

areas due to the significantly lower cost associated with organic products.

1.1.1. Background
The field of plastic electronics started in 1970°s with the discovery by

Shirakawa et al.,*°

where they demonstrated the first ever results showing polymers
can have conducting-like properties (Figure 2).2°*® This work was followed by

detailed fundamental studies of various charge transport phenomena in a range of
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Figure 2. Comparative electrical properties of conjugated polymers and other materials

(reproduced from Ref. '1).

organic semiconductors. However, the first organic light-emitting diode (OLED)
device comprised of organic material was realised only in 1987 when Tang and
van Slyke made a breakthrough by demonstrating an OLED based on two

molecules, tris-(8-hydroxyquinoline) aluminum (Algs) and an aromatic diamine.*

During the same period, Koezuka et al. for the first time demonstrated an
organic field-effect transistor device,” where the organic layer (polythiophene)
was deposited by electrochemical polymerization. Another group led by Friend et
al., on the other hand, presented their findings on polyacetylene-based Schottky
diodes and organic field-effect transistors where the active layer was processed

and deposited from solution using Durham et al. precursor route.®

In 1995 a research group from Philips published the world’s first results on
organic integrated circuits, which were already of a reasonable electronic
performance.’® The organic field-effect mobility prer was in the range of 107
cm? V1 st facilitating the fabrication of logic gates with sufficient voltage

amplification. These findings further supported the concept of using organic
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semiconductors as an alternative to existing inorganic materials, especially when

aimed at low-end electronic applications.

1.2. Organic semiconductors

Organic semiconductors can be divided into two main categories; small
molecular species (small molecules and oligomers) and macromolecular species
(polymers). This classification is solely based on the molecular size of the
material which can have influence, amongst other things, its crystal packing and

molecular ordering.

1.2.1. Small molecules

The term “small molecule” is generally referred to compounds of well-
defined low molecular weight. Examples are organic semiconductors such as
polycycles based on acene homologues, i.e. pentacene, tetracene and perylene
derivatives. In addition to small molecules and conjugated polymers which were
employed in the early studies mentioned above, oligomers such as oligothiophenes
have also shown the potential to be used as active components in practical
electronic devices. Oligothiophene oligomers have for instance been reported to

show promising FET characteristics.?®?!

Initially many unsubstituted small molecules were poorly soluble in
organic solvents and thus were deposited via thermal evaporation involving high-
vacuum and high-temperature steps. However, as mentioned earlier, alterations in

the molecular design have led to the synthesis of organic small molecules
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displaying excellent room temperature solubility, such as the pentacene derivative

22-24

6,13-bis(tri-isopropylsilylethynyl) (TIPS) pentacene.

1.2.2. Polymers

Polymers are comprised of repeating monomer units that are covalently
bound to form long-chain structures (macromolecules). They differentiate
themselves from their small molecular equivalents discussed above only by their
length, thus providing interesting characteristics, such as mechanical flexibility
and toughness, as well as desirable processing properties, for instance, higher
melt- and solution- viscosities depending on the molecular weight of the
macromolecule. Initially, unsubstituted conjugated polymers were usually
insoluble,® therefore precursor routes were advanced®®?® or side-chains

introduced,?®*

which resulted in soluble macromolecular compounds. Nowadays,
the latter pathway is the most preferred method to impart good solubility to

conjugated polymers.

The most common polymer semiconductors are based on conjugated
macromolecular structures, such as poly(3-hexylthiophene) (P3HT) (see Figure
3), poly(thienylene vinylene) (PTV), poly(p-phenylene vinylene) (PPV) and
polyfluorenes, such as poly(9,9-dioctylfluorene) (F8), poly(9,9’-di-octyl-fluorene-
co-benzothiadiazole) (F8BT) and (9,9’-di-octly-fluorene-co-N-(4-butyl-phenyl)-
diphenylamine) (TFB).***? More recently, liquid-crystalline polymers, such as
poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT) derivatives
(Figure 4) have been introduced which display field-effect mobilities of up to

1.0cm? \vigt33s

15



Figure 3. Chemical structure of regio-regular poly(3-alkylthiophenes) P3ATs. An example of the

head-to-tail regio-chemical isomer (R = alkyl group) is shown.

