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ERRATA

p iX, 4th row in the table: “80%" to “70%"
p 28, 15th line: add “that” after “materials”

p 29, 9th line from the bottom: change to “these data” read ... study their physical properties and
use these data to draw conclusions ...”"

2

p 31, 2nd line from the bottom: add “the” before “possibility
p 51, 3rd line: “vaporize” read “vaporizes”
p 140, 13th line: “data shows” to “data show”

p 144 line 7: “shadow mask’ to “photomask”

p 192, 11th line: “devices has” t0 “devices have”
p 207, last line: “network” to “networks”

p 208, 2nd line: “leak” to “leakage”

p 208, 10th line from the bottom: “shows” to “show”

ADDENDUM

p 3 para 3: Comment: “In general conducting polymers are, or have the potential to be cheaper and
easier to produce compared to their inorganic counterparts. The justification for undertaking further
research in the field is, as for most other research, that there is still significant room for
improvement. For conducting polymers this is especially the case when it comes to the interplay
between structure and properties.”

p 4 para 3: Comment: ”Conducting polymers have low tensile strength and low durability. (Xi-Shu
Wang, Hua-Ping Tang, Xu-Dong Li, Xin Hua, Int J Mol Sci. 2009 Dec; 10(12): 5257-5284), (Mara
Joelma Raupp Cardoso, Martha Fogliato Santos Lima, Denise Maria Lenz, Mat. Res. vol.10 no.4
Sao Carlos Oct. /Dec. 2007), (Faiz Mohammad, Specialty Polymers: Materials and Applications, I.
K. International Pvt. Ltd. 2007)”

p 7 para 2: Add “electrostatic doping in” read “The doping/de-doping processes and their effects on
electrical conductivity are used in organic electrochemical transistors and electrostatic doping in
organic field-effect transistors.”

p 9: Add at the end of para 3: “There are several sources Where the conductivity of melanin has
been reported. The conductivity of melanin is very low (1x10-9 to 1x10-8 S/m) and is dependent
on the hydration level. (A. Bernardus Mostert, Ben J. Powell, lan R. Gentle, Paul Meredith,
Applied Physics Letters 100, 093701 (2012)).”

p 24: Add at the end of para 2: “OFETSs were only mentioned briefly as they are not the main focus
of the thesis. The thesis focuses on the development of novel conducting polymers and structures
and for chapters 5 and 6, their application in OECTSs. Light-emitting OFETSs are mentioned only to
show the significance and novelty of chapter 6.”



p 27 para 1: Comment: “A larger gate electrode is needed for efficient doping/de-doping only when
the channel electrode and gate electrode are made of the same material.”

p 27: Add after figure 1.10: “““All devices presented in the thesis are based on PEDOT. In the case
of light-sensitive OECT from Chapter 6, only the gate electrode material is based on polythiophene,
while the channel electrode is PEDOT-based. Considering this, only PEDOT-based OECTs are
covered in this thesis introduction. However, OECTs based on other conducting polymers have
also been developed. (Se Hyun Kim, Kihyon Hong, Wei Xie, Keun Hyung Lee, Sipei Zhang,
Timothy P. Lodge, C. Daniel Frisbie, (2013), Adv. Mater., 25: 1822-1846.), (Ari Laiho, Lars
Herlogsson, Robert Forchheimer, Xavier Crispin, Magnus Berggren, Proc Natl Acad Sci U S A.
2011 Sep 13; 108(37): 15069-15073).”

p 42 para 1: Comment: “The electrochemical characterization of the polymers produced was
carried out in a glove box in non-aqueous media in the absence of oxygen. This was done to
prevent oxygen reduction at high negative potentials and water splitting. The electrochemical
window needed to measure the redox activity of the polymers ranged from — 2 V to 2 V.
Performing a similar electrochemical characterization in an aqueous electrolyte in the presence of
oxygen would allow water splitting and oxygen reduction reactions to contribute an additional
current signal resulting in an inaccurate representation of the overall shape of the voltammogram.
Most of the OECT measurements are performed in ambient air using aqueous electrolytes.”

p 42: Add in the beginning of para 2. “Polythiophenes are known for their low electrical
conductivity in the reduced state. To perform electrochemical characterization on these materials
and produce a clear signal, an additional conductive substrate is required. In this case we have used
gold as it is not electrocatalytic under the conditions used in the experiment.”

p 143 para 1: Comment: “Photolithography is a technique based on several steps occurring one
after another. Photoresist deposition, its treatment, removal and further polymer deposition requires
extensive amount of time. Patterning time is dependent on the number of layers, etc. Previously,
PEDOT coated samples prepared via laser ablation, achieved the desired shape needed for OECT
testing in a significantly shorter time period. The comparison is thus based on the time required for
the preparation of so called “Dog bone” transistors (chapter 5).”

p 146: Add at the end of para 2: “The thickness of the Gore-Tex was around 70 pum and the
material was obtained from Gore Industries.”

p 148 para 2: Comment: “Gold strips were used to secure contact between the PEDOT stripes and
external circuit. The gold was not in contact with the electrolyte. The OECTs used in this section
were relatively big. The distance between the probes (contacts) was 18 mm, the width of the wider
strip was 1 mm, and the width of the narrow strip was 0.2 mm.”

p 158-159: Comment: “0.1 M sodium chloride (NaCl) was used as the electrolyte. The initial
conductivity of ‘as-made’ PEDOT:Tos was in range of 500 S/cm. However, the PEDOT:Tos
undergoes electrochemical doping and de-doping when used in the OECT configuration and thus
the electrical conductivity will change during device operation. The overlap at low voltages is most
likely caused by poor connection between the reduced (and thereby poorly conducting) channel
electrode and the gold strips. We have tested multiple devices (>5) with comparable results. The
gate voltage (V) used in the measurements reported in Fig. 6 was 0.5 V.”

p 159 Add at the end of para 1: ““The gas sensing in the gas-sensing OECT devices relies on
PEDOT’s ability to electrochemically reduce oxygen and oxidize SO2 in the potential range where
the OECT can operate. The reduction of oxygen results in increase in current of the channel
electrode, while oxidation of SO, gas results in a current increase on the gate, which is matched by
an increase in current of the channel electrode.”
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Abstract

While much research in the field of conducting polymers and organic electronics focuses on
development of novel polymers and other related materials, or enhancing the properties of existing
materials and understanding the mechanisms behind them, in many cases, clear and reliable future
directions or applications of the research are unclear. Developing an understanding of the roles of
different physical and chemical mechanisms and establishing simple, cheap and reliable
manufacturing and processing technologies for conducting polymers will be crucial to guide future
research to uncover modern materials for advanced practical applications. In the present work,
several novel manufacturing and processing routes have been established to firstly create organic
materials with desired properties and, later, to apply them in functional devices. Several adjustments
have been made to the synthesis of conducting polymers, and novel ways for patterning of thin
organic films developed, so that high-quality materials can be made cheaply and relatively quickly

and then used to create functional devices with improved properties.

Conducting polymers such as polyacetylene, polythiophene, polyaniline or poly(3,4-
ethylenedioxythiophene) have been studied for several decades now; however, their properties have
not been sufficient for widespread commercial application. Only recently have developments in the
field and improvements in the properties of these materials, as well as better understanding of
mechanisms underlying their functionality, allowed their use in prototype devices. The conductivity
of organic materials is still relatively low compared to that of their inorganic counterparts, although
some applications do not require such high electrical properties. A critical step was to better
understand conductivity mechanisms and improve them using several different methods. Examples
of methods to improve properties include blending two or more conducting or non-conducting
polymers, co-polymerizing different monomers together or designing polymers and their surfaces

on the nano-level.

This work presents a study of two conducting polymers: poly(3,4-ethylenedioxythiophene)
and poly(thiophene) and some attempts to increase their current properties or develop new
properties to meet requirements for specific applications. Most of the effort focuses on the
development of properties that are important for application in fields like energy production and

storage, photonics and electronics. These critical properties include high electrical performance and

X1



high conductivity, good electrochemical properties, high surface area, broad light absorption

spectra, biocompatibility, good mechanical properties and long lifetime.

Chapter 3 discusses vapor phase co-polymerization of bithiophene and terthiophene as a route
to widen absorption spectra of polythiophene materials. Chapter 4 describes processes responsible
for formation of polythiophene nano-structures during vapor phase polymerization. It also explains
conditions and polymerization parameters responsible for formation of different nano-structures so
that those materials can be tuned for desired applications. Chapter 5 shows development of a laser
ablation technique as a way to pattern conducting polymers to get the shape and architecture
required for a specific device or application. The laser ablation technique is applied to manufacture
organic electrochemical transistors and gas sensors. Lastly, Chapter 6 builds on knowledge from
previous chapters to develop organic light sensors and opto-logic gates that can be used in an

optical-to-electronic interface.

This work significantly advances the state of knowledge of conducting polymers within the
organic electronics field, and gives insights into how those materials interact with each other and
how to tailor their properties. The findings here can serve as a basis for developing new conducting

polymers, as well as direct investigations for new applications using the materials presented here.
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Chapter 1

Introduction






1.1 Innovation and Novelty of the Research

Since the discovery of the first synthetic polymers at the beginning of the 20" century,
they have progressed rapidly into our everyday lives. The first plastics used were mostly
for new weaponry systems and lightweight machinery. At the time those materials were
considered a revolutionary invention and many hoped that they could provide strength and
robustness comparable to those of steel and, additionally, bring properties that metal alloys
were lacking, such as flexibility. One of the very first polymers used for domestic purposes
was Bakelite. It found application in electrical insulation and was shown to be one of the
best known insulating materials at that time. Bakelite is still commercially used in our
society. It is electrically resistant, chemically stable, heat and sea-water resistant, shatter-
proof and doesn’t crack. In the last few decades the development of plastics has expanded
to become a large and very profitable industry. Currently, synthetic polymer materials

surround us in everyday life.

Synthetic polymers were a great invention, but due to their insulating properties it was
inconceivable that some polymers could also be electrically conductive. Thus, discovery of
conducting polymers was a new revolution and took polymers into a completely new
direction. The development of conducting polymers is considered a tremendous milestone

in science, and resulted in a Nobel Prize in 2000.

Nowadays, conjugated polymers can be synthesized into a vast array of conducting
forms possessing a broad range of conductivities. Conducting polymers can replicate
properties from semiconductors up to conductors with reasonably good conductivities.
Electroactive polymers have attracted considerable attention in the last few decades,
mostly due to their unique functionalities and good electrical characteristics. They are used
in different electronic devices, such as field-effect transistors, light emitting diodes,
electrochemical cells, solar cells and polymer-based batteries. In addition to their excellent
electrical and chemical properties, conducting polymers are cheap and easy to produce and
provide functionalities that many inorganic materials are lacking, for example

biocompatibility and flexibility.



Due to growing energy demand, climate change and technological developments, we
are forced to look for new, cheaper and more efficient solutions in many aspects of our life,
including energy generation, medicine, and electronics. Conducting polymers possess
many properties which can address issues in current technology; however, further

development and a deeper understanding of the physics behind them are required.

This thesis is only one of many attempts to take conducting polymers a step further.
The first part of the thesis focuses on development of novel nano-structured
polythiophenes that exhibit improved or completely new properties compared to those of
traditional polythiophenes. Each experimental chapter of the thesis discusses the
interaction between light and conducting polymer; and how the nano-scale design of
conducting polymers can affect this interaction, e.g. efficient light absorbers can become a
waveguide. The second part of the thesis tries to address application issues and apply
conducting polymers in organic electronics and sensors using organic electrochemical

transistor architecture.

1.2 Introduction to Conducting Polymers

Conducting polymers (CPs) are organic materials that conduct electricity.[1] Those
compounds may be semiconductors or have a conductivity approaching that of metals.[2,
3] As well as their excellent electrical properties, conducting polymers are easily
processable and cheap to manufacture. Several routes to manufacture conducting polymers
have been developed over the last few decades. Similarly to their insulating counterparts,
conducting polymers are based on organic compounds, where repeating units form chain-
like structures. They can offer high electrical conductivity, but their mechanical properties
are very poor even compared to those of traditional commercially-available polymers. The
electrical properties can be fine-tuned using methods from organic synthesis[4-6] and by

advanced manufacturing techniques.[7-9]



1.3 History of Conducting Polymers

In 2000, the Nobel Committee recognized the contribution of Heeger, MacDiarmid
and Shirakawa for their discovery of conducting polymers by awarding them the Nobel
Prize for Chemistry. However, Don Weiss and his team at CSIRO were the first to report
on conducting polymers. In 1963, Australians Don Weiss and co-workers reported high
conductivity in oxidized iodine-doped polypyrrole, achieving a low resistivity of 1.0
Q-cm.[10-12] In a series of papers, they described the effect of doping with iodine on
conductivity and electron spin resonance in polypyrrole. In 1965, the Australian group
reached resistances as low as 0.03 Q-cm with other conductive polymers. This extensive
work was forgotten until recently. Very often Diaz et al. are wrongly credited as the first

researchers to discover conductive polypyrrole in 1979.

In 1974, John McGinness and his co-workers built and reported a voltage-controlled
organic-polymer switch. This melanine-based electronic switch — using a self-doped mix
of polyacetylene, polypyrrole and polyaniline co-polymer — gave a deeper understanding
of the electrical conductivity mechanism in organic materials, and is now in the
Smithsonian's collection of early electronic devices.[13] However, despite being reported
in prestigious scientific journals, the work was totally forgotten until similar devices

emerged decades later.

In 1977, Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa reported metallic
conductivity in iodine-doped polyacetylene,[14] similar to that reported a decade earlier by
Weiss and co-workers for iodine-doped polypyrrole. There followed extensive research
and development into the semiconducting and conducting properties of a large family of
conjugated polymers. The research performed world-wide resulted in a deeper
understanding of conducting polymer phenomena and their further development for a
variety of applications, such as in organic and flexible electronics[15-19], including light
emitting diodes[20, 21] and transistors,[22, 23] as well as energy applications[24-26] and
medicine[27-30].



1.4 Properties of Conducting Polymers

1.4.1 Electrical Properties

The electrical conductivity originates from the delocalization of electrons along the
conjugated polymer backbone. However, electrical conductivity is not the only interesting
property resulting from electron delocalization. Other examples include rapid color shifts
in response to changes in solvent, temperature, applied potential, and binding to other
molecules.[31, 32] Conductivity in conducting polymers (except trans-polyacetylene) is
much lower than conductivity of most metals, such as copper or aluminum, but high

conductivity is not necessary for many applications of conducting polymers.

In non-conducting polymers such as polyethylene, polyvinyl chloride, and
polytetrafluoroethylene, the valence electrons are bound in sp3-hybridized covalent o-
bonds. Those electrons have low mobility and hence do not contribute to any electrical
conductivity of the polymer. In conducting polymers or other conjugated materials, the
backbone consists of sp2-hybridized carbon centers.[33, 34] As well as the sp2 orbitals that
create o-bonds, pz orbitals create n-bonds. One valence electron on each center resides in a
pz orbital orthogonal to the o-bonds. All pz orbitals in the molecule combine with other pz
orbitals and form a delocalized set of orbitals that have high mobility when the material is
oxidized (doped).[33, 34] Conjugated p-orbitals form a one-dimensional electronic band in
which electrons become mobile when holes are present in the band. Conducting polymers
can also be doped by reduction. Reducing the oxidized material adds electrons to an
unfilled electronic  band; this is particularly important for  poly(3,4-
ethylenedioxythiophene) (PEDOT) and polypyrrole, which under ambient conditions exists
in the oxidized state. Practically, most conducting polymers are oxidized to gain p-type
conductivity.[35-37] This redox doping in conducting polymers and other organic
materials is often compared to the doping of silicon materials, where silicon atoms are
replaced by other atoms creating n-type and p-type semiconductors.[34] However, the
physical processes responsible for doping in those two families of conductors are very

different. Figure 1.1 shows p-type doping in polythiophene.



Figure 1.1 Removal of two electrons (p-doping) from a polythiophene chain. Adding or removing
electrons from the r-system (doping) produces a charged unit called a bipolaron. Reproduced from

Handbook of thiophene-based materials.|38]

Normally, de-doped conducting polymers exhibit semiconductor or insulator
behavior. De-doped conducting polymers such as polyacetylenes, polythiophenes or even
PEDOT have very low electrical conductivity, in the range of 107'% to 107 S/cm. However,
introduction of even a low level of doping (1% or less) may increase electrical conductivity
by several orders of magnitude. The highest conductivity values reported for polymers
until now were about 80 kS/cm for stretch-oriented polyacetylene.[39, 40] Doping some
polymers, such as PEDOT, shifts the Fermi level into the valence band, and creates an
unfilled band to allow for much higher, ‘metallic’-type conductivities. This transition to a
conducting state is accompanied by the added complexity of the formation of new types of

charge carriers, namely polarons and bipolarons, that couple with the lattice.[2]

The doping/de-doping processes and their effects on electrical conductivity are used
in organic electrochemical transistors and organic field-effect transistors. In these devices,
drain current is a function of doping and can be controlled by modulating the gate voltage

(for further details please see section 1.7.2 in Chapter 1).[41]

Good charge transport along conjugated chains is not the only requirement for
conductivity in those materials. Since charge has to also travel between the chains,
establishing effective charge transfer among the chains is another factor that contributes

significantly to the overall conductivity of polymeric materials.[42-44]



Despite intensive research, the relationship between morphology, chain structure and
charge transport is still poorly understood. Generally, it is assumed that charge transport
should be higher for higher degree of crystallinity and better alignment of the chains; this
has been confirmed for (poly(3-hexylthiophene)) and (phenyl-C61-butyric acid methyl
ester).[45, 46]

The number of co-planar rings in e.g., polythiophenes and polypyrroles, determines
the conjugation length. Deviation from co-planarity may be either permanent or temporary.
Permanent deviation is normally a result of mislinkages during synthesis. Temporary
deviation results from changes in the environment. A twist in the backbone greatly reduces
the conjugation length, and increases the separation between energy levels, which results in
lower electrical conductivity of the material. A number of environmental factors can be
responsible for the twist in the conjugated backbone and associated reduction in
conjugation length and decrease in conductivity. The main identified factors are solvent

type, temperature, application of an electric field, and presence of dissolved ions.[47, 48]

1.4.2 Optical Properties

Conjugated p-orbitals not only affect the conductivity of the material but also its
optical properties. The absorbance corresponding to a m-n* transition often falls in the
range of the solar spectrum. The longer the conjugation length, the lower the difference
between energy levels, hence the longer the absorption wavelength. Mislinkage in
conjugation increases energy levels and results in shorter absorption wavelengths. The
deviation in conjugation might be permanent or temporary[49, 50] during synthesis or
changes in the environment. Increase in conjugation length shifts the absorption band
towards higher wavelengths. This phenomenon can sometimes be easily observed as a
color change of the material.[51, 52] Light absorption in conjugated systems can be also
tuned by introducing environmental conditions that twist or reduce the conjugation length

and shift the absorption band.[52, 53]



Charged self-localized excitations (such as solitons, polarons, bipolarons and
excitons)[54, 55] can be generated in conducting polymers by light irradiation (on the
micro- to millisecond time scale[56]). This phenomenon is known as photoconductivity, in
which a material becomes more electrically conductive upon introduction of light or any
other electromagnetic radiation.[57] When a semiconductor absorbs light, the number of
free electrons and holes increases, which raises the material’s electrical conductivity. The
requirement for photoconductivity to occur is that the light shone on the semiconductor

must have enough energy to raise electrons across the band gap.[58]

Polythiophene is a preferred material to study effects of changes in conjugation on
optical properties; this is mostly because of its ease of manufacture and its relatively
simple structure. The red-shift in polythiophenes with increasing conjugation length is
relatively large between small oligomers, and the difference decreases when oligomers are
longer. For example, the difference between absorption bands in bithiophene and
terthiophene is in the range of 57 nm[59], while recent studies showed that the difference
between absorption bands in 48- and 96-mer oligothiophenes is only 1.9 nm[60, 61]. While
the difference is smaller for longer oligothiophenes, it does not saturate; this property
allows tuning of optical properties and manufacture of organic materials sensitive to

specific wavelengths.

1.5 Conducting Polymer Synthesis

There are several ways to synthesize conducting polymers. The two most common
techniques are electropolymerization, where polymer chains are formed as a result of an
electric potential applied to the monomer in solution; or chemically, using oxidants. Some
conducting polymers can be produced biologically, an example being melanin. Melanin is

produced by the oxidation of the amino acid tyrosine, followed by polymerization.[62, 63]



1.5.1 Electropolymerization

Electropolymerization uses an electrolyte solution with a monomer dissolved in it.
By applying an appropriate bias potential between two electrodes immersed in the
electrolyte, monomers are oxidized and deposit on the working electrode, forming polymer
chains and producing a conductive film. Electropolymerization is a convenient and
relatively cheap method. However, electrochemical reaction has to be precisely controlled,
otherwise the resulting polymers will be irregular and contain mislinkages[64][65]
resulting in shorter conjugation, and hence poorer electronic and optical properties. It is
however unclear whether electropolymerization or chemical polymerization causes more

mislinkages. Steps involved in electropolymerization are shown in figure 1.2.
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Figure 1.2 Mechanism of electropolymerization of trimer heterocycle. As electropolymerization

progresses, longer chains are formed. Reproduced from American Chemical Society.[66]

During electropolymerization, radical cations are produced by oxidation of a
monomer. The produced cations can couple with each other to firstly form a dimer and
later longer conjugated chains. Deposition of polymer chains onto the electrode surface is
dependent on the polymerization conditions (current density, substrate material,

temperature, electrolyte and solvent, presence of water, and monomer concentration).[67-
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69] The oxidation potential of the monomer is dependent on the electron density in the ring
n-system. Precise control of polymerization parameters facilitates tailoring of films,
because small changes in polymerization parameters may lead to changes in the overall
structure and morphology of the produced film. For example the same polymer
polymerized under different conditions may have very different porosity, surface area, or
hydrophobicity.[68-70] Since the present work mainly concerns thiophene-based polymers
it is important to mention the so-called "polythiophene paradox". The oxidation potential
of many thiophene monomers is higher than the oxidation potential of the resulting
oligomers and polymer. The "polythiophene paradox" has been proven to be the result of
the degradation of polythiophene (made from the mono-thiophene monomer) which is
initially restricted to the solution/film interface and reaches the bulk of the film only at a
later stage. This overoxidation reaction is competing with polymerization and oxidation of
the monomer.[71, 72] The "polythiophene paradox" together with the requirement for a
conductive substrate are two of the biggest disadvantages of electrochemical

polymerization and limit its application.

1.5.2 Chemical Synthesis

Chemical synthesis offers a couple of advantages over electropolymerization of
conjugated systems. Those are the ability to produce films on non-conductive substrates
and the ability to control the regioregularity of the polymers. While the first conducting
polymers were chemically synthesized by a team from CSIRO[10-12], further
developments allowed the production of longer and more conjugated systems. Commonly
used methods for chemical polymerization require specific conditions (such as oxidizing
agent and temperature) and sometimes even control of the surrounding environment (for
example, careful exclusion of water or oxygen from the system).[73, 74] A number of
studies have been conducted that attempt to improve the yield and quality of the products
obtained using the oxidative polymerization technique.[74, 75] Figure 1.3 shows the

proposed chemical polymerization route of PEDOT using Fe(III) as the oxidant.
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Figure 1.3 Proposed mechanisms for ferric chloride oxidative polymerization of PEDOT. (1)
Oxidized EDOT forms radical cation, (2) radical cations combine, (3) deprotonation and formation
of conjugation, (4) polymerization continues from n-mer to (n + 1)-mer. Reproduced from

American Chemical Society.[76]

1.5.3 VPP and CVD Adapted for Conducting Polymers

Special cases of chemical polymerization are chemical vapor polymerization (CVD)
and vapor phase polymerization (VPP). Both techniques use the principles of chemical

polymerization; however, deposition is performed from the gas phase. Both, CVD and
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VPP have several advantages over traditional chemical polymerization, including

production of highly ordered and highly conductive materials.[77]

In general, VPP is considered to be a sub-group of the wider CVD family. The main
difference is that in CVD both monomer and oxidant are delivered to the surface
simultaneously in the vapor phase,[7] whereas, in VPP, the oxidizing agent is precast onto

the substrate and only monomer is delivered in a gaseous form.[8]

CVD of conjugated polymers was first reported for polypyrrole deposition, where
pyrrole monomer vapor was exposed to FeCls or H,O, vapor in vacuum. The resulting
polymer showed comparable chemical and physical properties to those of polypyrroles
produced from solution.[78] The biggest advantage of CVD technique is the elimination of
solvents that are present in chemical polymerization. In the last few years, various
evaporation methods used in CVD techniques have been investigated, resulting in thermal
evaporation[79], pulsed laser deposition[80], oxidative chemical vapor deposition
(oCVD)[81-83], plasma-enhanced chemical vapor deposition[83, 84], and a few other
variants. CVD and VPP techniques also allow for delivery of two or more polymer
precursors in the vapor phase, resulting in production of co-polymers; however, co-

polymerization from vapor phase is very hard to control.[85-87]

VPP can be considered a two-step process, where casting of a layer of oxidant is
followed by exposing the oxidant layer to monomer vapor inside a sealed chamber. The
oCVD method is a single step process, in which the oxidant and monomer are both
delivered through the vapor phase. The method used, type of oxidant, temperature and
manufacturing time can all have significant impacts on the resulting thin polymeric film —

its morphology, conductivity, electrochemical properties, etc.[7]

Monomer delivery in vapor phase polymerization is very different to traditional
chemical methods; however, the subsequent oxidative polymerization process is very
similar to oxidative polymerization performed in solution. Gaseous monomer condenses on

the substrate coated with oxidizing agent and polymerization takes place.[7] As
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manufactured, the polymer is oxidatively doped by the remaining oxidant; in particular,
polythiophene is blue and conducting up until the doping counter ions are removed from
the film.[88] The deposited film is then washed with alcohol or water to remove any
unwanted products of the reaction, reacted and unreacted oxidant and monomer. Figure 1.4

shows a standard setup used for VPP.
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Figure 1.4 Schematic of a typical procedure for deposition of conjugated polymer films by VPP.

The role of the oxidizing agent is to facilitate reaction by oxidizing another species
such as a monomer. The oxidant is then reduced; hence it is often called an electron
acceptor. For the oxidant to be effective, it must have a high enough oxidation state or be
highly electro-negative to gain extra electrons by oxidizing another substance. The
reduction potential of the oxidant must also be slightly higher than the oxidation potential
of the monomer in order for redox reaction to occur. Some widely used oxidizing agents
that have been shown to be suitable for vapor phase polymerization include iron and
copper complexes, ammonium persulfate[7] and, more recently, p-toluenesulfonic
acid[89]. Studies have shown that using an amorphous oxidant rather than a crystalline one
has some advantages in regards to the conductivity of the resulting polymer.[90, 91]

Crystallization of the oxidant is mostly initiated by high water or moisture content.[90]
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VPP of highly conductive (>1000 S cm™) PEDOT was first reported using iron(III)
p-toluenesulfonate mixed with pyridine to control the acidity during the
polymerization.[77] Since then, many adjustments have been made to the technique to
enable use of different monomers and oxidants and production of highly ordered and

highly conductive films.

This thesis deals specifically with two conducting polymers and their blends; hence,

these polymers will be introduced in the next two sections.

1.5.4 PEDOT Structure, Properties and Applications

Poly(3,4-ethylenedioxythiophene) or PEDOT (figure 1.5) is a conducting polymer
based on 3,4-ethylenedioxythiophene (EDOT) monomer. PEDOT is one of the most
studied conducting polymers. PEDOT has high chemical stability and high conductivity
and moderate band gap of 1.6 eV in the reduced state and is oxidized under ambient
conditions. PEDOT’s large advantage is its poor solubility in many solvents including
water.[43, 92] However, its insolubility is also PEDOT’s main disadvantage when it comes

to processability,

Figure 1.5 Molecular formula of neutral PEDOT. Reproduced from Hindawi.[93]
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Neutral PEDOT is a low band gap polymer; it absorbs strongly in the red part of the
visible spectrum, resulting in a deep blue color. Upon doping PEDOT, the optical

absorption shifts to longer wavelengths, which results in nearly transparent films.[94]

Depending on the counter ion, PEDOT can exhibit conductivities ranging from 1 to
300 S/cm.[95, 96] When poly(styrene sulfonic acid) (PSS) is used as the counter ion, the
conductivity typically reaches 10 S/cm in solid state thin films[97], but can reach values as
high as 3,000 S/cm when treated with an assistant solvent[98, 99]. The structure of PSS is
described later. PEDOT:PSS is a commercially-available conducting polymer blend. Study
shows that post treatment with concentrated sulfuric acid can bring the conductivity of
PEDOT:PSS up to 2500 S/cm by removing substantial parts of the PSS.[99] PEDOT:PTS

produced by vapor phase polymerization can have conductivities up to 2,500 S/cm.[100]

PEDOT can be found in numerous applications such as the electrodes or conductors
in OFETs,[101] OLEDs,[102] memories,[103] spintronics,[104] smart windows and
displays,[105] batteries,[106] super capacitors,[107] anti-static coatings and corrosion

protection[ 108].

1.5.5 Poly(thiophene) Structure and Properties

Poly(thiophenes) (PThs) result from the polymerization of thiophenes, a family of
sulfur heterocycles. Many applications have been proposed for polythiophene; of which the
most promising are organic solar cells[109-111] The polythiophene structure is shown in

figure 1.6.

Figure 1.6 Structure of neutral polythiophene. Reproduced from Nature Publishing Group.[112]
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Unsubstituted polythiophene, like many other linear polyaromatic compounds, is
insoluble in most organic solvents because of its rigid backbone and strong m-n
interactions.[113, 114] Alkyl substitution at the 3 and/or 4 position is required to change
the solubility of polythiophene. However, adding alkyl groups affects other properties,
such as conductivity and optical properties.[112] The symmetrical nature of thiophene
allows for many different configurations during polymerization while mislinkage in
regioregularity can affect both conjugation length and optical properties. It has been shown
that using longer (2- or 3-) thiophene units as precursors for polymerization directs those
monomers to form less mislinked chains with longer conjugation.[115] Studies performed
recently on regioregular poly(thiophenes) have shown that the crystallinity of the polymer
increases with stereoregularity and that the possibility of side-chain crystallinity is

necessary for the development of optimal properties.[116, 117]

The highest reported conductivity achieved in doped poly(thiophenes) was
1000 S/cm[118], while introduction of dodecyl side chains decreased the conductivity to
20 S/em([119]. 3,4-disubstitution reduces conductivity in the case of methylene groups as a

result of loss of coplanarity.[120]

Oxidative polymerization of poly(thiophene) using FeCls has also been shown to
produce regioregular polymers with up to 94% regioregularity and conductivity of around
4 S/cm.[75] Fe(IIHPTS has been used as an efficient oxidizing agent, while another study
used p-Toluenesulfonic acid (PTSa)[121]; however, using this volatile oxidant resulted in

poorer conductivity and poorer optical properties[122].

Unlike the PEDOT mentioned previously; polythiophenes are neutral under ambient
conditions and therefore act as good light-harvesting materials owing to charge
separation.[123, 124] Combining the electrocatalytic and the photophysical properties of
conjugated polymers may lead to interesting and efficient light-enhanced or light-driven
catalysts. A recent work describes the construction of such materials using a
heterojunction-based approach with the creation of an alloy of two conjugated
polymers;[59, 121] the first polymer acts as a light harvester and the second acts as an

acceptor for the hole created by the photo-excitation event.
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In this research two kinds of polythiophene were used: polybithiophene (built from
two thiophene units) and polyterthiophene (built from three thiophene units). Bithiophene
is easier to deal with; it has a lower evaporation temperature than terthiophene, so the
polymerization process takes less time and can be carried out at a lower temperature.
However, polyterthiophene has much better properties, because it is made from three
conjugated coplanar thiophene rings, instead of two coplanar thiophene rings, so the

chance for chain mislinkage decreases.[49, 125]

1.5.6 Bechgaard Salts

In 1911, H. Kamerlingh Onnes showed that various metals conduct electricity with
zero resistance when cooled to temperatures close to absolute zero, and opened up a totally
new field of study.[126, 127] Since then, this phenomenon of superconductivity has been
the subject of intense research. Researchers and scientists at different research institutions
world-wide have tried to understand the physics behind superconductivity and to develop
novel materials with this property. Many metallic superconducting materials have since
been discovered in the last 100 years; however, it was not until 1979 that Klaus Bechgaard
proved that organic materials can also possess superconducting properties.[128, 129] The
first organic superconductor, bis-(tetramethyl- tetraselenafulvalene)hexafluorophosphate
(TMTSF),PFs was produced by self-assembly via physical vapor deposition (figure
1.7),[128] showing that the stacking of highly ordered (crystalline) organic salts is
possible. Discovery of (TMTSF),PFg lead to the creation of a wide range of related organic
compounds, named Bechgaard salts after their inventor. Similarly to their inorganic
counterparts, organic superconductors require very low temperatures to switch into
superconducting mode. Unfortunately, no organic superconductor has yet been found with
a critical temperature (T.) greater than 12K.[130] Finding organic materials with
superconducting properties would revolutionize electronics and other related fields. Apart
from superconductivity at very low temperatures, Bechgaard salts are conducting at room
temperature; especially in the m-stacking direction. Additionally, Bechgaard salts have
many other properties that make them very interesting subjects of research. Due to their
very different structure from metallic superconductors, the superconductivity model
developed by Bardeen, Cooper, and Schrieffer[131] is not suitable for Bechgaard salts.

Understanding the origin of the superconductivity in organic materials is critical to their
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further development. Bechgaard salts are relevant for the nano-structures described in

Chapter 4.
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Figure 1.7 Structure of (TMTSF),PFs. Image reproduced from American Physical Society.[132]

1.6 Nanostructures and Their Growth

Since the invention of the scanning electron microscope (SEM), interest in
nanotechnology is growing rapidly.[133] It is now possible to move and arrange atoms into
structures that are only a few nanometers in size. Nanotechnology has been found to be
useful not only in miniaturization, but also to tailor properties of materials. Nanostructured
organic or inorganic systems can be designed in a way that the surface area is highly
increased, which is very important in energy- and catalyst-related fields. Nanotechnology
also provides tools to tailor wetting and surface properties of a material, allowing for
production of novel self-cleaning coatings. Those are only a few examples of the areas in
which “nano-" plays an important role. The self-assembly of nano-structures produces a
wide range of materials with new properties.[134, 135] Self-assembly is one particular
method for producing nanostructures, and has the advantage of creating systems in their

thermodynamically most stable form — hence produced structures can be relatively defect-
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free and self-healing.[136, 137] Another important advantage is that self-assembly carries
out the most difficult steps of nano-fabrication, such as structuring and reordering atoms,
without expensive tools or procedures. In many cases self-assembly can be easily
controlled to meet desired requirements of the material[138-140] and even build up larger

assemblies that can be used in electronics or other fields of industry.[141, 142]

The size and position of a material’s band gap are probably the most important
parameter for electronic applications.[143, 144] In silicon-based electronics, scaling down
the device to around 100 nm doesn’t affect the band gap; however, going down to a few
nanometers increases the band gap of the silicon, which is extremely important for future

electronics, spintronics and photonics applications.[144]

Shrinking down the size to the nano-scale affects not only the electrical properties of
the material, but also electrostatic, magnetic and optical properties, which can be very
different on a nano-level.'”” '** %% This exciting use of nanotechnology brings about totally
new applications for old and well known materials. Nanotechnology still requires relatively
expensive equipment for imaging and arrangement of those nano-systems or nano-
materials; however, very fast developments in the field will allow for rapid growth of the

technology and find solutions to many currently unsolvable questions or challenges.

There are several different ways of growing inorganic nano-systems via self-
assembly routes where the growth is driven by natural physical processes; however, when
it comes to polymers, this area still remains relatively untouched. Inorganic materials rely
mostly on two methods: vapor-liquid-solid (VLS) growth[145-147] and vapor-solid (VS)
growth[148, 149].

VLS and VS rely on chemical vapor deposition. The growth of a nano-crystal
through direct adsorption from a gas phase onto a solid substrate is very slow and has to be
done for extensive periods of time. The VLS mechanism requires a liquid catalyst phase
which can efficiently adsorb a supersaturated vapor and produce crystals from nucleated

seeds at the liquid—solid interface. VLS has a few advantages over VS: lowered reaction
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energy of crystal formation due to the presence of liquid catalyst, and that the size and the
position of the nano-features can be dictated by the availability of the metal catalyst.VLS
can produce highly anisotropic nanowire arrays from various materials; the physical
properties of nanowires are controllable and depend on the size and physical properties of
the catalyst. VLS and VS found application in production of many different
nanowires[147]; however, the method has also been used to create other structures,
including nano-walls[150, 151] and nano-combs[150], based on different materials and

tailored for different applications.[152-155]

The above description of the VLS method is in a way similar to the description of
vapor phase polymerization (see section 1.5.3 in Chapter 1). Both techniques rely on
material delivery via the vapor phase and both techniques are considered to be a sub-family
of chemical vapor deposition. While VLS requires a liquid catalyst, VPP relies on
oxidizing agents. Both techniques are also bottom-up techniques.[156, 157] However
previous reports have used VPP as a way to produce very uniform and ordered films rather
than to produce polymer nano-structures. In Chapter 4 we will show a two-step mechanism

used to create several different nano-structures via VPP.

As mentioned before, electropolymerization techniques, by default, create nano-
structured polymers either by precisely controlling potential or current during the polymer
formation.[75, 158] However, electrochemical methods are very hard to control and don’t
give high reproducibility; also, controlling the size and growth direction remains a big

issue.

Another phenomenon that exists in many naturally formed systems is diffusion-
limited-aggregation (DLA). Electropolymerization can be considered as a sub-group of
DLA, and many reports of electropolymerized materials rely on DLA mechanisms.[159-
161] In DLA, diffusing molecules irreversibly attach to a growing cluster which is initiated
with a single solid seed. This process generates clusters with a branched morphology. In
most cases, diffusion dominates the transport. This is applicable in many systems that
surround us, for example: rivers, frost on glass, or mineral veins in geological formations.