1.2.2.1. Poly(3-alkylthiophene)

Two routes were first reported for the synthesis of unsubstituted
polythiophenes (PT); namely the Yamamoto® and the Lin and Dudek® route.
This encouraged other groups to further examine such polymers, leading to
solution-processable polythiophenes. In 1985 Elsenbaumer et al. reported, for
instance, the synthesis of solution processable polythiophene derivatives via the
incorporation of sufficiently long alkyl chains into the polythiophene moieties.”’

Subsequently, regio-regular head-to-tail poly(3-alkylthiophenes) (rr-P3ATS) were

reported by McCullough and Lowe.*

The polymerisation of the 3-alkylthiophene monomer can afford three
regio-isomers depending on the arrangement of the alkyl side chains, head-to-
head, tail-to-tail or head-to-tail. Regioregularity is defined as the % of HT coupling
in the polymer backbone. Control of the degree of regio-regularity in P3HT
significantly influences the solid-state microstructure and hence affects the
electronic properties of such polymer structures. Sirringhaus et al. have

demonstrated, for example, that higher percentages of regio-regularity in P3HT
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Figure 4. Chemical structure of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) pBTTT
(R = alkyl group).

resulted in an enhanced semiconducting performance with field-effect mobilities
increasing by two orders of magnitude.®® This was mainly due to the improved
structural arrangement of the rr-macromolecules upon deposition from solution,
forming lamellae-like sheets with their side chains orientated parallel to the
substrate plane. Later results by Salleo et al. showed faster charge transport can be
achieved when there is small misorientation between neighbouring grains with
respect to the polymer chain axis.* Furthermore, depending on the molecular
weight, P3HT may also possess other advantageous properties, such as high
viscosity and good mechanical properties, and thus has often been employed as a
reference material for bench-marking other compounds. However, just like many
other organic semiconductors, P3HT experiences degradation in ambient
conditions due to the relatively low ionization potential (IP), where IP refers to
the energy required to remove or free an electron from the ground state, also
known as highest occupied molecular orbital (HOMO), to the outermost level of

the molecule i.e. the vacuum level (Eyq).
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Lamellar stacking

Figure 5. (a) Schematic of the packing structure of layered alkylated polymers where the
side chains cause lamellar stacking whilst the planar backbones n-stack. The side chains
might be layered end-to-end (b) or interdigitated (c) depending on their attachment density

along the backbone and whether they are linear or branched (reproduced from Ref. 41).

1.2.2.2. Poly(2,5-bis(3-alkylthiophen-2-yl) thieno[3,2-b]thiophene)s

The relatively poor stability of P3HT under ambient conditions reduces the
overall reliability and hence long-term performance of devices fabricated with this
material. Therefore, chemists have developed polymers with much higher ionization
potentials (IP). For instance, McCulloch et al. have advanced new liquid-crystalline
thienothiophene derivatives (Figure 4) that have higher ionization potentials in
comparison to P3HT.*®* |n addition, liquid-crystalline materials can
simultaneously exhibit properties of a liquid (flow) as well as a solid crystal, thus
annealing these polymers in the “mesophase” allows to manipulate their

molecular ordering. For instance, a lamellae-like arrangement has been observed
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Figure 6. o- and n-bonds in ethene C,H,, as an example for the simplest conjugated n-electron

system (reproduced from Ref. 45).

4244 \with their side chains

for pBTTT polymers (Figure 5a,b) after annealing,
interdigitating® (see Figure 5c).*? The side chains thereby do not only contribute
to the solubility of the pBTTT polymer but also promote larger size crystalline

domains to form.334

1.3. Charge transport in organic semiconductors

Organic semiconducting molecules are comprised of sp® hybridized carbon
atoms. The hybridization of 2s, 2py and 2p, orbitals results in the formation of
three hybrid orbitals that adopt a trigonal planar geometry and will be involved in
o-bonds, while the 2p, orbitals, which are perpendicular to the plane of the
hybrid orbitals, will form n-bonds (see Figure 6).*’ Therefore two neighbouring sp?
hybridized carbon atoms will develop a double bond: a s-bond through the head-
to-head overlap of the hybrid orbital and the n-bond from the overlap of the
unhybridized 2p, orbitals. The alternation in a molecule of single and double

bonds is known as conjugation.
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Figure 7. (a) The energy scheme of ethene C,H, (reproduced from Ref. **). (b) General

description of energy levels of n-conjugated semiconducting materials.