Convection is not important during chemical deposition, electrodeposition or other
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solidification processes. DLA is applicable to all chemical vapor deposition, since
diffusion is the primary means of transport in those systems. In specific cases, diffusion
limited growth can be observed in vapor phase polymerization. Phenomena of DLA in
VPP have been described in more detail in Chapter 4, where DLA 1is responsible for

formation of polythiophene nano-walls and other nano-structures.

1.7 Conducting Polymers in Organic Electronics

The transistor invention made in 1947 at Bell Laboratories[162] opened doors to a
completely new field of electrical engineering — electronics — where small electrical
signals can be amplified by specially designed devices. This invention became
commercialized within a few years and nowadays it’s widely used in every electronic
device. Today’s microchips and processors contain tens of millions of separate transistors.
Semiconductor technology has evolved over the years and is currently used in all
components of integrated electronic circuits and computer technology. Ultra-fast
transistors and semiconductor lasers based on heterostructures of semiconductors are the

main building blocks of modern telecommunications.[163, 164]

However, there are two main reasons for looking for alternatives to silicon-based
electronics. Firstly, there are “simple” applications (from an electronic point of view)
where silicon potentially could be substituted with a cheaper, easier to process material;
secondly, there are specific applications where silicon cannot provide the interface needed,
this is especially the case where an interface to a biological system is desired. In neither of
these is it envisioned that the speed of silicon-based electronics will be needed or can be

achieved.

“Organic electronics” is a field of materials science that deals with the design,
synthesis, characterization, and application of conducting polymers or other organic
conducting molecules in order to achieve desired properties. Unlike their inorganic

counterparts, organic conductors and/or semiconductors are built of small organic
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molecules using synthetic methods, including various polymerization routes. As described
previously, the main advantage of using these compounds is their low cost and great
processability compared to traditional inorganic electronics. Additionally, the molecules

can be easily tuned during synthesis to achieve desired properties.

“Plastic” devices exhibit many important advantages over silicon or other inorganic
semiconductors. Apart from the advantages mentioned above, organic electronic materials
are also lighter and more rugged. They have unlimited potential for optoelectronic
applications[165-167], and would be significantly cheaper to produce than either single
crystal or amorphous silicon equivalents. In the past several years scientists and engineers
have been able to improve charge mobility of organic materials, so that every couple of
years the charge mobility of transistors made from organic materials increases by a factor
of ten.[168, 169] Currently, for some applications, organic electronics can compete with

amorphous silicon, at a fraction of the cost.[170]

1.7.1 Applications and Devices Based on Conducting Polymers

High solar to electrical energy conversion efficiency in silicon-based solar cells
makes them commercially available world-wide. However, several disadvantages of those
devices have been identified. The price for silicon solar cells has been significantly
reduced in last few years and is currently relatively low (around 0.5 USD/W)[171];
however, other issues related to silicon technology are still to be addressed. The heavy
weight (around 35 g/W)[172, 173], lack of flexibility and complex production process for
silicon solar cells is encouraging the development of alternatives — organic photovoltaic
cells and dye-sensitized solar cells (DSSCs)[174, 175]. Poly(thiophene)-based organic
photovoltaic cells have been successfully fabricated proving the feasibility of this material
in this specific application, in combination with fullerene derivates as effective electron
acceptors. A combination of narrow-band donor and fullerene derivate is the most common
approach to efficient organic cells.[109, 176-178] A very important factor in the poly(3-
hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61 (PCBM)
solar cells is their nanoscale morphology and how it affects the cell efficiency.

Experiments show that P3BHT:PCBM blends with organized morphology exhibit improved
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performance and reduced surface resistivity compared to the same material in a
disorganized state. The most efficient organic cell based on a low-bandgap conjugated
polymer is a poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b:2’,3'-d]pyran)-alt-
4,7-(5,6-difluoro-2,1,3-benzothia diazole)] (PDTP-DFBT) solar cell. The power
conversion in (PDTP-DFBT) tandem solar cells can be as high as 10.6%, a record for

organic solar cell materials.[179]

Another group of devices based on organic materials are field-effect transistors
(OFETs). The main operational idea is the same as that of inorganic FETs.[180] OFETs
have been shown to be useful devices for efficient light generation from a variety of
materials. In particular, organic light-emitting field-effect transistors are a new class of
electro-optical devices that could provide a novel architecture to address questions that
cannot be answered by traditional electronics. They may yield a deeper understanding of
charge-carrier recombination and light emission in organic materials. OFETs could
potentially revolutionize optical communication systems, advance display technology and

solid-state lighting.[181]

1.7.2 Organic Electrochemical Transistors

Since the later chapters of this dissertation are focused on materials for organic
electrochemical transistors (OECTs) it is important to introduce these novel devices in
more detail. OECTs were firstly reported in 1984[182]. These transistors, although not as
common as field effect transistors (FETs), have been used for applications in biological
and chemical sensing.[183] OECTs are composed of an organic semiconducting material,
an electrolyte, and a gate electrode; in many cases these are based on organic
semiconductors. The semiconductor commonly used to make OECTs is a doped p-type
semiconductor, PEDOT doped with poly(styrene sulfonate) (PSS)[184]. However, other
conducting polymers can be used[182, 185]. By applying a voltage at the transistor gate
terminal, it is possible to modulate the doping/de-doping level of the active semiconductor
channel between the transistor’s source and drain, hence modulating the resistance of the

channel (see figure 1.8).
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Figure 1.8 Schematic of an OECT cross-section and the wiring diagram for device operation,
where G is a gate electrode, and S and D are source and drain respectively. Reproduced from

Nature Publishing Group.[41]

In an OECT, both electrons and ions serve as signal carriers; gate-controlled
oxidation of the channel material changes the current modulation of the device. In contrast
to field effect transistors (FET) or their organic counterparts (OFET), OECTs are driven by
potential rather than field effects. The advantages of using potential rather than field are
the low operating voltage compared to the much higher voltage values required to operate

FET; and size flexibility — OECTs are not limited to small dimensions.

For PEDOT:PSS, when a positive voltage (with respect to the grounded source) is
applied to the gate, positive ions from the electrolyte migrate into the channel and de-dope
the channel material. As a result, the conductivity of the channel decreases, causing a
measurable decrease in the source-drain current. However, reverse ion flux can be
observed in PEDOT:PTS. Applying a positive voltage (with respect to the grounded
source) to the gate makes negative tosylate ions mobile. PEDOT doped with tosylate,
becomes less doped when tosylate molecules migrate into the electrolyte, causing a drop in
current. In general, doping/de-doping is similar in both cases, only the direction of the ion
flux changes. In transistor devices that also use organic semiconductors as the gate

electrode, the reverse reaction occurs at the gate to maintain charge balance. Conducting
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polymer materials can be easily over-oxidized when a high voltage is applied[186],
causing them to permanently lose their conductivity. The gate in these devices should have

a much larger area than that of the channel to prevent over-oxidization of the gate material.

The resulting [-V behavior of OECTs was reported[186, 187] in 2002 and 2005 —
by applying a negative potential to the drain, current saturation is observed as the
magnitude of the drain potential increases; this is desirable in situations where the
transistor is to be used as a signal amplifier. A positive potential applied at the gate
decreases the amount of current that flows through the channel (figure 1.9). State of the art
OECTs require less than 0.5V between the gate and the channel to switch from “on” mode

to “off” mode. This is of great importance for low-power devices.
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Figure 1.9 OECT example I-V characteristics. Drain voltage (Vp) was varied from 0 to -0.6 'V,
while gate voltage (V) was varied from 0 to 0.6 V with a step of 0.2 V.

Different studies use different OECT configurations[41, 188-190], however, the most
common one is the three terminal transistor. OECTs may also differ depending on the
organic material used in the device, although most of them rely on PEDOT:PSS combined
with an aqueous electrolyte.[189, 191-193] Three-terminal and four-terminal transistors

(figure 1.10) show slightly different behavior, which can be an advantage for use in
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different applications. Four terminal transistors can show both bi-stable and dynamic
behavior. The bi-stable configuration allows for low-power operation, while dynamic
configuration allows for very fast switching operation. In contrast to a four-terminal
transistor, the three-terminal transistor has only one gate contact. The architecture of three
terminal transistors is geometrically symmetric, but not electrically symmetric during
operation. To be able to efficiently dope/de-dope the channel and hence achieve a high

gain ratio, the gate needs to be much larger than the channel.[189]
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Figure 1.10 Four-terminal transistors: (A) bi-stable electrochemical transistor and (B) dynamic
electrochemical transistor. G* and G are gate electrodes, S and D are source and drain
respectively. (C) three-terminal OECT. The gate electrode is indicated with a G. Ag, Ac and Ag are
respectively gate area covered by electrolyte, channel area covered by electrolyte and area of the

reaction.[194]

1.7.3 OECT Applications

The very first idea for application of OECTs was simply to replace traditional silicon
transistors in electronic and logic circuits. OECTs used in logic circuits work similarly to
FETs in modern transistor logic. A highly doped channel has much lower resistance then a
doped one; hence the doped channel provides much higher current at fixed potential
values. The doped channel is considered as the ‘open’ state, while de-doped is ‘closed’.
OECTs has been successfully used in an EC-inverter, ring oscillators[195, 196], NAND
and NOR gates[197] — these are important initial steps towards organic microchips[198,

199].
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Another very important application of OECTs that emerged after the invention of
these devices is electrochemical display cells, where a few to many OECTs are connected
in an array to form an electrochromic display. A single transistor is considered as one
electrochemical pixel. When the transistor channel is open (highly doped) the display cell
can be updated, and when the transistor is closed (de-doped) the display cell keeps the
previous state.[200]

The OECT applications mentioned above have been known for some time; however,
due to technological issues, mostly patterning and production of arrays, OECTs have in
practice mostly been used for a variety of chemical and bio-sensors. Chemical and bio-
sensors can work under two regimes: potentiometric and amperometric. A potentiometric
sensor measures a change in potential as a function of a changing parameter, while an
amperometric sensor measures the current response caused by a change in an external
parameter. Many OECT-based sensors have been developed over the last few years.[201]
OECTs bring huge advantages to bio-sensors, because they are made of organic and
biocompatible materials can be implanted successfully into a patient[202, 203] or provide
suitable substrates for cell growth and direct measurement of biological signals.[204][193,

202] OECTs show very promising results for lab-on-a-chip applications.[205, 206]

The use of water-dispersible PEDOT:PSS inks and inkjet printing technologies in
combination with OECT-based sensors brings new possibilities for single-use inexpensive
sensors. PEDOT:PSS has been shown to be the most suitable candidate for these devices,
because of its high conductivity, excellent electrochemical stability and redox reversibility
compared to those of other conjugated materials.[207, 208] Reports have shown OECTs
can be used to make high-sensitivity gas, pH and ion sensors[201]. Recent reports have
also demonstrated that OECTs are important in glucose sensing.[209] OECTs don’t require
expensive measurement devices or reference electrodes to operate, and devices can be
scaled up or down to meet application requirements without losing any performance or
sensitivity.[210, 211] Thus OECTs have a bright future as measuring and sensing devices

for a variety of applications.
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Another very important application of OECTs is their ability to be used as a material
characterization platform. Measuring conductivity change as a function of applied gate
potential is a way to characterize redox behavior in conjugated systems. The
characterization method uses small potentials applied between the source and drain of the
transistor and measures the resulting current as a function of applied gate potential. Several
researchers have used this method to characterize electrical properties of polymers such as
polythiophenes, polypyrroles and polyaniline.[212, 213] One study showed that oxidation
in polyanilines is highly reversible, while PEDOT becomes overoxidised at anodic
overpotentials.[214] Another study showed that for most conducting polymers, the highest
conductivity can be found at potentials where the polymer shows the highest redox

activity.[213]

Many of the applications presented above have only been developed in the last
several years. OECTs are still a relatively new area of interest, where electrochemistry and
electronics merge to provide answers to technological or application issues that cannot be
addressed by traditional silicon devices. It is expected that in coming years sensors and

electronic devices with OECTs will be common in our households.[215, 216]

1.8 Thesis Aims

The aims of this work were to:

* Develop new polymeric materials, study their physical properties and use this data to

draw conclusions about their interactions at the nano-level.

* Determine how the polymerization conditions affect material properties and optimize

these conditions to gain the highest performance for a given application.

* Improve the properties of conducting polymers by blending or co-polymerizing two or

more compounds together and to compare the implications between produced materials.

* Develop novel patterning methods for conducting polymers to reduce time and costs of
the process and to enable easy design and adjustment of patterns depending on specific

application needs.
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1.9 Thesis Overview

The following chapters consist of 2 published papers, 2 submitted manuscripts and
one manuscript in preparation. The theme of the thesis is to develop novel organic
materials and to study their physical properties and, subsequently, apply the findings to
build useful devices based on those novel materials. The chapters are divided based on the

material application, type of material or techniques used to manufacture the device.

Chapter 3 describes new polythiophene-based materials where two similar organic
molecules have been polymerized together to form a polymeric material with enhanced
properties, in particular an extended light absorption window and improved conductivity in
the highly doped material. The publication in this chapter shows the use of this novel

material in solar cells and a light-enhanced oxygen reduction reaction.

Chapter 4 is based on findings from Chapter 3 and focuses on development of nano-
structured polymeric materials based on polythiophene and their use in organic electronics,
electrocatalysis, and photonic applications. Publication 4.1 examines the formation of
nanostructures on the surface of thin polymeric films and discusses a two-stage
polymerization mechanism involved in their formation. In this publication, physical
properties of nano-walls are analyzed, and the effects of polymerization parameters, such
as polymerization time and temperature, on those properties are evaluated. Publication 4.2
describes how, by tuning the previously mentioned polymerization parameters, different
nano-structures can be obtained. This publication examines electrical and electrochemical
performance of samples with different nano-formations and shows how nano-features on
the film surface increase the active area of the sample, making some of the films
outstanding candidates for electrodes and other applications where active area plays a

crucial role.

The polythiophene materials developed and described in the previous two chapters
are insoluble and hence hard to process or pattern. The necessity to shape the materials

described in Chapters 3 and 4 was a driving force for development of a cheap and fast
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circuit patterning method to allow the use of those materials in a variety of electronic
applications. Publication 5.1 in Chapter 5 describes a new patterning technique, where
conducting polymer is precisely removed from the substrate using a laser beam. Further,
the publication examines the relationship between laser power and laser speed and how
these two parameters affect the depth and heat-affected zone of the resulting pattern. The
method is then used to manufacture organic electrochemical transistors with electronic
performance and gain abilities similar to those of a device manufactured using much more
time-consuming and expensive photolithography techniques. Additionally the manuscript

shows the possibility of using the same patterning method to produce graphene patterns.

Chapters 3 and 4 showed how material preparation conditions affect optical and light
harvesting properties. Experience learnt from Chapters 3 and 4; namely interaction
between light and polythiophene for oxygen reduction reaction has been applied to use
conducting polymers for light sensors. Chapter 6 is about development and
characterization of a novel organic electrochemical transistor that consists of two
conducting polymers. The polymers have been chosen so that the channel material can be
easily doped or de-doped and exhibits relatively high electrical conductivity, while the gate
material can absorb light. Light shone on the gate changes the doping state of the channel,
making the device the very first light-gated OECT. This transistor can act as a sensitive
light sensor. Additionally, the chapter shows possibility of using two or more of these
devices in opto-logic gates, where a light signal is converted into an electrical signal via

the OECT interface.

31



32



Chapter 2

Materials and Methods
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2.1 Materials Preparation and Polymer Synthesis

This chapter introduces the materials and methods used in this thesis. The goal is to
give more comprehensive and in-depth explanations than may be obtained from the
published manuscripts in chapters 3—6. The reasons for the choices of methods and

materials are also given.

2.1.1 Vapor Phase Polymerization

Most of the polymeric films used in this study have been prepared using a chemical
vapor phase polymerization (VPP) technique. The major advantages of this process are
elimination of solvents associated with solution processing, simplicity and relatively low
cost.[7, 77] Additionally, VPP doesn’t require a conductive substrate; a thin film can be

deposited on virtually any material, of any shape complexity.[7, 77]

In general, VPP is a very simple polymerization process in which (i) an oxidizing
agent is deposited onto a substrate and (ii) the oxidant-coated substrate is exposed to
monomer vapor inside a sealed chamber.[7, 121] Vapor phase polymerization has been

described in more detail in section 1.5.3, Chapter 1.

2.1.2 Materials

Polymer precursors 2,2'-bithiophene (BTh), 2,2":5",2"-terthiophene (TTh) and 3,4-
ethylenedioxythiophene (EDOT) were obtained from Sigma-Aldrich. A solution of ferric
p-toluenesulfonate (Fe(II[)PTS) (40 wt.% in butanol) was obtained from YACOO
Chemical Reagent Co. Ltd. All materials were used without further purification. The

structures of the chemicals are shown in figure 2.1.
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Figure 2.1 Chemical structures of the compounds used in this study. 2,2"-bithiophene (upper left),

Fe3+

3

2,2":5" 2"-terthiophene (upper right), 3,4-ethylenedioxythiophene (lower left), Iron(lll) p-

toluenesulfonate (lower right).

2.1.3 Vapor Phase Polymerization of Thiophene-based Thin Films

The specific protocol used to prepare the polymer films described in this study is
briefly described. Fe(II[)PTS in 40% butanol solution was cast onto the desired substrate
using a pipette and spin-coated using a Laurell spin-coater at 1500 RPM for 30 s in order
to obtain a uniform thickness. Polymerization took place in a closed chamber at
atmospheric pressure, where the substrate coated with oxidant was exposed to monomer
vapor. The chamber was placed in a silicon-oil bath pre-heated by a hotplate, as shown in
Figure 2.2. The temperature in the bath was controlled by an electronic system with a
thermocouple feedback loop. Monomer was placed inside the chamber once the desired
temperature was reached. Samples coated with oxidant were placed in the chamber 5 — 10

min after the monomer was added.
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Figure 2.2 Setup used for polymerization of the thin films.

Both bi- and ter-thiophene were added to the chamber simultaneously for
manufacturing poly(bi-terthiophene) films. The mass ratio between bithiophene and
terthiophene was fixed at 2:3 as guided by the different vapor pressures (more detail in the
papers in chapter 3). Poly(terthiophene) and poly(bi-terthiophene) were polymerized for 3
hours at 100°C and poly(bithiophene) was polymerized for 1 hour at 70°C as well as for 3
hours at 100°C for direct comparison to the other polythiophene films. Once the
polymerization period was finished, the films were left to cool down to room temperature,
rinsed carefully with ethanol, and kept in ethanol for around 12 hours. Washed films were
dried at room temperature. Films were prepared on microscope slides (glass, quartz) for
SEM and EDX, as well as for UV-Vis and Raman spectroscopy purposes and on Mylar or

glass, coated with a thin conductive gold layer, for electrochemical measurements.

The “nano-scale” polymerization mechanism (described further in Chapter 4) is a
two-step polymerization process. The initial poly(bithiophene) film is formed through

oxidative polymerization with Fe(III), resulting in a thin, spongy film:

n/2(BTh) + nFe** + 3n(CH3C¢HgSO5) — (BTh),yz + nH' + nFe* + 3n(CH;CsHsSO5)
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After this reaction, two PTS™ molecules (per Fe3+) have formed a salt with Fe*" while
one PTS™ can combine with a proton from the polymerization reaction to give the acid-

form of PTS, PTSa (CH;C¢H4sSO3H);

l’lHJr + n(CH3C6H6SO3') — n(HCH3C6HssO3H)

The melting point of PTSa is 38°C and ~103°C for PTSa*H,O. PTSa can decompose

at elevated temperatures (>100°C) to produce volatile toluene and sulfur trioxide.

PTSa*H,0 = C¢HsCH5 + SOz + H,O

SOs3 is known to be an oxidant towards thiophenes, itself being reduced to SO,:[89,
122]

m(TTh) + m(HCH3C6H6SO3H) — (TTh)m + 2mH+ + m(C6H5CH3 + 802 + HzO)

Polymerization of pure PEDOT was also carried out using a similar VPP approach.
In this case, a closed chamber with EDOT monomer and the oxidant-coated sample was
placed in the oven at 70 °C for 30 min. Polymerized films were left to cool down to room
temperature, rinsed carefully with ethanol, and kept in ethanol for around 12 hours. The
films were rinsed with ethanol and dried before use. The reaction responsible for this

polymerization process is shown below.

+y
H S H BS S "
n \ / + (2n+y)nFe3+ \ / + (2+y)nFe2+ + 2nH+
(o) o) O o}
__/ —_/ |.

Figure 2.3 Reaction occurring during the vapor phase polymerization of EDOT.
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2.2 Electrochemical Characterization

2.2.1 Background

Electrochemistry is the field of physical chemistry that studies the chemical
reactions taking place at the interface of an electrode and an electrolyte. Electrochemical
reactions involve movement of electric charges in the system. In other words,
electrochemistry studies the relationship between electrical charge and corresponding

chemical change.

All electrochemical experiments described in this study were performed using a
standard three-electrode setup. This setup consists of three electrodes (counter, reference
and working electrodes) all connected to a potentiostat and immersed in a common
electrolyte. The cell is placed in a glove box under nitrogen atmosphere to remove any
dissolved oxygen from the electrolyte. A diagram illustrating the three-electrode setup is

shown below.
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Figure 2.4 A three-electrode electrochemical cell connected to a potentiostat.
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Two primary electrochemical techniques were used extensively in this work: cyclic
voltammetry (CV) and chronoamperometry (CA). Both techniques rely on application of

voltage and measurement of current.

Cyclic voltammetry is the most common and versatile electroanalytical technique
available to study reduction and oxidation in systems. It enables the electrode potential to
be rapidly scanned in search of redox couples.[217, 218] When located, a couple can then
be characterized by the potential of the peaks on the cyclic voltammogram and from

changes caused by variation of the scan rate.

The cyclic triangular potential signal for cyclic voltammetry, shown in Figure 2.5,
causes the potential of the working electrode to sweep back and forth between two
designated values (the switching potentials).[218, 219] The current between the working

electrode and counter electrodes is measured during the potential scan to obtain a cyclic

voltammogram.
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Figure 2.5 Typical applied working electrode potential used in cyclic voltammetry.
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A typical cyclic voltammogram recorded for a reversible single electrode electron-

transfer reaction is shown in Figure 2.6 below.

Eanode

- icathodic

V2

n
>

Voltage

Ecathode

Figure 2.6 Typical voltammogram of a redox couple.

The forward potential sweep produces a current response as the cathodic electrode
reaction is promoted. When the scan is reversed it simply moves back through the
equilibrium positions, gradually converting electrolysis product as the anodic reaction
becomes favored. When the current flow is reversed, the chemical reactions are reversed
and the reverse process occurs to that of the forward sweep.[218, 220] Differences in the
magnitude of the current between the forward and reverse scans arise from changes in the
local concentrations of products and reactants in the electrolyte. Electrode capacitance may
also give rise to a current signal as the electrode potential varies. The influence of the
potential scan rate on the electrode current signal for a reversible electron transfer is shown

below.
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Figure 2.7 Voltammogram showing the effects of an increased scan rate.

2.2.2 Materials and Apparatus

Cyclic voltammetry and capacitance measurements were performed using a
standard 3-electrode setup in propylene carbonate with 0.1 M tetrabutylammonium
hexafluorophosphate supporting electrolyte. Propylene carbonate and tetrabutylammonium
hexafluorophosphate were dried using molecular sieves. Molecular sieves were dried prior
to use by heating at 120°C under nitrogen. All electrochemical experiments were
performed in a glove box under nitrogen atmosphere. The reference electrode was a 0.01M
Ag/AgClO, electrode, calibrated to the ferrocene/ferrocenium (0.1 M) redox couple. The
counter electrode was a platinum wire. The experiments were performed on a Princeton

Applied Research VMP3 multichannel potentiostat at a scan rate of 20 mV/s.

The tests were performed on films polymerized on glass substrates or Mylar sheet
substrates sputtered with a thin layer of gold. Glass sputtering was performed on an SPI-
MODULE Sputter Coater controlled by SPI-MODULE Control module under argon
atmosphere, while Mylar-gold sheet was used as obtained from the manufacturer.
Resistance of the gold layer sputtered on glass was 15 + 3 Q as measured by a Jandel
Model RM3 four-point probe. More details on conductivity measurement can be found in

section 2.3 of this Chapter.
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The light enhancement measurements of mixtures of poly(thiophene) with poly(3,4-
ethylenedioxythiophene) and poly(ethylene glycol) were performed in a normal three-
electrode electrochemical setup described above. The distances between the electrodes
were kept constant. Platinum wire and a saturated calomel electrode (SCE) were used as
the counter and reference electrodes, respectively. 0.1 M Na,HPO, (adjusted to pH 10) was
used as the working electrolyte. Cyclic voltammetry was then carried out under air or
nitrogen atmosphere. All tests were performed both under illumination from an external
light source and in the dark. A Leica KL2500 LCD (3470 W/m?) was used as the light

source. The scan rate used in this experiment was 1 mV/s.

2.3 Conductivity Measurement

Conductivity is one of the important parameters for conducting polymers.
Conductivity is a material’s ability to permit the flow of charge when driven by an electric
field. A material’s conductivity (o) depends on two factors, the quantity of carriers
available to transport charge and the mobility of those carriers within the material. The
following equation defines conductivity as a function of resistivity and thickness for thin

films:
1
o=—,
p-t

where: 6 — conductivity (S/m), p — sheet resistance (€2/0) and t’ — thickness (m).

The four-point probe technique is one of the most common methods for measuring
sheet resistance. The classical arrangement is to have four needle-like electrodes in a line,
separated by a constant distance; current is then injected into the material via the outer two
electrodes and the resultant electric potential distribution is measured via the two inner
electrodes. By using separate electrodes for the current injection and for the determination
of the electric potential; the contact resistance between the metal electrodes and the
material will not show up in the measured results. Because the contact resistance can be
large and can strongly depend on the condition and materials of the electrodes, it is easier

to interpret the data measured by the four-point probe technique than results gathered by
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two-point probe techniques. Four-point probe pins are shown on figure 2.8. Current is
applied between pins ‘a’ and ‘d’, while the corresponding voltage is measured between

pins ‘c’ and ‘b’.

Figure 2.8 Four-point probe measurement technique.

Conductivity of the films described in this study was calculated using sheet
resistance measured on a Jandel Model RM3 four-point probe and associated film
thickness values measured on a Veeco Dektak 150 stylus profilometer. The test was
performed three times in different places of the sample and the average value was

calculated.

2.4 UV-Vis Spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region; sometimes also in the near-infrared
(NIR). The absorption or reflectance in the visible range directly affects the perceived
color of the measured chemicals. In this region of the electromagnetic spectrum, molecules

undergo electronic transitions.[221, 222]
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The instrument used in ultraviolet-visible spectroscopy is called a UV-Vis
spectrophotometer; it measures the intensity of light passing through a sample and
compares it to the intensity of light before introduction to the sample. The ratio of light
intensity after passing the sample to light intensity before is called the transmittance. The

light absorbance of the sample can be calculated as:

T
A= —log (m)'

where: A — light absorbance, T — transmittance (%).

Some UV-Vis spectrometers can also measure reflectance. In this configuration, the
spectrometer measures the intensity of light reflected from a tested sample and compares it
with the intensity of light which reflects from a reference material. The ratio between the
light intensity reflected from the sample and that reflected from the reference material is

known as the reflectance.[221-223]

UV-Vis-NIR spectroscopy was performed on a Jasco V-670 spectrometer starting
from 2700 nm, and slowly (400 nm/min) going down to 190 nm. Spectra have been
normalized to the thickness of the film, as measured using a Veeco Dektak 150 stylus

profilometer.

2.5 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe rotational,
vibrational, and other low-frequency modes in a system.[224, 225] The technique relies on
inelastic scattering, also known as Raman scattering of monochromatic light. The light
interacts with molecular vibrations, phonons or other source of excitation in the system,;
resulting in the energy of the laser photons being shifted, either up or down. The shift in

energy gives information about the vibrational modes in the measured system.
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In most cases the measured sample is illuminated with a focused laser beam.
Electromagnetic radiation from the laser spot is collected with a series of lenses and sent
through a monochromator. Radiation related to elastic scattering, also called elastic
Rayleigh scattering; is filtered out, while the rest of the light is directed onto a detector by
specialized filters.[224-226]

Raman spectra were obtained on a Jobin Yvon T64000 Raman spectrometer
equipped with a blue 487.9 nm laser. Gathered data was treated using a baseline correction
and normalized to the intensity of the v, peak. Spectral peaks were deconvoluted using
Spekwin32 software. The intensity ratios between v; and v, modes and the shift of vi mode
were averaged from several data points on each polymer film or nano-wall and standard

deviations calculated.

Nano-walls for Raman measurement were gently removed from the polymer film

using a cotton swab and placed on a glass substrate.

Raman mapping was performed at room temperature on a WITec Confocal Raman
Microscope alpha 300 R attached to a WITec UHTS 300 Raman Spectrometer and a green
laser source at 532 nm excitation wavelength. Raman intensity from 1450 to 1600 cm™

was integrated to build the maps.

2.6 FT-IR Spectroscopy

Fourier transform infrared spectroscopy is a spectroscopic technique which allows
infrared absorption spectra to be obtained. An FT-IR spectrometer is designed to collect a
wide spectral range simultaneously, via Fourier transform, which is a mathematical process

or calculation used to convert raw infrared data into an actual usable spectrum.
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The FT-IR experiments were performed on a Perkin Elmer Spectrum 100 FTIR
spectrometer with a diamond-based attenuated total reflectance (ATR) accessory.
Powdered samples were used; nano-walls for FT-IR measurement were gently removed

from the polymer film using a cotton swab and placed on a glass substrate.

2.7 Scanning Electron Microscopy

The scanning electron microscope (SEM) uses a focused beam of high-energy
electrons to generate signals at the surface of the sample. The signals derived from
interactions between electron beam and the sample reveal information about the

morphology of the sample, its chemical composition and crystalline structure.[133, 227]

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for the
elemental analysis of a sample. Similarly to SEM; EDX relies on an interaction between a
source of X-ray excitation and a sample. To stimulate the emission of characteristic X-rays
from the sample, a high-energy beam of electrons is shot at the sample. Excited electrons
on the sample surface release some energy in form of X-rays; the number and energy of the
X-rays emitted from the sample are then measured by an energy-dispersive
spectrometer.[227] The EDX characterization capabilities are due to the fundamental
principle that each element has a unique atomic structure and thus a unique set of peaks in

its X-ray spectrum; this allows analysis of the sample composition.[228, 229]

SEM images were obtained using a JEOL 7100F Field Emission Gun Scanning
Electron Microscope at 5 kV for morphology study. EDX was performed at 15 kV for

elemental analysis. Both experiments were performed on gold-sputtered samples.
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2.8 Contact Angle Measurement

Contact angle measurement, which is a way of evaluating the wettability of a
surface, is another technique used in this study. Wetting is the ability of liquids to form
boundary surfaces with solid bodies, so the larger the wetting ability of a liquid on a solid,
the smaller the contact angle. Generally, a liquid is considered a wetting liquid if it forms a
contact angle with the solid surface that is smaller than 90°, A non-wetting liquid creates a

contact angle from 90° — 180°.[230, 231]

For flat surfaces, the contact angle is determined by the properties of both states
that are in contact with each other. The interactions between liquid and the surface are of
intermolecular nature and can be described by cohesion and adhesion forces. The balance
between the cohesive forces and the adhesive forces determines the contact angle created

at the solid and liquid interface.

In case of hydrophobic water-repellent surfaces, or when nano-structures are
present on the surface of the sample, water droplets tend to minimize their surface because
of the high surface tension of water. This “Lotus effect” reduces the contact area and the

adhesion force between the surface and the water droplet.[232]

Contact angle measurement was performed on a Dataphysics OCA 20 Video-based
optical contact angle measuring instrument equipped with an automatic syringe dispenser.
Deionized water was used to produce water droplets on the sample surface. Water volume
was precisely 10 pl. Gathered pictures were then deconvoluted with Dataphysics SCA 20
software using elliptical fitting. Three measurements were performed for each sample, and

the average value determined.
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2.9 Optical Microscopic Images

A microscope is an optical device used to magnify objects that are normally too
small to see with the naked eye. Modern microscopes use CCD cameras mounted at the
end of the optical path of the microscope, allowing the capture of high quality and high
resolution images of the examined object. While novel microscopes use digital image
acquisition, the optical parts of microscopes have not changed much in recent years — a

series of lenses and filters is used to magnify and filter the image.[233-235]

Microscopic images were taken on a Nikon Eclipse ME600 microscope equipped

with a PixeLink PL-A662 CMOS camera.

2.10 Helium Adsorption/Desorption, BET Surface Area and Porosity

Gas absorption/desorption is an analytical technique used to determine the sorption
behavior of the substance and, from this, to evaluate the surface area, porosity and pore

size of the examined material.

Brunauer—Emmett-Teller (BET) theory was developed to explain the physical
adsorption and desorption of gases on surfaces. The BET technique provides a theoretical
model to calculate the specific surface area of a material based on a sorption isotherm. The
BET concept is an extension of monolayer molecular adsorption Langmuir theory to
multilayer adsorption theory. The BET theory follows three assumptions: firstly, gas
molecules infinitely adsorb on a solid in layers; secondly, there is no interaction between

adsorbed layers; and finally, the Langmuir theory can be applied to each layer.[236-238]

The BET equation is given in the form:

1 c—1 ('p) 1
= _ +_
U[(%) — 1] UmC \Po UmC
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where p and py are the equilibrium and the saturation pressure of adsorbents at the
temperature of adsorption, v is the quantity of adsorbed gas, v,, is the quantity of gas

adsorbed in one monolayer and c is the BET constant,

E; — EL)

c=exp< RT

where E; and E; are the heat of adsorption for the first layer and the heat of

adsorption for the second and higher layers, respectively.[236, 238]

BET surface area and porosity measurements were obtained on a Micromeritics
TriStar IT 3020 using helium as the working gas. A liquid nitrogen bath was used to cool
the samples. Prior to measurement, samples were degassed and dehumidified using a
Micromeritics VacPrep 061. To prepare samples for this experiment, standard glass slides
were used as substrates to grow films. Later, each thin film was gently removed from the

substrate using wooden sticks with flat scraping ends.

2.11 Laser Engraver Calibration and Patterning Procedure

Laser engraving uses a laser beam to engrave an object. The method is considered
to be contact free, as there is no tool in contact with the engraved surface, in contrast to
traditional engraving methods. Since material illuminated by the laser is being removed,
the method is a subtractive manufacturing technology. As well as laser engraving, laser
welding techniques have been developed, where a focused laser beam is used to heat up the
material (in most cases a metal alloy) and melt it to connect two separate parts.[239, 240]
Both techniques are well established and commonly used in many fields of industry.[241-

243]

Three main components of a laser engraver are: a laser, a controller and an
engraved surface. The laser can be thought of as a tool, where the focused collimated light
follows the direction given by the controller, patterning the surface. The task of the

controller is to control the direction, movement speed, and intensity of the laser.
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The energy, delivered in form of heat, affects the treated surface of the material
under the focal point of the laser. The energy heats up the surface and subsequently

vaporize the material. In some cases material may fracture and peel off.[244, 245]

Light energy can be converted into heat energy very efficiently if the wavelength of
the laser fits the absorption of the material; hence material removal from the treated surface
is a very efficient process. The efficiency of this vaporization process depends on the
absorption of the wavelength of the laser radiation. Unfortunately, the efficient light to heat
conversion ratio is also responsible for rapid equipment heat up. Many laser engravers use
rather large cooling systems to keep the temperature of the device at a stable level.
Sometimes a pulsed laser operating mode is used to decrease the amount of heat
produced.[246, 247] Most organic materials and some ceramics absorb almost 100% of
light with a wavelength of 10.6 um, while metal alloys tend to be more sensitive to 1.06
um wavelength.[248] Soft materials, specifically plastics, some ceramics, rubber and softer

metals, might be engraved with a distinct change of the surface structure.

Infrared light melts some materials instead of vaporizing them. This is the case for
metals, epoxies and certain types of glasses. In the case of traditional plastics, the material

melts and, if the energy density exceeds the ignition point, carbonization may occur.[249]

Layer removal, also called ablation, is a form of controlled vaporization, where a
thin layer of material is removed, exposing an underlayer which is usually made of a
different material. Through precisely controlling the heat input, the depth of material
removed can be controlled and the damage to the underlying material minimized. Another
important factor that has to be considered is the heat-affected zone (HAZ), that is, the zone
which is not in direct contact with the laser spot, but is affected by the heat from the

laser.[250-252]

Laser ablation is used for a variety of applications. The most common one is to

simply remove material from a solid surface in a controlled manner (patterning).[253-256]
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Laser machining and laser drilling are also common applications of lasers. Pulsed laser
light can drill through very hard materials, barely affecting the surrounding material, and
can be used on brittle or heat-sensitive materials.[257-259] Laser ablation has been applied
to produce metal nano-particles and metal oxides.[260-263] Laser processing has also been
applied to clean surfaces (solvent free), remove old paint or coating, and prepare surfaces
for further processing.[264, 265] Lasers have been used to harden materials (laser forge or
laser hammer).[266, 267] Laser ablation is also used in medicine[268, 269] as well as in

the semiconductor and microelectronics industry,[270, 271] among many others.

A Versa Laser 3.50 laser engraver was used to pattern the desired shapes. The laser
used in the engraving process was a CO, laser with a wavelength of 10.6 um and a nominal
power of 40 W. Sample coated with conducting polymer was placed in the engraver. Laser
power and patterning speed were adjusted, depending on the conducting layer thickness
and substrates used. Resolution can be adjusted using previously made calibration curves,
where resolution is basically the size of the heat-affected zone. After loading the desired
pattern, manufacturing commenced. Patterning time was dependent on the speed, size of
the area and pattern complexity. Patterning of a 5 cm x 5 cm area normally takes a couple
of minutes. The prepared sample was used as obtained after the process, because the
engraving machine had a built-in exhaust system which efficiently removed dust and other

impurities.