The semiconducting properties of conjugated small molecules and
polymers result therefore from the m-orbital delocalization along their backbone.
The molecular overlap of m-orbitals gives rise to energy bands known as m-
bonding and 7*-antibonding (Figure 7a),*® which are known as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
respectively (Figure 7b). The band gap energy Ey between HOMO and LUMO,
the activation energy E, and the ionization potential IP influence the optical and
electronic properties of organic semiconductors. Thus, molecular tailoring of the
HOMO and LUMO with respect to the vacuum level is critical when considering

the synthesis of new materials of high performance and good ambient stability.
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Figure 8. (a) General time-of-flight set up. (b) Typical transient photocurrent, left panel: non-

dispersive, and right panel: dispersive (reproduced from Ref. *9).

Finally it is important to note that, the fundamental mechanism of charge
transport in organic semiconductors is dominated by intermolecular transport where
the charge carriers “hop” between the neighbouring molecules. Therefore
inducing structural order and chain packing is often essential for enhancing their
electronic performance. Intermolecular charge transport can in addition be
improved by maintaining the planarity of the polymer backbone (r-stacking) such

that lamella-like sheets are formed as observed in P3HT and pBTTTs.
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1.3.1. Assessment of electronic properties in organic structures

Organic semiconductors are frequently employed as active materials in a
variety of electronic devices including organic field-effect transistors, organic light-
emitting diodes and organic photovoltaic cells. It is therefore important to
characterize the electronic properties of these materials for instance, by time-of-flight
(TOF) photoconductivity measurements® or using a field-effect transistor

configuration.™

1.3.1.1. Time-of-flight photoconductivity

The TOF technique (see Figure 8a)*" is applied to probe charge transport of
organic semiconductors in the bulk. With a pulsed laser, charge carriers are excited
at the electrode/semiconductor interface which then drift across the semiconductor
layer from one electrode to the other when an electric field is applied. The time that
it takes these charge carriers to arrive at the counter-electrode is defined as the
arrival time (transient time ty). This transient time can be identified in dispersive
systems by drawing two lines as shown in Figure 8b.*® Consequently the time-of-

flight mobility of charge carriers pror can be calculated from t; as follows:

MroE = dZ/V-ttr (1.2

Where d is the sample thickness and V the applied voltage.

1.3.1.2. Organic field-effect transistors

In 1947 Bardeen, Brattain and Shockley at Bell Laboratories demonstrated

the first point-contact bipolar transistor that showed amplification.’>>* As a result of
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Figure 9. Different geometries of organic field-effect transistors. Source and drain electrodes
(S,D), organic semiconductor, dielectric and gate electrode are indicated. The transport takes place
at the interface between semiconductor layer and gate insulator layer. Bottom-gate geometry; (a)

top-contact, (b) bottom-contact. Top-gate geometry; (c) bottom-contact, (d) top-contact.

this discovery they were awarded the Nobel Prize in Physics in 1956. The first
metal-oxide semiconductor field-effect transistor (MOS-FET) was introduced by
Khang and Attala in 1960 using silicon dioxide (SiO;) as gate insulator and silicon
(Si) as semiconductor.™ Organic transistors are also based on a field-effect
configuration. They are comprised of an insulating layer, semiconducting layer as
well as three electrodes: the source (S), the drain (D) and the gate electrode, the
latter of which is isolated by the insulator (dielectric) from the two other electrodes
(see Figure 9a,d). The gate dielectric acts as a capacitor, as a consequence of which
the charge carrier density is dependent on the applied V¢ at the gate electrode.
Indeed, when applying a negative gate voltage, the gate dielectric is polarized,
inducing positive charges at the interface between the semiconducting and

insulating layer (more charge carriers are accumulated at higher Vg). The
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accumulated charges can then be driven and collected by applying a drain voltage
(Vp) across the source/drain channel. Organic semiconductors that have positive
charges (holes) as the dominant charge carriers are known as p-type materials. On
the other hand, when applying a positive gate voltage, negative charges are induced
at the semiconductor/dielectric interface. If negative charges represent the dominant

charge carriers in a material, it is referred to as n-type semiconductor.

The initial theory developed for characterization of MOSFET has been
widely used in the measurements and modelling of OFETs.*"*%®! For instance, in
OFETSs there are two distinct driving regions. In the linear regime, where Vp < Vg—
V1 (gate voltage — threshold voltage), the current between the source and drain

depends linearly on the applied gate voltage:

Ip=(WI/L) 1-Ci (Ve — V1) -V (1.2)

When the Vp > Vg — V7 the current is no longer linearly dependent. This so-called

saturation regime is represented by equation 1.3:

lo = (W/2L) 1-Ci (Vg — V1)° (1.3)

Equations 1.2 and 1.3 can be used to estimate the field-effect mobilities of organic
semiconductors. The determination of such device mobilities is important not
only to compare various materials with each other, but also to estimate the
switching speed in more integrated electronic structures. In addition to the

mobility, other important device parameters are the on/off ratio and the sub-
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threshold slope. The former is associated with the differences in current between
the off-state (non-conducting) and the on-state (conducting) of the electronic
devices, while the latter dictates how fast the device can switch from the off-state

to the on-state.

1.4. Device fabrication

As earlier mentioned, organic semiconductors have a major advantage
over their inorganic counterparts due to the variety of processing methods that can
be used to fabricate active devices. Most interesting so far have been solution-
based processing methods which promise to be easily up-scalable to fast and
inexpensive roll-to-roll manufacturing. Indeed, in addition to the common batch
scale processing such as solution-casting and spin-coating, recently, there has
been significant progress in the development and use of fast and up-scalable
printing and coating methods, such as gravure, flexography, screen, slot-die, off-
set, lamination and doctor blading methodologies.®”®* Table 1 lists selected
methods and describes them in terms of their characteristics, main features and

applications.

1.4.1. Inkjet printing

Inkjet printing of organic semiconductors has gained considerable
attention due to its associated advantages in comparison to other existing printing
methods described in Table 1.°° This is due to the fact that ink-jetting is defined
as a non-contact patterning process where only small size droplets (pico-liters) are
deposited onto a given substrate. The substrate can be rigid such as silicon or glass

but also flexible like plastic films. Patterning is enabled by descending the organic
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Figures 10. Schematic of the ink-jet printing process using a data pulse train to generate droplets
on demand via a pressure transducer (a), or employing a system where droplets are generated

continuously and the pattern is created by deflecting the unwanted droplets away from the

f. 63

substrate (b) (reproduced from Ref. °°). Photographs of the laboratory ink-jet printer (c) and

printing cartridges (d) used in this thesis.

solution drop by drop onto substrate(s) as preferred. Indeed, this printing method
is very similar to that employed in commercially available printers used in offices
and households today, where digital data is transferred onto paper or other flexible

substrates.

There are two main types of inkjet printing; continuous and drop-on-

demand (impulse) jetting. In continuous jetting, the ink (i.e. a solution containing the
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organic semiconductor and potentially other additives such as wetting agents,
high-molecular weight polymers to adjust the viscosity and the like) is ejected
through a nozzle by means of pressure (thermal) within the reservoir, which then
generates a continuous stream of ink (see Figure 10a). The excess drops are
deflected into a tray for re-circulation. In drop-on-demand or impulse jetting, ink
drops are created only when it is required, which can minimise material usage.
The release of the droplets is thereby achieved via a piezoelectric transducer that

regulates a pressure in the ink reservoir as shown in Figure 10b,d.

One key driving force behind the use of inkjet printing for the
manufacturing of organic electronic devices was the work by Sirringhaus et al.,
who demonstrated the inkjet printing of the source/drain electrodes of all-polymer
field-effect transistor (FET) circuits,®® which illustrated that inkjet printing can be
used as an alternative method to other expensive deposition techniques. Inkjet
printing of the organic semiconductor as active layer in OFETs was later
demonstrated by Paul et al., who realised a device performance with a mobility of

up to 0.1 cm® V! st

using poly(3,3-dialkylquaterthiophene) (PQT). More
interestingly, the device-to-device cross-talk was significantly reduced because of
the patterning of the active layer.” Since then, inkjet printing has found use in
numerous organic electronics applications ranging from active-matrix displays,
organic light-emitting diodes and more recently organic photovoltaics.”*"
Nonetheless, despite its various advantages over other printing and coating
techniques, inkjet-printing faces other complexities; for instance, this process

permits working only in a relatively small solution-viscosity window, it also
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requires tedious control of droplet size and a careful adjustment of the surface

energy of the substrate.

1.5. Objective and scope of thesis

In this thesis, we illustrate that optimizing the structural order and
molecular arrangement is critical to realise good electronic performance in
organic semiconductors. To this end, we focus first on the liquid-crystalline
thienothiophene polymer pBTTT as a model material. The bulk charge-transport
properties of this semiconductor are investigated and the influence of thermal
annealing in the mesophase on the electronic characteristics is studied. The effects
of temperature as well as annealing times are assessed to obtain relevant

structure/property intercorrelations.