The depth of the lasered patterns was measured using Veeco Dektak 150 stylus
profilometer and the HAZ size was estimated from microscopic images taken on a Nikon

Eclipse ME600 microscope equipped with PixeLink PL-A662 CMOS camera.
For more information regarding patterning, and laser calibration for a specific

substrate/conducting layer combination, please refer to the manuscript and supporting

information in chapter 5.
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2.12 Photolithography

Photolithography is a micro-fabrication process developed to pattern a substrate. A
geometric pattern is transferred onto the substrate surface using light. The pattern from a
photomask is projected on a light-sensitive photoresist coated on the substrate’s surface.
The parts of the photoresist that were exposed to light change their properties, and are
easily removable upon mild sonication in aqueous solution. This then exposes parts of the
substrate and allows further deposition of organic or inorganic patterns.[272-274]
Photolithography is one of the most common techniques used in large scale micro-

fabrication.[272, 273, 275]

The fabrication process is similar to that reported elsewhere[41, 276] including the
deposition and patterning of gold, parylene, and PEDOT:PSS. Source/drain contacts were
patterned by a lift-off process, using S1813 photoresist, exposed to UV light through a
SUSS MBJ4 contact aligner, and developed using MF-26 developer. 5 nm of chromium
and 100 nm of gold were subsequently deposited using a metal evaporator, and metal lift-
off was carried out in acetone. Metal interconnects and pads were insulated by depositing 2
pm of parylene C using an SCS Labcoater 2, and a silane adhesion promoter. A dilute
solution of industrial cleaner (Micro-90) was subsequently spin coated to act as an anti-
adhesive for a second, sacrificial, 2 um parylene — C film. Samples were subsequently
patterned with a 5 um thick layer of AZ9260 photoresist and AZ developer (AZ Electronic
Materials). The patterned areas were opened by reactive ion etching with an oxygen
plasma using an Oxford 80 Plasmalab plus. PEDOT:PSS + 1 wt.% GOPS in solution were
spin coated at 3000 rpm, and baked for 90 sec at 100 °C. The second layer of parylene was

peeled off, and the samples were rinsed in DI water and baked at 140 °C for 30 min.
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2.13 Transistor Characterization

The main advantage of transistors, compared to other transducers, lies in their
miniaturization, which allows the manufacture of arrays of these devices for simultaneous

detection of different physical or chemical parameters.

Organic electrochemical transistors (OECTs), developed in 1984 by White et
al.,[182] are an alternative to traditional field-effect transistors. In contrast to field-effect
transistors, OECTs rely on the electrolyte, which is an integral part of the transistor. A gate
electrode is immersed in the electrolyte that covers a conducting polymer strip (channel).
Source and drain electrodes measure the current flowing through the channel (drain
current, Ip). The application of an appropriate bias at the gate (gate voltage, V) causes
ions from the electrolyte to enter or leave the polymer film and dope or de-dope it, thereby
increasing or decreasing the drain current.[41, 189, 193, 210] An OECT can be considered
as an ion-to-electron converter,[277, 278] where an ionic current in the electrolyte causes a
change in the (electronic) drain current. The OECT structure and working principle are
shown in figure 2.9 below for PEDOT:PSS as the source/drain material. It should be noted
that using e.g. PEDOT:PTS made by VPP will reverse the ion flow, because of the
different charge compensation in the two materials. OECT structure and working principle

are shown on figure 2.9.
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Figure 2.9 (a) OECT structure and electrical circuit. (b), (c) OECT working principle.[192]

“Dog bone” transistor architecture was patterned on a flexible Gore-Tex substrate,
using the laser ablation technique described above. 0.1M sodium chloride (NaCl) was used
as the electrolyte. The small PEDOT strip was used as the source-drain channel and a
larger PEDOT strip as a gate electrode. Transistor characteristics were measured using a
Keithley 2612A Sourcemeter and customized Labview software. I-V characteristics were
evaluated by sweeping source-drain voltage and measuring corresponding current. Voltage
was swept from 0 to -0.6V with voltage step of 0.1V. This procedure has been repeated for
different gate electrode voltages, starting from OV and going up to 0.7V in 0.1V steps. The
time characteristics were also measured using a Keithley 2612A Sourcemeter; the drain-
source voltage was kept at -0.5 V, while a square voltage pulse (duration of 10 sec) was
applied to the gate, allowing 10 sec recovery periods. The gate voltage was stepped from

0.1t0 0.8 Vin 0.1V steps.
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2.14 Gas Sensor Characterization

The gas sensing cell set-up consists of a N, purging chamber (top),
electrolyte/PEDOT electrode chamber (middle) and variable gas chamber (bottom). N, was
purged through the electrolyte to remove any possible influence of oxygen. The bottom
chamber for oxygen testing was purged with O (pure N;), 21 (air) or 100% oxygen gas
whereas, for SO, testing, it was purged with 0, 0.8, 4.1 or 8.1 % SO, gas produced from
chemical reaction between sodium metabisulfite (Na,S,0s) and HCI. Dog-bone transistors
used for gas sensing were manufactured on breathable Gore-Tex membranes using the
laser ablation technique described in section 2.11. The other parameters for OECT set-up
were the same as described in the Transistor Characterization section (Chapter 2, section

2.13). For more details please refer to the manuscript in chapter 5.

2.15 Light Sensor Characterization

A Source-drain channel and gold connectors were patterned using photolithography

procedures described in section 2.12. A glass slide was used as the substrate.

Polythiophene gate electrode was deposited on gold sputtered (around 15 /o)
Mylar. Polythiophene deposition was done via vapor phase polymerization process using
Fe(IIDPTS as the oxidizing agent. The whole procedure is described in section 2.1. The

gold layer was used as a conductive support for poorly conductive polythiophene.

Sensor characterization was performed using 0.1 M sodium chloride (NaCl)
aqueous electrolyte (pH 7.1). Transistor characteristics were measured using a Keithley
2612A Sourcemeter and customised Labview software. I-V characteristics were examined
by sweeping source-drain voltage and measuring corresponding current. Voltage was
swept from 0 to -0.6V in 0.01V steps. This procedure has been repeated for different gate
electrode voltages, starting from OV and going up to 0.6V in 0.1V steps. The I-V

measurements were performed in the dark and also with light illumination on the gate
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electrode. The light intensity used in this measurement was around 1820 Wim?, produced

by a Leica KL 1500 LCD.

The time characteristics were also measured using a Keithley 2612A Sourcemeter;
the drain-source voltage was kept at -0.5 V, at different gate potentials ranging from -0.4 to
0.6 V, in 0.2 V steps. Source-drain current (Ip) was measured in the dark, as well as at

different light intensities: 310, 490, 760, 1250, 1820 and 2000 W/m>.
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Chapter 3

Enhanced Absorption Spectra of Conducting Polymers Co-

polymerised from Thiophene Derivatives
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3.2 General Overview

As mentioned in the introduction to this thesis (Chapter 1), a photovoltaic cell is a
specialized device based on semiconductor material that converts visible light into direct
electrical current. Some photovoltaic cells can also convert infrared or ultraviolet radiation
into electricity.[279, 280] One approach in this type of device is to use light-absorbing
conducting polymers, and thereby manufacture the photovoltaic cell cheaply and without
needing the complicated processes normally used for conventional silicon-based cells.
However, these polymer-based devices are still inefficient compared to their inorganic
counterparts. Scientists try to overcome this barrier by designing novel tunable polymers,
using co-polymers, polymer blends[121] or hybrid systems, with either dyes or inorganic
materials incorporated in the polymer structure.[26, 281, 282] Another way to sufficiently
improve the performance of such a cell is by converting a larger part of the solar spectrum
into electricity. Most of the currently used conducting polymers exhibit very narrow
absorption ranges; however, improvement of the absorption spectra in conducting

. o 166, 167
polymers is not a trivial task.”™

The publication in this chapter introduces a way of fabricating polythiophene
materials with enhanced absorption spectra suitable for photovoltaics, light sensors and
other optical applications. The novelty of the approach lies in fabrication of co-polymers
based on bithiophene and terthiophene monomers. The use of two polymers gives greater
flexibility in the number of possible configurations; hence it results in polymer chains with
a wider range of chain and conjugation lengths. This material is characterizes using UV-
Vis, Raman spectroscopy and electrochemical techniques. The new poly(bi-terthiophene)
is then compared with similar homopolymers based on bi- or terthiophene monomers.
Lastly, the novel material is used in a light-enhanced fuel cell setup and its performance

evaluated.

The publication explains the complex interactions between bithiophene and
terthiophene and explains their role in enhancement of the absorption spectra at higher and
lower wavenumbers. The influences of chain and conjugation lengths on the position of the

absorption peak have been studied. The results indicate that the position of the absorption
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peak shifts towards higher wavenumbers in longer polythiophene chains. This property can

therefore also be used to estimate the chain length in polythiophene-based materials.

In some cases, microscopic images of the poly(bi- terthiophene) surface showed
some anomalies not seen before. Further characterization of these surfaces led to the
discovery of polythiophene nano-wall formations on the surface of the thin film; these
formations exhibit a range of very interesting properties. This part of the project is

described in chapter 4.
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1. Introduction

The study of polythiophenes has intensified over the last few
decades with a number of comprehensive reviews having been
published on polythiophene and its properties.'”
Polythiophene is a conducting polymer widely used in solar
cells,*® non-linear optical devices'® and field effect-transis-
tors'’ owing to its high stability and good electrochemical
properties. The vast majority of conducting polymers have a
very high melting/decomposition point, hence further proces-
sing after polymerization without damaging the material is
almost impossible. Insolubility issues can be solved by adding
side-chain groups to poly(thiophene).">™* This, however,
compromises other properties such as conductivity. In order
to overcome insolubility issue, these polymers are manufac-
tured directly onto the surface of a substrate. This is possible
using either electrochemical polymerization or vapor phase
polymerization (VPP). VPP has been first reported by
Mohammadi et al.,'® while first described use of VPP for
thiophene polymerization was by Winther-Jensen et al.'® Thin
films manufactured by VPP have been shown to possess
superior conductivity compared to their electrochemically
synthesized counterparts'” and can be coated onto non-
conductive substrates. Other commercially attractive advan-
tages of VPP include simplicity and low capital cost.

Light absorption and light emission are two critical
properties for conducting polymers in applications where
light, either absorbed or emitted, plays a main role. In most
cases, only a small fraction of the solar spectrum can be
absorbed and utilized by devices based on polymeric films.
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t Electronic supplementary information (ESI) available. See DOI: 10.1039/
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4568 | RSC Adv., 2013, 3, 4568-4573

poly(bithiophene). The polymer chain length and conjugation length were estimated using Raman and

This is due to the narrow absorption band present in the
visible region. In order to utilize light more efficiently, the
light-active region has to be extended. This is commonly done
by decorating the polymers with functional groups'® or by
mixing polymeric materials with other light-harvesting materi-
als such as dyes."*?°

For a given polymer film, the conjugation length of the
polymer chains is a primary indicator of conductivity, the
bandgap of the polymer, light absorption capabilities, and
other electronic properties.” There has yet to be a reliable
method capable of quantifying the conjugation length in
insoluble conducting polymer systems. Poly(thiophenes),
along with many other conducting polymers, exhibit a high
melting point and insolubility, thereby rendering existing
methods inapplicable. Raman spectroscopy, however, gives
insight on relative chain and conjugation length by measuring
variations in intensity and frequency.*"**
associated with the end and central group modes give
information corresponding to the chain length of the polymer,
whilst a shift in frequency associated with end-group ring
deformations gives an estimate of the conjugation length.>"**

The position of the donor and acceptor states are measured
in order to approximate the positions of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels of the polymer. When using n- and
p-doping to approximate the energy of these levels, the current
associated with forcing charge carriers into and out of the
HOMO and LUMO levels is measured against a reference. The
objective of performing this experiment on the new oligothio-
phenes is to demonstrate that intermediate, discrete bandgaps
can be formed using the new polymerization method outlined
in this paper, where a copolymerization of bi- and ter-
thiophene is explored.

Raman bands
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Fig. 1 Setup used for polymerization of the thin films.

2. Experimental methods

Materials preparation

Polymer precursors 2,2'-bithiophene (BTh) and
2,2':5",2""-terthiophene (TTh) were obtained from Sigma-
Aldrich. Ferric p-toluenesulfonate (Fe(u)PTS) in 40% butanol
was supplied by H.C. Starck, under the trade name CLEVIOS
C-B 40 V2. All materials were used without further purification.
CLEVIOS C-B 40 V2 solution was cast onto the desired
substrate using a pipette and spin-coated using a Laurell
spin-coater at 1500 RPM for 30 s in order to obtain a uniform
thickness. Polymerization took place in a closed chamber at
atmospheric pressure, where the substrate coated with oxidant
was exposed to monomer vapor. The chamber was placed in a
silicon oil bath heated by a hotplate, as shown in Fig. 1. The
temperature in the bath is controlled by an electronic system
with thermocouple feedback loop. Monomer was placed in the
chamber only when the desired temperature was reached.
Samples coated with oxidant were placed in the chamber 5-10
min after. For manufacturing poly(bi-terthiophene) films, both
precursors were added to the chamber simultaneously. The
mass ratio between bithiophene and terthiophene was fixed at
2 : 3 as guided by the different vapour pressure (more detail in
supplementary information Table 1 and Fig. S4, ESIf).
Poly(terthiophene) and poly(bi-terthiophene) was polymerized
for 3 h at 100 °C and poly(bithiophene) was polymerized for 1
h at 70 °C as well as for 3 h at 100 °C for direct comparison to
the other polythiophene films. Once the polymerization period
was finished, films were left to cool down to room tempera-
ture, rinsed carefully with ethanol, and kept in ethanol for
around 12 h. Washing removes excess oxidant and residual
reduction products and other impurities formed during the
polymerization process. Washed films were dried at room
temperature. Films were prepared on microscope slides (glass,
quartz) for UV-vis and Raman spectroscopy purposes and
Mylar sputtered-coated with a thin conductive gold layer for
electrochemical measurements.

This journal is © The Royal Society of Chemistry 2013
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Characterization

UV-Vis-NIR spectroscopy was performed on Jasco V-670
spectrometer starting from 2700 nm, slowly (400 nm min~")
going down to 190 nm. Spectra have been normalized to the
thickness of the film, measured using a Veeco Dektak 150
stylus profilometer.

The n- and p-doping was performed using cyclic voltam-
metry in a conventional 3-electrode setup at 25 mV s~ ' in
propylene carbonate with a 0.1 M tetrabutylammonium
hexafluorophosphate supporting electrolyte. In order to
remove water, propylene carbonate was dried and the
experiment was performed under nitrogen atmosphere. The
reference electrode was a 0.01 M Ag/AgClO,, which was
calibrated using a 0.1 M ferrocene/ferrocenium redox couple.
The counter electrode was a platinum wire. The experiment
was performed on a Princeton Applied Research VMP2
multichannel potentiostat.

Raman spectra were obtained on a Jobin Yvon T64000
Raman spectrometer equipped with a blue 487.9 nm laser.
Measurements were taken from 1160 cm™ ' to 1830 cm !,
where two bands described as v; and v, are positioned.
Gathered data has been treated using a baseline correction
and normalized to the intensity of the v, peak.

Conductivity of the films is calculated using sheet resistance
measured on a Jandel Model RM3 four-point probe and
associated film thickness values measured on the previously
mentioned Veeco Dektak 150 stylus profilometer.

Microscopic images were taken on a Nikon Eclipse ME600
microscope equipped with PixeLink PL-A662 CMOS camera.

The light enhancement of mixtures of poly(thiophene) with
poly(3,4-ethylenedioxythiophene) and poly(ethylene glycol)
was measured and used for light-enhanced oxygen reduction.
The procedure of the measurement was following a previous
report.*

3. Results and discussion
UV-Vis

UV-Vis spectra of the films based on bithiophene and
terthiophene (Fig. 2A) are consistent with previously reported,
well known spectra of the reduced polythiophene®* where one
main peak is present at around ~ 500 nm. This peak is related
to a m-m* transition, as is commonly observed in many
conducting polymer systems. Poly(bithiophene) (PBTh) exhi-
bits longer conjugation when polymerized at 70 °C for 1 h, as
seen by the shift in the main peak towards longer wavelengths
when compared to PBTh polymerized at 100 °C for 3 h
(Fig. 2A). This follows the well-known trend for most
conducting polymers, where higher polymerization tempera-
ture increases the possibility of ‘“miss-match” e.g. due to
reaction in the 3 and 4 position on the thiophene monomer.
The width of the poly(bi-terthiophene) PBTTh main peak is
extended, covering longer and shorter wavelengths. A wider
peak is a result of the polymer chains having a larger variation
in chain and conjugation lengths, as the overall shape is a
result of the superposition of the individual peaks that

RSC Adv., 2013, 3, 4568-4573 | 4569


http://dx.doi.org/10.1039/c3ra23120h

Published on 23 January 2013. Downloaded by Monash University on 07/08/2013 07:06:01.

g 0.008 —| A
[/}
2 i
<
@ 0.006 — o
(7] L4 -
o ’
c 4.
X -
L v
E 0.004 — ()
@ '
8 N \
P )
2 0.002 | "
[}
@
o i =
<
0 | | | | I | I l I

300 400 500 600 700 800
Wavelength (nm)

View Article Online

0.008

0.006

0.004

0.002

Absorbance/thickness (Abs/nm)

300 400 500 600 700 800
Wavelength (nm)

Fig. 2 A. Absorptivity of poly(bithiophene) polymerized at 70 °C for 1 h (thick black solid line), poly(terthiophene) (thick grey solid line) polymerized at 100 °C for 3 h,
poly(bi-terthiophene) polymerized together at 100 °C for 3 h (thick black dashed line), poly(bithiophene) polymerized at 100 °C for 3 h (thin black solid line). B.
Absorptivity of poly(bi-terthiophene) polymerized at 100 °C for 3 h, BTh added after 1 h (thin black dashed line), poly(bi-terthiophene) polymerized separately on top
of each other (BTh firstly at 70 °C for 1 h, TTh at 100 °C for 3 h) (thin grey solid line), poly(bi-terthiophene) polymerized at 100 °C for 3 h, BTh added after 2 h (thin grey
dashed line), poly(bi-terthiophene) polymerized together at 100 °C for 3 h (thick black dashed line).

correspond to each conjugation length as depicted in Fig. S1,
S2 and S3, ESIf.

The maximum peak absorptivity values of PBTTh (after
normalization to film thickness) is seen to be lower than that
of PBTh or PTTh. This is due to the constant amount of
oxidant used for the polymerization process of all films. For
PBTTh, oxidant is consumed during the polymerization of
longer and shorter chains, resulting in a wider peak with a
lower overall absorption intensity. PBTh polymerized at 100 °C
for 3 h exhibits a blue shift (~370-620 nm) due to a drop in
conjugation length, along with a significant drop in intensity
of the m-n* peak (Fig. 2B). This is in agreement with the
literature, where Bayley et al.'” reported increased conjugation
length with decreasing temperature during oxidative polymer-
ization. To ensure that the extended absorption spectrum of
PBTTh is not a result of BTh being exposed to high
temperature, PTTh was polymerized (at 100 °C) prior to
PBTh without washing in between. This results in films with
slightly extended spectra towards shorter wavelengths (~ 350-
620 nm) (Fig. 2B). However, samples where both monomers
are present from the beginning show a wider absorption peak
in both directions (~310-650 nm).