We also investigate the solubility of pBTTT polymers in various organic
solvents using differential scanning calorimetry and visual analysis to select
suitable formulations for the use in inkjet printing methods. The latter have the
advantage to allow patterning of the active material into desired geometries and
size, thus permitting realization of structured discrete devices e.g. for use in
unipolar inverter structures. These represent the backbone of complementary
circuits, indeed a much sought-after electronic component for the manufacturing

of large-scale integrated circuits.

In Chapter 4, this thesis explores the option to process organic

semiconductors in the solid state. This fabrication method does not necessitate the

use of solution processing methods, which often require removal of 99 wt% or
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more of solvent, or precursor side-products, nor application of cumbersome vapor
deposition technologies. We investigate how solid-state compression molding can
be applied to organic small molecular and polymeric semiconductors, and study
the influence of processing conditions on the intrinsic electronic characteristics of
these materials. To this end, we probe the [bulk] charge transport of such
structures and compare these results with their solution- or melt-processed
equivalents. Furthermore, field-effect transistors are fabricated and characterized

in order to demonstrate the wide-applicability of this approach.

The outlook chapter of the present work (Chapter 5) focuses on three
particular potential applications of such processing schemes in the field of

(organic) opto-electronic device technology.

Finally, in the appendix part I, we demonstrate that blending of a-
quaterthiophene 4T with high-density polyethylene HDPE under judicious chosen
processing conditions. We investigate the influence of the insulator content on the
electronic properties of the semiconducting species. In part Il of the Appendix, we
explore charge transport in the bulk of crystalline / crystalline, P3HT / HDPE
systems by time-of-flight (TOF) photoconductivity measurements. We study
different blend compositions and compare it to the bulk charge-transport property

of neat P3HT.

1.6. Author declaration

It will become apparent to the reader that this thesis was a result of a

multidisciplinary effort. The author’s contribution comprise of all issues related to
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the material science aspects of this work presented here. In chapters 2, 3 and 4
major contributions were made by collaborators to whom the author is deeply
indebted: Time-of-flight measurements (chapter 2 and 4) carried out by Dr. Theo
Kreouzis, Dr. Seema Barrard and Avinesh Kumar (Queen Mary University of
London); in chapter 3 inverters were characterized by Dr. Thomas Anthopoulos
and Dr. Paul Waobkenberg (Imperial College London); in chapter 4 wide-angle X-
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Chapter 2

Structure control of liquid-crystalline polymer semiconductors based on

poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT-C12)

2.1. Introduction

Polymeric semiconductors have been extensively studied due to their
promising electronic and optical properties.” # Liquid-crystalline polymers are a
particularly interesting sub-class of semiconducting polymers, because of their
ability to influence macro- and microscopic order by processing within the
mesophase.” *° A recent class of liquid-crystalline polymers that has attracted
widespread interest are poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b] thiophene)s,
pBTTTs (Figure 1a, inset).> ” Charge-carrier mobilities exceeding 1 cm? VV* s have
been demonstrated for these polymers in field-effect transistor devices,® ° and
blends of pBTTTs with [6,6]-phenyl Cg;-butyric acid methyl ester PCBM have

shown promising organic photovoltaic (OPV) performance.’® **

We demonstrate in this chapter how the bulk charge-transport properties of
the organic semiconductor poly(2,5-bis(dodecylthiophen-2-yl)thieno[3,2-b] thiophene),
pBTTT-Cy,, can be influenced by annealing in the mesophase, over a period of
hours realising good bulk charge transport in the out-of-plane directions. This is
contrary to in-plane charge transport measured in thin-film field-effect structures,

for which it was shown that annealing times of 10 minutes and less are often
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sufficient to enhance device performance.® This improved bulk, out-of-plane
charge transport can be attributed to increased order, as deduced from wide-angle
X-ray diffraction, UV-vis absorption spectroscopy and a Novikov analysis of the
time-of-flight (TOF) photoconductivity measurements data (correlated disorder

model).