Cyclic voltammetry

The position of the p- and n-doping waves, as measured by
cyclic voltammetry (see Fig. 3), are consistent with reported
values.>”*® The LUMO band, which corresponds to n-doping,
appears to be the same for both monomers. It should be noted
that whilst the peaks appear to sit at the same potential, the
shape is slightly different. Whilst it is observed that the LUMO
level sits at ~—1.75 V vs. Ag/AgCl for both PBTh and PTTh,
multiple HOMO levels are seen to exist in the potential region
from ~0.7 to ~1.3 Vvs. Ag/AgCl. These appear to correspond
to intermediate, discrete band gaps between the band gaps
observed for PBTh and PTTh. This clearly shows PBTTh as

4570 | RSC Adv., 2013, 3, 4568-4573

having bands coming from both PBTh and PTTh, as well as
new bands not present before. Furthermore, a conformational
relaxation (“‘charge trapping”) reduction peak occurs at —1.4 V
vs. Ag/AgCl, and a conformational relaxation (‘“‘charge trap-
ping”) oxidation peak occurs at 0.5 V vs. Ag/AgCl.>’

0.8 —
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0
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Fig. 3 Cyclic voltammetry results for poly(bithiophene) (dashed line), poly(-
terthiophene) (grey line), poly(bi-terthiophene) (solid black line) taken at 25 mV
s~ " in propylene carbonate with a 0.1 M tetrabutylammonium hexafluoropho-

sphate electrolyte under nitrogen atmosphere.
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Fig. 4 Raman spectra of VPP thin films from different thiophene monomers.

Raman spectroscopy

Fig. 4 shows the Raman spectra of various poly(thiophene)
films normalized using a baseline correction. The ratio
between the Raman bands associated with the end (v;) and
central group modes (v,) gives an estimate of the polymer
chain length;*"** a higher v,/v, value indicates lower chain
length. A shift in frequency associated with the end group ring
deformation gives an estimate of the conjugation length in the
polymer. A shift towards higher wavenumbers indicates a
shorter conjugation length.”"** The significantly higher v,/v,
for PBTh polymerized at 100 °C for 3 h, as shown in Fig. 5,
suggests a significant drop in chain length and conjugation
compared to PBTh polymerized at 70 °C for 1 h - confirming
the observations made from the UV-vis measurements. The v,
peak is seen to shift towards higher wavenumbers for PBTh
polymerized at 100 °C for 3 h. As the v, peak position remains
constant, the shift in v; directly correlates to a shorter
conjugation length. PBTh polymerized at 70 °C for 1 h exhibits
the highest chain and conjugation lengths of all tested
samples. When PBTh and PTTh are polymerized separately
on top of each other, the v,/v, ratio lies somewhere between
BTh or TTh and PBTh polymerized at 100 °C for 3 h. While
there is a large range of conjugation lengths present in this
film, the Raman peaks observed only represent an average
value.

In order to further investigate the effects of polymerization
conditions on conjugation length using Raman, two more
samples were prepared. In the first case, a substrate coated
with oxidant is placed in the chamber with only TTh at 100 °C.
Bithiophene is added after 1 h and polymerization continues
for two more hours at 100 °C to form PBTTh;,;. The initial
mass ratio of the monomers in the chamber is fixed at 2 : 3
(BTh : TTh). In the second case, BTh is added after two hours
and polymerization continues for 1 more hour to from
PBTTh,;,. UV-Vis absorption spectra of these films are similar
to those where PTTh and PBTh were polymerized separately.
PBTTh,;, has longer chain lengths (similar to chain lengths in
PBTh), however the chain length of PBTTh;y, is shorter than
that of PTTh. The conjugation length is very similar for all of
the samples, except PBTh polymerized at 70 °C for 1 h and

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Raman intensity ratios, showing relative chain length of the films (black
bars) and Raman frequency dispersion of v, peak, associated to conjugation
(grey bars).

PBTh polymerized at 100 °C for 3 h. These samples have
significantly longer and shorter conjugation lengths, respec-
tively (see Fig. 5). The conducted experiments clearly show that
in order to create films with broad light absorption, BTh and
TTh must be placed in the chamber together when polymer-
ization starts. Adding BTh later or polymerizing films
separately on top of each other results only in slightly extended
absorption.

Microscopic study

Visually, all the films appear to be similar and are dark red in
colour. Optical micrographs show very similar, smooth
surfaces for PBTh and PTTh, while PBTTh exhibits a very
different, rough morphology (see Fig. S5, ESIt). PBTTh film,
where BTh and TTh were polymerized together in the same
chamber show smoother film with large domains. PBTTh
films where PTTh and PBTh were polymerized separately show
an even rougher surface with visible threads and spheres all
over the film. The morphology of the films should be further
investigated to deconvolute the nature of these finer struc-
tures.

Conductivity

As mentioned previously, conductivity is a parameter directly
related to the conjugation length of the polymer, where
increased conjugation increases the conductivity. Conductivity
values found to be consistent with the UV-vis and Raman

Table 1 Conductivity of various as prepared thiophene based films

Sample Conductivity (S em ™)
Poly(bithiophene)p, 70 “c) 3.2
Poly(bithiophene)sp, 100 “c) 1.1
Poly(terthiophene) 2.2
Poly(bi-terthiophene) 2.0
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Fig. 6 Current density-voltage curves at scan rate 1 mV s~ ' of (PEDOT : PBTh
1:3):PEG 0.5 (red line), (PEDOT : PTTh 1 : 3) : PEG 0.5 (blue line) and
(PEDOT : PBTTh 1 : 3) : PEG 0.5 (green line) in 0.1 M Na,HPO, (adjusted to pH
10), in the dark and under illumination (corresponding dashed lines) from lamp
(Leica KL 2500 LCD) (3470 W m™2) with air bubbling into the electrolyte. N,
bubbling into electrolyte when dark of (PEDOT : PTTh 1 : 3) : PEG 0.5 sample is
shown as a baseline (black line).

results in terms of conjugation length ie. the higher the
conjugation length the higher the conductivity (Table 1).

These conductivity values are in agreement with similar
thiophene materials prepared by electro-polymerization
reported in the literature (3.5 S cm™" for PBTh and 1.5 S
cm™ ' for PTTh).>®

Test of light-enhanced oxygen reduction

Interpenetrating network of polymers have been prepared as
described in a previous study®’ to investigate improvement in
light enhancement for oxygen reduction.

By preparing films of PBTTh, PBTh, and PTTh blended with
PEDOT and PEG, the mixture of (PEDOT : PBTTh 1 : 3) : PEG
0.5 shows the best performance when used for oxygen
reduction reaction (Fig. 6). The reduction current is much
higher for blends with PBTTh and the onset occurs at more
positive potentials when compared to PEDOT blends with
PBTh and PTTh under illumination from the previous study.*
The light source used to perform this experiment was not
perfect for PBTTh as shorter wavelengths (< ~ 480 nm) are not
emitted from the lamp. UV-Vis spectra of the “alloys” used in
this experiment can be found in Fig. S6, ESIf.

4. Conclusions

UV-Vis spectra have shown that when mixing two precursors
(BTh and TTh) together during polymerization, the resulting
film exhibits a wider absorption peak stretching over both
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shorter and longer wavelengths. The extension in the
absorptivity is, however, greater towards longer wavelengths.

We expect two phenomena are being responsible for the
widening of the absorption peak. Firstly, it has been shown in
this work that polymerizing BTh under higher temperatures
results in a blue-shift of the absorption peak due to lower
conjugation length. By polymerizing BTh and TTh in the same
chamber at 100 °C, the result is to have a standard PTTh chain
distribution and conjugation whilst simultaneously creating
BTh with shorter conjugation lengths. This explains the
extension of the absorption towards higher energies.
Secondly, by polymerizing BTh and TTh together, it is possible
to create polymer chains with conjugation lengths that were
not possible using single monomers; theoretically it is only
possible to have an even conjugation length when using BTh
alone, while even less possibilities are available when using
TTh. However, when BTh and TTh are mixed together, the
number of combinations is vastly larger, giving rise to the
possibility of many more conjugation lengths. The calculated
absorption of polythiophene with increasing conjugation
length shows that only extending the conjugation length with
a few thiophene units lead to significant widening of the
absorption towards higher wavelengths. These factors can
explain the absorption extension towards longer wavelengths.

Further optimization of the VPP parameters as well as the
mass ratio of the monomers may result in a further extension
of the light absorption region in these polymer films. While
experiments shown in this paper have been performed on BTh
and TTh, these general concepts may apply to other conduct-
ing polymer systems.
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Absorption coefficients of Th, BTh, TTh and QTh were measured in acetonitrile using quartz
cell (figure S1). Experimental data from figure S1 have been used to approximate longer
oligothiophenes, due to poor solubility of the material starting from pentathiophene (figure S2
and S3). The results show red shift associated with increase in conjugation. Distance between
peaks rapidly decreases with increase in conjugation, while intensity of the peak rapidly

increases.
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Figure S1 Absorptivity of thiophene, bithiophene, terthiophene, quaterthiophene in acetonitrile.
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Figure S2 Absorptivity of thiophene, bithiophene, terthiophene, quaterthiophene in acetonitrile
and approximated absorptivity of thiophenes from 5Th to 11Th.

Conjugation of poly(bithiophene) corresponds more or less to the predicted conjugation of 11

conjugated thiophene rings, while conjugation of poly(terthiophene) is equal to 9 conjugated

rings. Since measurements were taken in acetonitrile, due to difficulty to produce consistent

bithiophene, terthiophene and quaterthiophene crystals on glass slide. This study can be used

only for estimation of conjugation length. Conjugation of poly(bithiophene) corresponds to

11Th, which is impossible to achieve having only BTh as polymer precursor.
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Figure S3 Experimental data gathered from thiophenes and trendline, as an attempt to model
longer thiophenes. Relation of absorbivity to peak position (top left), relation of absorbivity to
conjugation length of the polymer (top right), relation of peak bell width to conjugation length

(bottom left) and relation of peak position to conjugation length (bottom right).

Figure S4 has been plotted based on values calculated using parameters from Table S1. Vapor
pressure for terthiophene is very low comparing to vapor pressure of bithiophene. However, both
monomers are being used to produce thin film.
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Table S1 Vapor pressure parameters for bithipophene and terthiophene.

2,2'-bithiophene1 2,2':5',2"-terthi0phene2

a 35.73+0.18 36.6 +0.12
b (K)] 10348 + 50 13527 + 42
T (K) 283.14 351.01
p (Pa) 0.442 0.1438
AH(kJ'mol™) 86 + 0.4 112.5+0.3

12

In p (Pa)

Temperature (°C)

Figure S4 Vapor pressures for bithipophene (black line) and terthiophene (grey line).
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Figure S5 Microscope images of film surface.
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Figure S6 Absorption spectra of (PEDOT:PBTh 1:3):PEG 0.5 (red), (PEDOT:PTTh 1:3):PEG
0.5 (blue) and (PEDOT:PBTTh 1:3):PEG 0.5 (green), normalized to film thickness.

Figure S6 shows blue shift of poly(thiophene) peaks when blended with PEDOT and PEG. This
is related to difficulty in penetrating PEDOT:PEG network, especially in case of bigger

molecules like terthiophene.
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Chapter 4

Self-assembly and Nano-structures in Polythiophene-Based
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4.2 General Overview

Conducting polymers are unique conjugated materials that offer many advantages
over their inorganic counterparts, but very few outperform conventional materials in key
aspects of application. One example is the conducting polymers used in solar cells.
Polymer-based solar cells have much lower conversion rates than those that use inorganic
materials, hence the overall performance of the cell is low. This makes these materials less

desirable for applications in ambient conditions.

One way to improve the performance of conducting polymers is to modify or
design them at the nano-level,[283-287] and several ways of altering and improving their
properties have been developed for specific applications.[7, 288, 289] While there is still
scope for new conducting polymers that have improved properties for organic electronics
and energy applications, the properties of existing materials can be altered and improved
by designing/re-designing their structure and properties using nanotechnology. Self-
assembly is a process in which a disordered system of components forms an organized
structure or pattern as a result of specific, local interactions between the components,

rather than an external force.[141, 290-293]

Publication 4.1 attempts to apply existing and extensively used polythiophene
polymers and develop new properties in those materials via two-step polymerization which
leads to formation of self-assembled polythiophene nano-walls. The nano-wall dimensions
can be easily controlled during the polymerization by adjusting the time of the process.
Material described in Publication 4.1 exhibits novel properties such as increased surface
area and electro-catalytic effectiveness, a very ordered structure, as well as wave-guiding
properties. The last property is especially interesting, since polythiophene materials
normally absorb light rather than guiding it. Properties and structure of the nano-walls have
to be further investigated to identify the mechanism responsible for these totally new

properties.
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Publication 4.2 continues the work described in Publication 4.1 and describes the
effects of polymerization parameters on nano-structure formation. A very interesting result
in Publication 4.2 is the identification of several different nano-structures produced by
tuning the parameters during the vapor phase polymerization. The polythiophene self-
assembly is thus dependent on environmental conditions, which can be tuned to suit

application needs.

The aim of the work behind Publication 4.2 was to identify physical and chemical
properties of the nano-structured materials and relate them to the nano-features present on
the surface of the polymeric films. Several different techniques were used to evaluate the
properties, including cyclic voltammetry, SEM, UV-Vis spectroscopy, contact angle and
BET surface area measurements. During the course of the research, it was found that the
different nano-structures produced on the top of the film were responsible for enhancement
or decrease in certain properties of the material. A comparison between properties of

different nano-features is presented.

This work is the first reported self-assembly of conducting polymers produced via
vapor phase polymerization and demonstrated that the same or very similar materials can
possess very different properties when nano-structured. These novel materials can be great
candidates for many applications including organic electronics, photonics, and energy
generation. Further research is required to better understand the processes and control

growth and order of these nano-structures more precisely, thus controlling their properties.
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Publication 4.1: Growth of Polythiophene Nano-walls and their Unique
Electrochemical and Optical Properties
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It has been a persistent challenge to develop ordered conducting
polymer nano- and micro-structures with a high active area. We
herein report the method to produce and characterise a network of
nanometre-sized walls (nano-walls) which forms on the surface of a
conducting co-polymer composite film based on bithiophene and
terthiophene prepared using vapour-phase polymerisation (VPP).
The density and dimension of the walls are tunable in order to suit
the application demands. The presence of nano-walls on the film
surface increases the capacitance of the coating up to 3.4 times,
making it a very promising candidate for energy and organic elec-
tronics applications. The nano-walls have also proved to be great
candidates for photonic applications, efficiently guiding light. A
two-step growth mechanism is proposed, which includes the
reduction of Fe(in) and part of the tosylate ligands in the Fe(i) para-
toluene sulphonate oxidant. This is the first report of a self-
assembling conducting polymer material with nano-wall features
induced by the conditions during VPP.

Conducting polymers are a rapidly developing field in materials
science. They have found applications in organic electronics,"*
energy applications,®® corrosion protection,® tissue engi-
neering” and optical devices amongst many others. There are
various approaches to the manufacturing of nano-structured
materials in order to increase their available surface area.
Previous attempts to create nano-structured materials of any
kind required either complex manufacturing techniques (e.g.
replica molding®), specialized equipment,” high tempera-
tures®'® or expensive and rare catalysts.'* Vapour-liquid-solid
growth'**'* (VLS) and vapour-solid growth'>** (VS) are the most
common techniques applied today for producing one dimen-
sional and two dimensional nano- and micro-structures. Most
of the techniques mentioned above can be applied only to
inorganic materials. Recently, self-assembly procedures have
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gained significant importance in the field of nanotechnology
and materials science. Self-assembly is a process in which a
disordered system of existing components or molecules forms
an organized structure or pattern as a consequence of specific,
local interactions between the components themselves, without
external stimulus (molecular self-assembly). Electro-polymeri-
zation has been reported to be a viable way to create various
spherical and circular conducting polymer nano-structures.'***
However, electro-polymerization has not been reported to be
suitable for creating rod-, wall- or wire-like nano-structures.

A particular oxidative (chemical) method for the polymeri-
zation of conducting polymers is vapor phase polymerization
(VPP). VPP of conjugated polymers is by nature a VLS technique,
but has not been reported to produce nano-structured materials
till now. VPP has been used to form polymer materials with high
conductivity and a high degree of order.'*® VPP is a simple, fast
and cheap way of creating good quality conducting thin films,
and although the name may suggest otherwise, the polymeri-
sation during VPP actually takes place in the condensed phase.
In this procedure, a substrate is coated with an oxidant and
placed in a heated chamber containing the appropriate mono-
mer, and is held at a temperature above the monomer's melting
point. Monomer vapour in the chamber then condenses on the
substrate where it is oxidized to form polymer chains. Samples
are later washed to remove excess oxidant and monomer.
Recent work has shown that some sulphonic acid oxidants
decompose during the oxidation process to highly volatile
products, allowing for the washing and drying process to be
avoided.”?® The creation of a co-polymer material with
enhanced properties through the use of VPP has been attemp-
ted previously.” However, copolymerization using VPP has been
shown to be difficult as there are many parameters to consider
during the polymerization process - most important of which is
the monomer vapour pressure. Monomer vapour pressure is
directly related to temperature, and in many cases, the combi-
nation of monomers used to create copolymers has very
different vapour pressures, and hence polymerization rates at a
given reaction temperature. In this instance, the evaporation
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rates (ie. amounts) of the monomers must be adjusted
accordingly. The first copolymerized material using VPP was
made of pyrrole and N-methylpyrrole using iron(ui) chloride as
an oxidant.?®

We have previously reported VPP co-polymerisation of the
two monomers bi- and ter-thiophene to produce films with
enhanced (broader) absorption in the visible range.** In the
current paper, we report the surprise finding whereby under
certain VPP conditions, polymer nano-walls were formed at
longer polymerisation times sitting atop a polymer film. To
examine the nature of the nano-wall formation, the progress of
the nano-wall growth over time was studied. From the scanning
electron microscopic (SEM) images in Fig. 1 it can be seen that
the nano-walls only start to develop after ~1.5 h of polymeri-
sation and continue to grow higher with longer polymerisation
times. The initial 30 minutes of polymerisation only results in a
porous poly-thiophene layer and the thickness of this layer
grows only slightly with longer polymerisation times. As the
melting temperature of bi-thiophene is lower - and hence the
vapour pressure is higher - than that of ter-thiophene, the rapid
formation of this initial layer can be attributed to the poly-
merisation of bi-thiophene through the traditional oxidative
route with the Fe(un)PTS oxidant. Similar polymerisation speeds
for the VPP of bi-thiophene using Fe(u)PTS as an oxidant have
been reported previously for lower temperatures than those
used here.*

It is expected that the formation of the initial poly-
thiophene layer proceeds until all available Fe(m) is consumed
and several experiments were therefore performed in order to
determine whether the nano-walls are polymeric rather than
an ordered combination of the bi- or ter-thiophene monomers.
Samples were washed in ethanol, thiophene (Th) and aceto-
nitrile (in which bithiophene and terthiophene monomers are
highly soluble) without damaging the nano-walls. Samples
were also left for around 120 hours in the oven at 110 °C; the
melting point of bithiophene is 32-33 °C and the melting
point of terthiophene is 93-95 °C. Leaving the polymer in the
oven at this temperature for such an extended period of time
would result in the evaporation of any remaining monomer.
SEM images (Fig. S1, ESI{) of the samples after the treatments
described above show no degradation in the nano-wall struc-
ture, thereby strongly indicating that the nano-walls are poly-
meric materials.

Elemental analysis using energy-dispersive X-ray spectros-
copy (EDX) in Fig. 1g-i shows that the main components,
carbon and sulphur, are evenly distributed throughout both the
film and the nano-walls. No other elements (like iron or oxygen)
were found in significant amounts. This indicates that the
nano-walls are similar in composition to the underlying film,
namely an organic thiophene-based material.

It then follows that a second oxidant source apart from Fe (i)
must be present for the oxidative polymerisation of the nano-
walls to proceed. We have recently shown that the para-toluene
sulfonate ligand is able to act as an oxidant for VPP at very long
polymerisation times.*** It is hereby proposed that this
mechanism is primarily responsible for the formation of poly-
thiophene nano-walls.
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The proposed polymerisation mechanism is as follows. The
initial bithiophene film is formed through oxidative polymeri-
sation with Fe(m), resulting in a thin, spongy film:

n/2(BTh) + nFe** + 3n(CH;C¢H(SO5™) —
(BTh),» + nH" + nFe?* + 3n(CH3C4H¢SO57)

After which, two PTS™ molecules (per Fe**) form the salt with
Fe®" while one PTS™ can combine with a proton from the
polymerisation reaction to give the acid-form of PTS, PTSa
(CH;3C¢H,SO;H):

}’lHJr + I’Z(CH3C6HGSO37) - n(HCH3C6HGSO3H)

The melting point of PTSa is 38 °C and ~103 °C for
PTSa-H,0. PTSa can decompose at elevated temperatures (>100
°C) to produce volatile toluene and sulphur trioxide:*

PTSHHzO = C6H5CH3 + SO3 + H20

The equilibrium of this reaction strongly favours the
production of PTSa (the reaction of SO; with toluene is the
commercial route to produce PTSa). However, SO; is known to
be a strong oxidant to thiophenes:****

(TTh),,z/z +mH" + m(C6H5CH3 + SO, + Hzo)

Note that the above equation assumes that TTh is the sole
building-block for the nano-walls. This suggests that both
monomers and the in situ produced SO; oxidant are present as
vapour inside the VPP chamber. The polymeric thiophene layer
that is already formed is able to act as seeding for VLS growth,'*»**
thereby facilitating the slow growth of one- or two-dimensional
nano-structures. Furthermore, it is hypothesised that the evapo-
rated conjugated monomers present in the chamber slowly
stack on top of each other, similar to the formation of Bechgaard
salts, while being simultaneously polymerised.

In 1980, Bechgaard synthesized di-(tetramethylte-
traselenafulvalene)-hexafluorophosphate - the first organic
superconductor.” This discovery led to the creation of the wide
family of similar organic compounds known as Bechgaard
salts.”® Bechgaard salts are simply crystals formed by conju-
gated organic molecules through the evaporation of the mole-
cules and spontaneous stacking to form crystal structures. In
addition to superconductivity at low temperatures, Bechgaard
salts exhibit good conductivity at room-temperature in the -
stacking direction and a great number of other unique prop-
erties.”® A spontaneous stacking of traditional monomers for
conducting polymer, such as thiophenes, during VPP or vacuum
deposition has, to the best of our knowledge, not been reported
previously.

From the SEM images in Fig. 1, it can be seen that while the
underlying bithiophene film is porous and spongy, the nano-
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Fig.1 SEM images of the surface (top six images) and cross-section (middle six images) of poly(bi—ter-thiophene) films polymerized for (a) 30
min, (b) 60 min, (c) 90 min, (d) 2 h, (e) 3 hand (f) 6 h. EDX analysis of the poly(bi—terthiophene) film performed at 15 kV; (g) SEM image, (h) sulphur

distribution and (i) carbon distribution.

walls sitting atop are dense. It is reasoned that the terthiophene
monomer is condensing on the top of the film to form crystals,
which are being oxidized and polymerised at a later point. At
first, it can be seen that the walls formed locally cross the

This journal is © The Royal Society of Chemistry 2014

surface of the film; with time the geometrical properties,
namely the width, height and length, of the individual walls
increase, thereby connecting single-standing nano-walls into
bulk networks. In order to confirm this growing step, a simple
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control experiment was performed whereby a fixed amount of
Fe(m)PTS oxidant was deposited on an identical substrate but
instead of mixing the monomers inside the chamber, the
oxidant-coated substrate was first exposed to (only) bithiophene
for one hour and then transferred to a chamber with only ter-
thiophene, where the polymerisation process was continued.
The resulting material showed the same kind of “nano-wall on
porous film” structure as seen with mixed monomers (Fig. S2,
ESIT). This strongly indicates that bi- and ter-thiophene have
separate roles in the process ie. bithiophene being the main
component of the porous film and terthiophene the main
building-block of the nano-walls.

Fig. 2 below shows the effect of polymerisation time on
several nano-wall properties. As expected, walls grow higher,
wider and cover more area of the film as the polymerisation
time increases. However, between 3 and 6 hours the further
growth in wall height is very limited, which indicates that the
process is running out of SO; oxidant. This limitation makes
sense as no further PTSa is produced after the formation of the
initial polythiophene film.

The total surface area of the nano-walls was estimated by
calculations based on SEM images and it was found that the
surface area of the samples polymerized for 3 hours is 3.4 times
higher than that of the flat film obtained after 1 h
polymerisation.

The structural properties of nano-walls influence the contact
angle between a water droplet and the polymerised thiophene
material. The contact angle increases proportionally with the
nano-wall geometry (width and height) and the coverage density
of nano-walls on the polymer film, indicating the “lotus” effect
well-known for nano-patterned hydrophobic materials. The
increase in contact angle between polymer films synthesized for
30 min and polymer films with nano-features synthesized for 6
hours is almost doubled, reaching hydrophobicity with contact

Thin film starts
growing

Substrate coated
with oxidant

—

Nano-walls grows Nano-walls start

bigger with time forming

e
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angle over 120°. A graph showing the increase in contact angle
versus polymerization time is presented in the ESI (Fig. S67).

Nano-wall growth was found to be substrate dependent, with
the best quality nano-walls forming on oxidant-coated glass
slides. Nano-walls can, however, be grown on other substrates
such as gold-coated Mylar and silicon wafer. The difference in
growth on various substrates may be linked to the thermal
conductivity of the substrate materials, which can lead to local
changes in growth conditions. Furthermore, ratios of BTh : TTh
otherthan2: 3 (1:1and1: 3)have also been shown to result in
the production of nano-walls. The influence of polymerisation
temperature and other polymerisation parameters on the wall
growth is being investigated in detail and will be reported
separately.

Raman spectroscopy was performed and the results revealed
two polythiophene modes, called v; and v, as previously
reported elsewhere.'® The 1500 cm ™" band can be identified as
the v; mode, associated with the end ring deformation on the
polymer chain. The 1455 cm ™" band can be ascribed to the v,
mode, which is associated with the ring deformation in the
central part of the polymer chain. The Effective Conjugation
Coordinate (ECC) theory associates a shift in the v; mode with a
lower wavenumber when the polymer conjugation is increased.
The ratio of vy/v, intensity gives an estimation of the polymer
chain length, where lower values are related to longer chain
lengths. These two relations support the fact that relative chain
lengths and conjugation lengths of polythiophene in nano-walls
are slightly longer than those of the polymer film underneath.
The plotted data are averages of several measurements taken at
different spots for both the nano-walls and the polymer film.
The difference in v, shift is over 2 em™ ! and is considered a
statistically significant shift. Longer conjugation and chain
lengths for polythiophene are normally considered to produce a
more conductive material.

Wall height (nm
& O @ 8
8888
|

(o]
Y

| ' | * | ,
0 100 200 300 400
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Fig. 2 Geometrical properties of the film and nano-walls depending on the polymerization time. (a) Growth mechanism, (b) thickness of the
underlying polymer film, (c) wall height, and (d) wall thickness. The average taken over several measurements is shown by the continuous black
line. The shaded slashed background is the deviation calculated from the measurements (please see ESI} for the detailed calculations).
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FT-IR measurements performed on the powdered samples of
the polymer film and the polymer film with nano-walls revealed
similarities to previously reported data.>**” Spectra for samples
with and without nano-walls are almost identical with the only
difference being the amplitude of the four peaks at around
~1324, 1202, 1120 and 1029 cm™',*” which are contributed to
C=C (1320 cm™ ') and C-C (1202, 1120 and 1029 cm ') ring
stretching vibrations®” and associated with higher doping levels
in the film.”” The increase in dopant level for thin films with
nano-wall features would explain higher conductivity of the
samples (Fig. 3).

Cyclic voltammetry (CV) measurements were performed to
determine the electrochemical properties and to compare the
capacitance of samples with varying polymerisation times
(Fig. 4a). The cyclic voltammograms of the samples with and
without walls are consistent with previous reports for bi- and
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terthiophene.**?® Peaks occurring during oxidation at ~0.6 V vs.
Ag/AgCl and during reduction at ~—1.5 V vs. Ag/AgCl are
attributed to “charge trapping” (conformational relaxation)
oxidation and reduction peaks, respectively.® The redox
capacitance of the films has been estimated using the reduction
peaks shown in Fig. 4b. As shown by the shaded areas, the
presence of nano-walls greatly enhances the redox capacitance
of the nano-wall poly(bi-terthiophene) films. This confirms the
redox activity of the nano-walls and that there is no significant
difference in the redox signature of the walls compared to other
polythiophene materials. A peak area ratio of 3.4 was found
when comparing samples with and without nano-walls, poly-
merised for 3 h and 0.5 h, respectively. This is in the same range
as the calculated increase in surface area (see ESI Table S17)
indicating that the increased redox activity, under the measured
conditions, is largely linked to the increase in electrolyte/
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Fig.3 Raman spectroscopy characterizations of nano-walls. (a) Raman map of integrated v, mode (ranging from 1450 to 1600 cm™2). (b) 3D plot
of Raman map, in which brighter areas represent nano-walls while darker areas are polymer films. (c) Raman spectra for the nano-wall (blue) and
the polymer film (red), with two visible modes named v; and v,. The enlarged Raman graph can be found in Fig. S8 in the ESI.{ (d) Average chain
length (orange) and conjugation length (green) for the polymer film and the nano-wall.
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Fig. 4 (a) Cyclic voltammetry measurements were performed under a nitrogen atmosphere on poly(bi—terthiophene) films polymerized for 3
hours (with nano-walls, red line) and 30 min (without nano-walls, blue line). (b) A close-up view of the reduction peak at 0.4 V from (a). The scan
rate was 20 mV s~ 1 in an electrolyte consisting of 0.1 M tetrabutylammonium hexafluorophosphate in propylene carbonate. Both samples were

polymerized at 105 °C.

polymer nano-wall area rather than the volume or height of the
polymer nano-walls. The overall conductivity of the samples was
measured and found to be in the range of 2.2 S cm™?, this is in
agreement with previously reported values.* The conductivity
difference between the flat poly(thiophene) films and the nano-
wall poly(thiophene) films is in the range of 0.2 S em™> and
considered negligible. This is due to the nature of the experi-
ment, the measurements were performed on dry samples where
the nano-wall contribution to overall conductivity is minimal.
Conductivity of individual nano-walls will be reported in a
separate communication.

To demonstrate the potential use of nano-walls as a wave-
guide, an experiment using a point light source and an optical
microscope in a dark field mode was performed. The result
showed that some nano-walls can act as efficient nano-wave-
guides in the optical spectrum. In this type of single-mode strip
waveguide, light travels through the polymer nano-wall material
with negligible losses; the loss in light intensity has been
calculated for nano-walls “A-B1” and “A-B2” and is equal to 0.7
and 4.7 pW pm ™" (1.4 and 9.4% pm™ "), respectively. The higher
loss from waveguide “A-B2” is due to the branched structure of
the wall, where light is scattered while passing through the
joints (Fig. 5a). Surprisingly, the same light is being absorbed by
the polymer film beneath the nano-walls when light is shone
directly on it. From these results, an obvious advantage to be
considered is that the nano-walls can create a network of
branched waveguides in which case light can travel not only
along single nano-walls but also split and travel in multiple
directions. In some cases, nano-walls show significant light
leakage, we believe that this can be explained by the non-
uniform geometry of the wall as well as different refractive

Mater. Horiz.

indices between the walls which lead to a low coupling effi-
ciency. This effect can be found in the ESI (Fig. S51).

We have reported the first conducting polymer nano-walls
grown from the vapor phase at relatively low temperatures
through a combination of monomer stacking and oxidative
polymerisation without the use of expensive catalysts. The
results from various experiments confirm that walls are made of
a dense polymeric material and not from condensed or crys-
tallized monomers. Samples from a fixed mass ratio of BTh : TTh
monomers of 2 : 3 have been found to produce the best quality
nano-walls. The presence of nano-walls drastically increases the
redox capacity of the film in accordance with a three-fold increase
in surface area. Nano-wall growth is found to be substrate-
dependent with the best quality nano-walls produced on glass
slides. The wall morphology can be easily tuned by varying
polymerization parameters. This discovery opens up a new field
of nanostructured polymer materials for a variety of applications
including energy, medical and optical devices where high surface
areas are desired. Finally, nano-walls are shown to be good
waveguides. Due to their nano-size, polythiophene waveguides
have the potential to find application in nano-photonics or as
components in integrated optical nano-circuits.

Methods

2,2/-Bithiophene (BTh) and 2,2':5',2"-terthiophene (TTh) were
supplied by Sigma-Aldrich. Ferric p-toluenesulfonate (Fe(ur)PTS)
in 40% butanol was obtained from YACOO Chemical Reagent
Co. Ltd. All materials were used without further purification. In
short, Fe(m)PTS solution was spin-coated onto the desired
substrate using a Laurell spin-coater at 1500 rpm for 30

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Waveguide experiment. (a) Optical image showing the excitation spot at the nano-wall. (b) A dark field image with the visible excitation
spot and the two light outputs from branched nano-walls. (c) 3D map of the light intensity. (d) Contour map of the light intensity.

seconds. A closed chamber was placed in a heated silicon oil
bath, as shown in Fig. S4.7 The temperature in the bath was
controlled using a thermocouple. Monomer was placed inside
the chamber once the desired temperature was reached. After 2—
5 min, the oxidant-coated substrate was placed in the chamber.
For poly(bi-terthiophene) films, both monomers were added to
the chamber simultaneously at 105 °C. The mass ratio between
bithiophene and terthiophene was fixed at 2 : 3 (12 mg : 18 mg)
as guided by the differences in vapour pressure. Poly-
(terthiophene) and poly(bi-terthiophene) were polymerized for
3 hours at 105 °C whereas poly(bithiophene) was polymerized
for 1 hour at 70 °C. Polymerised films were left to cool down to
room temperature, rinsed carefully with ethanol, and kept in
ethanol for around 12 hours. Films were prepared on micro-
scope glass slides for SEM and EDX analyses. Glass sputter-
coated with a thin conductive gold layer was used as the
substrate for electrochemical measurements.

Contact angle measurements were performed using a simple
setup with a stage and a camera. An automatic pipette was used

This journal is © The Royal Society of Chemistry 2014

to produce distilled water droplets with the same volume in
every case. The water droplet volume was 10 upl. Gathered
images were processed in Matlab and the contact angle was
calculated. Measurements have been reproduced several times
for every sample to calculate the average and the standard
deviation. The contact angle graph for samples polymerized at
different times can be found in Fig. S6 in the ESL}

Cyclic voltammetry and capacitance measurements were
performed using a standard 3-electrode setup in propylene
carbonate with a 0.1 M tetrabutylammonium hexa-
fluorophosphate supporting electrolyte. Propylene carbonate
and tetrabutylammonium hexafluorophosphate were dried
using molecular sieves under vacuum. All electrochemical
experiments were performed in a glove box under a nitrogen
atmosphere. The reference electrode was a 0.01 M Ag/AgClO,
calibrated to the ferrocene/ferrocenium (0.1 M) redox couple.
The counter electrode was a platinum wire. The experiment was
performed on a Princeton Applied Research VMP2 multi-

channel potentiostat at 20 mV s~ .
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SEM images were obtained using a JEOL 7100F Field Emis-
sion Gun Scanning Electron Microscope at 5 kV for the
morphology study. EDX was performed at 15 kV for elemental
analysis. Experiments were performed on gold sputter-coated
samples.

Estimation of the area coverage of the walls and total area
increase was done by processing the SEM images using Matlab
software and Image Processing Toolbox. For more information
please refer the ESIL.{

Raman mapping has been performed at room temperature
on a WITec Confocal Raman Microscope alpha300 R equipped
with a WITec UHTS 300 Raman Spectrometer and a green laser
source at 532 nm excitation wavelength. Raman intensity from
1450 to 1600 cm ™' has been integrated to build the maps.

Waveguide measurements were performed on the Raman
setup described above. Instead of the laser point, light has been
introduced to the walls. The experiment was performed in a
dark field mode to capture the image of guided light.

Raman spectra were obtained on a Jobin Yvon T64000
Raman spectrometer equipped with a blue 487.9 nm laser. A
baseline correction was conducted and the resulting spectra
normalised by using the v, mode intensity. Deconvolution was
done using Spekwin32 software. Intensity ratio between v, and
v, mode and v; shift have been averaged from several data
points for both the polymer films and nano-walls and the
standard deviation was calculated. Nano-walls for Raman
measurements were gently removed from the polymer film
using a cotton swab and placed on a glass substrate.

Conductivity values were calculated using the film thickness
and sheet resistance of the samples. Thickness measurements
were performed on a Veeco DekTak 150 Surface Profiler and the
sheet resistance was measured using a four point probe (Jandel
Model RM3). The test was performed three times in different
places of the sample and the average value was calculated.

The FT-IR experiments were performed on a Perkin Elmer
Spectrum100 FTIR with diamond ATR on previously powdered
samples.
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Organic thiophene-based nano-walls

In order to differentiate the wall from monomer crystals, three separate experiments were
performed i.e. soaking the sample in thiophene, or in acetonitrile or keeping the sample at
110 °C for many hours. The experiments were designed base on the fact that both
terthiophene and bithiophene are very soluble in thiophene (Th) and acetonitrile and the
melting point of terthiophene which is 93-95°C. Nano-walls were shown to beclearly
polymeric as SEM images of samples after the three treatments show no degradation in the
walls. Acetonitrile breaks and removes some of the walls rather than dissolving them (Figure
S1 (d)). Acetonitrile is a strong solvent and possibly removed some oligomers or short chain

polymer around the wall hence the wall broke off in some areas.



A

Figure S1 SEM images of the surface for the sample polymerized for 3 hours, where (a) is
the control sample, (b) sample was rinsed and washed in thiophene for 24 hours, (¢), sample
was kept in the oven at 110°C for 120 hours (d) sample was rinsed and washed in acetonitrile

for 24 hours.