2.2. Results and Discussions

2.2.1. Thermal properties

The thermal behaviour of as-cast films of pBTTT-Cy,, as determined by
differential scanning calorimetry (DSC), is shown in Figure la. The first
endotherm around 50 °C is only observed on the first heating cycle; and as
previously reported by DelLongchamp and co-workers, we ascribe this to a
metastable phase.? Upon further heating, a second endotherm occurs around
150 °C. Previous studies have demonstrated that this transition can be attributed
to melting of the side chains to enter a smectic-like phase,*? and it has been
shown that brief annealing within this smectic-like phase gives rise to well-
ordered domains upon cooling that exhibit high levels of order as evident from
specular and grazing incidence X-ray diffraction, and excellent field-effect
mobilites™ ** (the transition at 230 °C has been ascribed to backbone melting™).
It should be noted, though, that these previous studies have focused upon thin
films of pBTTTs, on the order of 20-50 nm, which are representative of thin-film
field-effect transistor (FET) devices. In this study we are interested in

investigating the annealing effects on the bulk out-of-plane transport properties of

a b
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Figure 1. (a) Differential scanning calorimetry (DSC) first heating and cooling thermograms of
as-cast poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT-Cy,) film. The inset
shows the chemical structure of the pBTTT-Cy, derivative utilized in this study. (b) Hole
photocurrent transients across as-cast, 3.9 £ 0.7 um thick films of pBTTT-Cy2 at 46 V bias,
measured at the temperatures indicated (i.e., parametric in temperature). Poole-Frenkel plots of
hole mobility, measured at the temperatures indicated, of (c) as-cast pPBTTT-C12 (film thickness
of 3.9 um + 0.4 um), and (d) annealed architectures for (7 hrs/175 °C, film thickness of 4.7 +
0.4 um). The data for annealed pBTTT-C12 was recorded in temperature steps of 25 °C. The
negligible difference between mobility data obtained for annealed pBTTT-C1», measured at 100 °C

and 175 °C (light grey diamond symbols and white circles, respectively) is reminiscent of the
temperature independent mobilities displayed by liquid-crystalline systems within a given phase
(see Ref. 16) and is consistent with the liquid-crystalline like behaviour expected at high

temperatures.
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pBTTT-C;,, which are important in diode type devices such as solar cells. To this
end, we focused on annealing pBTTT-C;, in the mesophase (i.e. at 175 °C), in order

to be able to compare with the previous FET studies.***°

2.2.2. Bulk-charge transport

Time-of-flight measurements are an excellent tool to gain understanding of
bulk charge-transport phenomena. Figure 1b shows the photoconduction
measurements of a few micrometer-thick pBTTT-Cy, films as a function of
temperature, from as-cast to 175 °C. We find that upon heating, as-cast pBTTT-Cy,
display the expected increase in carrier mobility with temperature (Figure 1b),
previously reported also for other liquid-crystalline polymer semiconductor
systems.'” We note that the relatively high dispersion evident in the photocurrents
could be exacerbated by the thickness non-uniformity of our pBTTT-Cy; films. The
inflection point arrival time, however, is clearly distinguishable and allows us to
generate mobility parameters with respect to electric field and temperature

(Figure 1c).

A comparison of as-cast and annealed (7 hrs / 175 °C) pBTTT-Cy, films
based on Poole-Frenkel plots is shown in Figure 1c,d. Interestingly, and in strong

contrast to FET architectures,***°

no significant increase in the room temperature
bulk mobility is observed in the annealed pBTTT-C;, structures at high fields
(EY2 > 400 (V ecm™)¥; Figure 1c,d). However, annealing in the mesophase had a
significant effect on other bulk charge transport properties of pBTTT-Cy,, as

deduced from the distinctly different field and temperature behaviour (Figure 1c,d).

In fact, as-cast pBTTT-Cy, displayed a significantly stronger temperature dependent
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Figure 2. Wide-angle X-ray (WAXS) diffractograms of poly(2,5-bis(3-dodecylthiophen-2-

yl)thieno[3,2-b]thiophene (pBTTT-Cy,) films, recorded for as-cast films, then heated from 25 °C
to 175 °C in temperature steps of 10 °C (WAXS) (a) and cooled (b). (c) and (d) Ultraviolet-visible

(UV-vis) absorption spectra during heating and subsequent cooling to room temperature (25 °C

steps).

mobility than annealed architectures. A more pronounced field-dependence in

mobility was also found in as-cast pBTTT-Cy2, which was more distinct at lower

temperatures (T < 25 °C).

45



2.2.3. Microstructure

The observations made in TOF may partly be explained by a
microstructural analysis based on wide-angle X-ray diffraction and UV-vis
absorption spectroscopy (Figure 2a,d). For instance, whilst as-cast pBTTT-Cy,
structures were found to be of very low molecular order giving rise to only very
weak X-ray diffractions (Figure 2a), WAXS data recorded during heating and
cooling cycles (Figure 2a,b respectively) which took in total 6.5 hours each, reveal
that upon heating, the wide-angle X-ray diffractions (WAXS) at 260 = 8 °
significantly intensified above 140 °C, in agreement with the observed DSC
transition. Concomitantly, the half-width of the maxima narrowed and a slight
shift to lower diffraction angles is observed (Figure 2a; see also Ref. 12).
Subsequent cooling from 175 °C to room temperature led to a more crystalline
structure compared to the as-cast films, which is expected to result in a lower
field- and temperature dependence of the bulk charge-carrier mobility as observed
in TOF (Figure 2b). Similarly, in UV-vis absorption spectroscopy, we find more
distinct structures developing after heating pBTTT-Cy, to 175 °C, indicating
stronger molecular interactions in such heat-treated structures compared to as-cast
architectures (Figure 2c,d)."® Moreover, WAXS data on films that underwent an
identical heat treatment as those used for TOF experiments described above (i.e.
annealing at 175 °C for 7 hours) illustrate the significant improvement in
molecular order that is obtained in such annealed structures compared to as-cast

pBTTT-Cy, (Figure 3a).
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Figure 3. (a) Wide-angle X-ray diffraction of poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-
b]thiophene (pBTTT-Cy,) films. (b) Room temperature time-of-flight photocurrent transients for
pBTTT-C,,, as-cast and subjected to a range of annealing times (2, 7 and 9 hrs; film thickness of 3.9 to
5.1 um; electric field ~ 1.6x10° V cm™). (c) Corresponding Poole-Frenkel plots of room temperature
hole mobility of as-cast pBTTT-C,, and thin-film structures that were subjected to different annealing

times.
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2.2.4. Electronic disorder
Information on the electronic disorder was obtained by analysing the electric
field and temperature dependence of the mobility using the correlated disorder

model by Novikov and his co- workers."® The corresponding transport parameters

(energetic disorder, , positional disorder, /T, prefactor mobility, 4o, and intersite
distance, R) were extracted for both pBTTT-C,, films, as-cast and annealed (7

hrs/175 °C).*> ? The non-annealed pBTTT-C;, was found to be considerably

disordered, both energetically (¢ = 148 meV) and positionally (/T = 2.40),

having a large intersite distance (R = 2.8 nm). In contrast, annealing resulted in

significantly enhanced order (¢ = 98 meV; JTr= 1.46) with a smaller intersite
distance (R = 1.2 nm), which is consistent with the carriers being localised to a

single monomer unit and with an efficient overlap between these units. This

enhancement in positional order, JT, s as expected from the observed
microscopic changes occurring upon annealing, which DeLongchamp et al.
attributed to an increase in the backbone order and m — w* stacking.'” The
improvement in energetic order, o, on the other hand, can be explained as a result
of the reduction in the distribution of carrier delocalisation lengths (conjugation
lengths) within the sample.!” We note, though, one internal inconsistency within
the model, given the site distances obtained, namely, the larger prefactor mobility
calculated for the unannealed sample (o = 0.088 cm? V' s) compared to the

annealed case (4o = 0.011 cm?V*s™). This remains as yet unexplained.

Unexpectedly and in contrast to the relatively short annealing times
required for the thin-film field-effect architectures that were previously reported®

(ca. 10 mins), we find that extended annealing times are necessary for realizing
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good overall bulk, out-of-plane charge transport (Figure 3). As discussed above,
annealing times up to 7 hours resulted in a strong qualitative improvement of
charge transport in the form of reduced dispersion, consistent with the higher
order deduced from the above Novikov analysis as well as with the increased
crystallinity evident in WAXS (Figure 3a). Annealing times over 7 hours at 175 °C
resulted, in addition, in significantly shorter TOF arrival times compared to as-
cast structures and, as a consequence, in higher room temperature hole
mobilities (Figure 3b,c). Interestingly, the relative increase in mobility for bulk,
out-of-plane charge transport upon annealing is comparable to that observed in
FET devices — namely one order of magnitude.® Obviously, the absolute
mobility values differ greatly (~10° cm? V' s™ in TOF, compared to 0.2—0.6
cm? V! st in FETs), which is consistent with the highly ordered lamella

structures reported for pBTTTs.°

2.3. Conclusions

Clearly, our results show that controlled heat treatment procedures can
be exploited to enhance bulk charge transport in this interesting class of
materials. This may aid, in future, to optimize the use of pBTTT polymers in
electronic devices in which good bulk charge transport is required. Annealing
times are longer compared to FETs, which may not be surprising given the need
to induce order throughout few micron-thick pBTTT-Cy, structures. As a
consequence, a good compromise must be found between optimization in charge
transport, molecular order, manufacturing throughput and material degradation

due to long-time exposure to elevated temperatures.
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2.4. Experimental

2.4.1. Materials

Poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene), (pBTTT-C;,)
(M, = 27.9 kg mol™; M,, = 51.4 kg mol™), was generously supplied by Merck
Chemicals. 1,2,4-trichlorobenzene (TCB) was purchased from Aldrich and used as

received.

2.4.2. Sample preparation

Homogeneous thin films for time-of-flight (TOF) photoconduction
experiments were prepared by first dissolving pBTTT-Cj, (total polymer content: 0.5
wit%) in 1,2,4-trichlorobenzene (TCB) at ~ 80 °C. The hot solutions were then cast
onto indium tin oxide (ITO) coated substrates (gold thickness = 50 nm) kept at 50 °C
until the solvent had evaporated. This resulted in films of 5 — 6 um thickness
(measured with a Veeco Dektak® ST surface profile measuring system). 50 nm thin
counter electrodes were then thermally evaporated. For wide-angle X-ray diffraction,
thinner films of approximately 0.5 to 2 um were prepared accordingly, using the same
solution concentration. Finally, for temperature-dependent UV-vis absorption
spectroscopy, films of thicknesses around ~100 nm were spin-coated from 0.5 wt%
hot solution (~ 80 °C) at 500 rpm for 30 seconds followed by 2000 rpm for 30

seconds.
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2.4.3. Thermal analysis
Differential scanning calorimetry (DSC) was conducted under nitrogen at
a scan rate of 10 °C min™ with a Mettler Toledo DSC822 instrument. The sample

weight was ~ 5 mg.

2.4.4. Wide-angle X-ray diffraction

Standard transmission wide-angle X-ray diffraction was carried out with
an X’Pert Pro - PAN analytical instrument using CuK,-radiation (1 = 1.5418 A),
equipped with an Anton Parr HTK16 furnace which was operated between 25 °C
and 175 °C at a rate of 60 °C per minute. Platinum heating strips with Pt/10 %
RhPt thermocouple welded to the underside of the strip were utilised to give
accurate temperature measurements. To this end, an Anton Parr TCU 2000

temperature control unit to provide temperature control was used.

2.4.5. UV-vis absorption spectroscopy
A Perkin Elmer Lambda 900 spectrophotometer was employed equipped
with a temperature-controlled demountable liquid flow cell (TFC-S25). All

experiments were conducted under N, atmosphere.

2.4.6. Time-of-flight photoconductivity

All measurements were carried out in a nitrogen atmosphere. The 6 ns,
337 nm wavelength, pulsed output of an EG101 Lambda Physik gas laser
provided the optical excitation to create electron-hole pairs within a penetration
depth of ~ 100 nm of the top electrode in the case for neat pBTTT-Cy,, the 6 ns,

532 nm wavelength output of a frequency doubled insert model Nd:YAG laser
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provided the optical excitation, as the pBTTT-Cy, displays an absorption peak
close to this wavelength. All measurements were carried out under a DC bias from
a low noise power supply. The laser pulse intensity was kept sufficiently low. As
a consequence, the photogenerated charge was less than 10 % of the charge stored
across the sample (C.V, where C is the sample capacitance and V the applied
potential), avoiding space-charge effects that would result in a non-uniform
electric field. The transient current was measured as a voltage drop across a range
of load resistors (typically 47 Q for fast signals and 2.31 kQ for slow signals) at
the input of a gain 11 amplifier whose output was connected to an Agilent
Infinium digitizing oscilloscope. Signal averaging (typically over 128 pulses) and
background subtraction were performed in order to minimize both random and
coherent radio frequency noise. Charge carrier mobility z4oF was calculated using

the expression:

HroE = d2/V~ttr (2.1)

where d is the sample thickness and t; the arrival time obtained from a double
logarithmic plot of the photocurrent transient, and V the applied voltage. The
electronic response time of the circuit, 7, was kept well below the time base of the

measurement.
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