Wall growth over time — SEM cross sectional images

Please note that since wall density calculation is a good quantification and provides realistic
values, total area calculation is only a good estimation. Both values can differ even for the
same sample depending on the SEM image, as wall distributions are not totally uniform. Area

coverage and total area values for samples polymerized for different time periods are shown

in table S1.

Table S1 Area coverage of the walls, total area caused by the walls and thickness of the film.

Wall Film Wall Wall
Polymerization Total area

coverage thickness height thickness
time (min.) (%)*

(%) (nm) (nm) (nm)
30 - - 593+7 - -
60 - - 602 £ 4 - -
90 11+£0.3 138 £2 593+£9 101 +4 120 £ 1
120 13+£1 272 £16 725 +13 384+34  143+£3
180 19+£0.2 335+96 711 £21 632+£252 184+4
360 20+2 402 +201 713 +27 669 £350 216+44

*Calculated for 100 pm geometrical area of the sample.

Order of film formation

Figure S3 presents a control experiment, where the same amount of Fe(III)PTS oxidant was
used, but polymers were polymerized separately, one after another, instead of mixing the

monomers. The oxidant coated substrate was first exposed to (only) bithiophene for one hour



and thereafter transferred to a chamber with only terthiophene where the polymerisation
process was continued (figure S3 (a) and (b)). The resulting material showed the same kind of
“nano-wall on porous film” structure as seen with mixed monomers. This strongly indicates
that bi- and terthiophene have their particular role in the process i.e. bithiophene being the

main component of the porous film and terthiophene being the main building-block of the

nano-walls.

Figure S2 SEM images for poly(bi- terthiophene) polymerized separately, (a) and (b)
Poly(bithiophene) polymerized for 1 hour at 70°C firstly, and next poly(terthiophne)

polymerized for 3 hours at 105°C.

Poly(therthiophene) nano-walls can be produced using terthiophene only, this however
requires much longer polymerization time. Since terthiophene has a much lower vapour
pressure than bithiophene at the same temperature, it takes longer for terthiophene to form the
polymer film and the nano-walls on top of it. The Raman spectra of these films/wall are

similar to those produced with mixed monomer composition.

It is also possible to produce nano-walls using only bithiophene monomer, however this

requires certain conditions. We have noticed poly(bithiophene) nano-wall formation around



the steel clip used as a sample holder. We believe this is related to different heat capacity and

heat exchange between steel clip and the glass and polymer film.

Image processing details

Estimation of the area coverage of the walls and increase in total surface area was done using
Matlab software and Image Processing Toolbox. SEM images of the surface was converted to
a binary image using Otsu's method, which computes a global threshold that can be used to
convert an intensity image to a binary image. Otsu's method chooses the threshold to
minimize the intraclass variance of the thresholded black and white pixels. All white pixels
corresponding to the walls, was counted using a Matlab algorithm. Knowing height and width
in pixels of the SEM image, percentage of the wall coverage of the area was calculated using

formula below.

wall coverage = (number of wall pixels/(image width in pixels*image height in pixels))*100

To calculate the increase in the area caused by walls, the binary image described above was
further processed using morphological operations. The final image shows the contours of the
walls. All the contour pixels have been counted by the Matlab algorithm and was used to

calculate the wall area.

wall area in pixels = number of the contour pixels*average wall height in pixels



Average wall height was read from the corresponding cross section image. The total

percentage area increase caused by the walls has been calculated using below equation.

*image height in pixels + wall area in pixels)/ (image

total area = ((image width in pixels

width in pixels*image height in pixels))*100

using the scale bar from

Above calculations can be converted to micrometres or nanometres,

SEM images. Image processing is shown below.

Max. wall height

—
Film surface

-
-

Min. wall height

Substrate surface




Figure S3 Image processing of the SEM images, (a) starting SEM image, (b) binary image
converted using Otsu's method, (¢) original image with wall boundaries visible (yellow), (d)

cross section image with measured wall height.

Vapour phase polymerisation set-up

Thermacouple Thermometer

Silicon
' pil bath

Substrate coated
with oxidant

Monomers
Stirring bar

Hotplate

Figure S4 The VPP setup used for polymerization of the polymer films.



Nano-walls waveguide

Lightinput

) Lightinput Luminous wall

Luminouswall

Luminous wall

Figure S5 (a) Microscopic image of excitation spot. (b) Dark field image with visible
excitation spot and light leak along the wall. Both images have the same scale. (¢) 2D image
of Raman mapping and (d) 3D image of Raman mapping of excited nano-wall, brighter areas

represent nano-walls while darker areas are polymer film.

The wave guide experiment has been described in the manuscript. Please note that luminosity
comes from external light which travels through the wall, not from fluorescence of the

material.



Contact angle measurement
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Figure S6 Contact angle dependence versus polymerization time. The average taken over
several measurements is shown by the continuous black line. The shaded slashed background

1s the deviation calculated from several measurements.
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Figure S7 FT-IR spectra of polymeric film (red) and polymeric film with nano-walls (blue).

Above FT-IR spectra are similar to polythiophene spectra reported elsewhere!?. The only
distinguished difference between the polymeric film with and without nano-walls is that the
film with nano-walls has higher doping level. Doping level is related to the amplitude of the
four peaks at around ~ 1324, 1202, 1120, 1029 cm-!, which are contributed from C=C (1320
cm!) and C-C (1202, 1120 and 1029 cm™') ring stretching vibrations?. The vibrations at 686
and 784 cm! are assigned as Cg-H out-of-plane deformations?, 834 cm! is assigned for in-
plane ring deformation!, 1438 cm! is contributed to C,=Cy symmetric stretching vibration

and 1489 cm'! is from C,=Cg asymmetric stretching vibration'.
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Figure S8 Enlarged Raman spectra showing area around v, and v, modes, where nano-wall

(blue) and polymer film (red).
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Abstract

The self-assembly of thiophene monomers and the subsequent oxidative polymerization of
them has been studied using the vapour phase polymerization (VPP) platform. A variety of
nano-structures were obtained by varying the polymerization conditions with regard to
temperature, time, addition of a secondary oxidant and crystal formation in the oxidant
layer. The electrochemical and physical characterizations of these nano-structured
polythiophene materials were performed using cyclic voltammetry, electron microscopy,
UV-vis spectroscopy, conductivity, contact angle and BET surface area measurements.
This study extends our previous report on the formation of polythiophene nano-walls
during the VPP process and the electrochemical and physical properties of the new nano-
structures are compared to those found for nano-walls and for conventional thin-films. The
presence of nano-structures indeed enhances the redox capacity and increases the active
surface area compared to the analogue film without nano-structures. These characteristics
make the films with nano-structures great candidates for energy and electronics
applications. Hydrophobicity of the polymeric film is also tuneable from different nano-

structures forming on top of the film.

109



1. Introduction

Nano-structured materials have gained a strong interest over the past few years mostly due
to an inherently high surface area, finding a variety of applications ranging from organic
electronics - including organic electrochemical transistors [1], solar cells [2], batteries [3]
and optical devices [4] - to medical applications [5, 6]. The most common forms of nano-
structures include nano-spheres [7] and nano-wires made of materials like carbon [8, 9],
metal oxides [10] and polymers [11]. Examples of nano-walls are mostly based on metal
oxides [12, 13] and nano-sheets [14, 15] have also been reported. Recently, more exotic
nano-structures have been manufactured including nano-sponges and nano-meshes [15], as
well as nano-flowers [16]. Over the past decade, several techniques have been developed
for the synthesis of nano-structured materials. In many cases, growth of such nano-
structures requires either expensive and novel catalysts and high temperatures [17] or
complex manufacturing techniques [18]. A recent study from our group has demonstrated
the self-assembly of polymeric thiophene nano-walls on top of a polymeric thin film [19]
using the inexpensive vapour phase polymerization method. Such a structure was found to
exhibit particularly high redox activity owing to the increased surface area of the resulting
nano-structure. In this report, we extend our previous report on the formation of
polythiophene (PTh) an intrinsically conducting polymer (ICP) which is, among other
ICPs, recognized for its high stability and tuneable properties. Different band gaps and
solubilities can be obtained through the use of various synthesis routes, making PTh
suitable for a wide range of applications [20, 21] including the recent report on water

splitting from our group [22].

Electrochemical polymerization has been investigated extensively for the deposition of
conducting polymers and several micro and nano-structures has been reported for the
obtained materials [23-26]. These structures are a consequence of the (often) diffusion
limited polymerization conditions in electro-polymerization where dissolved monomers are
oxidized at a cathode surface to form polymer chains [27]. While the electropolymerization
method is well established, this method requires a conductive substrate and the formation
of structured surfaces is indeed hard to control. Vapour phase polymerization (VPP) and
chemical vapour deposition (CVD), are two techniques widely used for synthesis of
conducting polymers with high conductivities and a high degree of order [28]. Both

techniques have many advantages and a high degree of flexibility in choice of substrate
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material and geometry, and the monomers used. Many oxidative reagents are proven to be
sufficient in facilitating the oxidative polymerization reaction of a variety of monomers,
including iron(IIl) and copper (II) complexes [29-32], ammonium persulfate [33] and
recently para-toluenesulfonic acid (PTSa) and sulphur trioxide [19, 34]. The use of Fe(III)
complexes to facilitate the oxidation of monomer species in the VPP processes has been
shown previously [19, 28, 29, 35, 36]. However, in recently published papers by our group
[19, 37], a two-step vapour phase polymerization mechanism is reported when using
Fe(IIDPTS at temperatures above 100 °C where the second step involves para-toluene
sulfonic acid (PTSa) formed during the first step (reduction of Fe(Ill)) as a second oxidant
used (please SI for further details) i.e. to form nano-wall features on the firstly formed

polymer film.

Here, we present the self-assembly of conducting polymer nano-structures formed in a
two-step oxidative chemical reaction using VPP. The effect of polymerization parameters
on the resulting polymeric nano-structures is investigated and the resulting materials have
been characterized. With an enhancement in the conductivity and electrochemical
performance, this is a promising step towards their application in electronics and energy-

related devices.

2. Experimental

2.1 Materials

2,2’-Bithiophene (BTh), terthiophene (TTh) and para-toluenesulfonic acid (PTSa) were
supplied by Sigma-Aldrich. Ferric para-toluenesulfonate (Fe(III)PTS) in 40% butanol was
obtained from YACOO Chemical Reagent Co. Ltd. All materials were used without further

purification.

2.2 Synthesis

Setup and the procedure for manufacturing materials with nano-walls has been described
elsewhere [19, 35]. Briefly, Fe(II[)PTS spin-coated substrate is placed in a sealed
polymerization chamber with monomer, the chamber is heated above the melting point of
the monomer which evaporates and condenses on the substrate. Due to presence of

oxidizing agent polymer chains are formed. Procedure to produce other nano-structures is
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similar with small adjustments to the previous report and has been summarised as shown in
Figure 1. Poly(bi-terthiophene) films with nano-islands are result of high atmospheric
humidity (>55% at 24°C) during polymerization. Films with nano-spikes are result of
longer polymerization (6 hours and more), due to lack of oxidant spike-structures form
locally rather than generally. Nano-sponge can be achieved by mixing initial oxidant
(Fe(IT)PTS) with PTSa in molar ratio 1:1, using more PTSa (1:2) results in thin film
similar to films obtained with PTSa only, where thin film without nano-structures is
present. Nano-sheets are formed when samples are left in the oven for extended period of

time, three days or more at 70°C.

2.3 Electrochemical characterization

Cyclic voltammetry and capacitance measurements were performed using a standard 3-
electrode setup on a Princeton Applied Research VMP2 multichannel potentiostat, the
detailed procedure has been described elsewhere [19, 35]. The scan rate was 20 mV/s in an
electrolyte consisting of 0.1 M tetrabutylammonium hexafluorophosphate in propylene
carbonate. In order to remove water and oxygen, propylene carbonate was dried and the
experiment was performed under nitrogen atmosphere. Tests were performed on VPP films
polymerized on glass substrates sputtered with thin layer of gold. Sputtering has been
performed on a SPI-MODULE Sputter Coater controlled by SPI-MODULE Control
module under argon atmosphere. Resistance of the gold layer was 15 £ 3 Q. The reference
electrode was a 0.01 M Ag/AgClO4, which was calibrated using a 0.1 M

ferrocene/ferrocenium redox couple. The counter electrode was a platinum wire.

2.4 Conductivity measurement

Conductivity was calculated using film thickness and sheet resistance of the samples
before electrochemical tests. Thickness measurements were performed with a Vecco
DekTak 150 Surface Profiler. Sheet resistance was measured using a four point probe
(Jandel Model RM3). The test was performed three times on each sample in different
places and the average value was calculated. The measurements were performed in air at

room temperature.
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2.5 Contact angle measurement

Contact angle measurement has been performed on Dataphysiscs OCA 20 Video based
optical contact angle measuring instrument equipped with automatic syringe dispenser.
Deionized water was used to produce water droplets on the sample surface. Water volume
was fixed to precisely 10 pl. Gathered pictures were then deconvoluted with Dataphysiscs
SCA 20 software using elliptical fitting. Measurement has been repeated three times for

each sample to calculate average value.

2.6 Electron microscopy

SEM images were obtained using JEOL 7100F Field Emission Gun Scanning Electron
Microscope at 5 kV for morphology study. Experiments were performed on gold sputter-

coated samples.

2.7 BET surface area and porosity

BET surface area and porosity measurements were obtained on Micromeritics TriStar II
3020 using helium as working gas. Liquid nitrogen bath has been used to cool the samples.
Prior to measurement samples have been degassed and dehumidified using Micromeritics
VacPrep 061. To prepare samples for this experiment standard glass slides have been used
as a substrate to grow films. Later thin film has been gently removed from the substrate

using wooden sticks with flat scraping ends.

3. Results and Discussion

In previous work [19] the two monomers (bithiophene and terthiophene) were
simultaneously introduced (in excess) into the VPP polymerization chamber and the same
procedure is followed throughout this paper. The polymerization process responsible for
formation of a thin polythiophene film and further formation of nano-structures consists of
two dependent steps (please SI for further details). The formation of the initial
polythiophene thin film layer is obtained through oxidative polymerization with Fe(IIl) as
oxidant, resulting in a thin, spongy film. Growth of this film is very fast and relies mainly
on the bithiophene (BTh) monomer due to its low vapour pressure and ease in vaporization

and transport. However, some terthiophene (TTh) may also contribute to the film growth.
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It was demonstrated that the first polymerization step proceeds until all available Fe(Ill) is
consumed. Fe(IIT)PTS is reduced to Fe(II)PTS, while one free para-toluenesulfonate (PTS")
together with a proton (H") from the oxidized monomer form para-toluenesulfonic acid.
PTSa is able to act as an oxidant for VPP at very long polymerization times and
temperatures above 100 °C, at which PTSa decomposes in the presence of water to form
volatile toluene and sulphur trioxide (SO3) [37]. The chemical equilibrium of this reaction
strongly favours the production of PTSa, however, previous studies have showed that SO;
can be used as an oxidant in poly(thiophene) formation, itself being reduced to SO, [19,
37]. This volatile SO3 thus acts as the oxidant for the second part of the polythiophene
growth, where particular nano-structures are formed. The firstly formed polymeric
thiophene thin film (using Fe(III) oxidant) acts as a seeding agent for condensing monomer
building blocks [38-40], thereby facilitating the slow growth of ordered two-dimensional
nano-structures. It is proposed that this mechanism is primarily responsible for the
formation of specific PTh nano-structures under varied conditions. The nano-structures are
thought to be mainly made of polymerized TTh, since it is possible to create similar
structures using TTh only [19] and attempts to create nano-features based only on BTh

have failed.

Based on our previous experience in creating PTh nano-walls [19], we have developed
ways to grow structures other than nano-walls by tuning the VPP parameters and a

summary of different parameters on the nano-features creation is shown in figure 1.
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Figure 1 Different nano-structures achieved by tuning the polymerization parameters of

PTh.

Additionally to thin film (figure 2a and 2b) and nano-walls (figure 2c and 2d) reported
before [19], new structures are shown below and include nano-spikes (figure 2e and 2f),
nano-islands (figure 2g and 2h), nano-sponge (figure 2i and 2j), and nano-sheets (figure 2k

and 21).
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Figure 2 Top view and cross-sectional SEMs of different poly(bi-terthiophene) (PBTTh)

nano-structures formed as a result of tuning the preparation conditions, (a), (b) thin
polymer film without nano-structures; thin film with (¢), (d) nano-walls, (e), (f) nano-
spikes, (g), (h) nano-islands polymerized for 3 hours, (i), (j) nano-sponge, (k), (I) nano-

sheets.

Nano-spikes are developing on the samples when the polymerization time is extended to
six hours and beyond (figure 2e and 2f). It must be noted that nano-spike formation does
not exist by itself, but rather is an extension of nano-wall formation. The eventual shift
towards a nano-spike morphology is likely due to the low amount of oxidizing agent. After
such a long polymerization times, the consumption or dissipation of most of the oxidizing
agent leads to an irregular structure growth. The low amount of SO; oxidant allows longer
time for stacking of condensing monomers before an efficient polymerization event occurs,
leading to the formation of spikes. Stacking of condensing monomers is presumably
happening with the same rate as for nano-wall growth but the un-polymerized part of these

features are removed during the washing step and thus not seen on the final films.
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Nano-islands (figure 2g and 2h) are the result of higher air humidity (>55% at 24°C)
during the spin-coating process. Water from humid air leads to the formation of some
Fe(IIHPTS*xH,O crystals on the substrate, which in turn have an effect on the
polythiophene polymerization. Fe(III)PTS crystalizes partially on top of the oxidant layer
exposed to the ambient humid air. The effect of humidity and its role in crystal formation
in Fe(III)PTS has been studied before in relation to VPP of PEDOT, showing that oxidant
crystals have negative effect on conductivity of resulting film [41, 42]. The main part of
the oxidant is not crystalized leading to the formation of regular polythiophene thin film
like the one on figure 2a and 2b. Presence of partially crystalized oxidant then acts as a
seeding material for the growth of condensing monomers and is responsible for different
conformation and different stacking during the condensation phase and second step of
polymerization, leading to formation of island-like looking crystals. Continuing
polymerization for longer period of time increases the number (density) of the nano-islands
on the surface of thin film which is leading to complete coverage (figure S1 in SI). This
occurs without any further vertical growth of the nano-structures firstly formed. It is shown
later in this manuscript that the different conformation of the crystal in nano-island has a

significant effect on electrochemical performance and other properties.

Highly porous nano-structures can be grown on top of the thin polythiophene film by (at
least) two different approaches. In the first case, Fe(III)PTS is mixed with PTSa in a molar
ratio of 1:1 resulting in nano-sponge formation (figure 2i and 2j). We believe that the
increased amount of volatile oxidant and in particular the volatile products from the PTSa
decomposition at ~100°C (PTSa < SO; + toluene) are responsible for the creation of the
sponge structure. When PTSa or its decomposition products evaporate from the surface of
the substrate due to thermal treatment, escaping gas bubbles in the condensed monomers
on the surface form sponge-like structures. When only PTSa is used as oxidant a very thin,
unstructured layer of PBTTh is formed (figure S2 in SI). The same “only-thin-film”
formation without any nano-features is seen when Fe(III)PTS is mixed with PTSa in molar
ratios lower than 1:1. This is likely due to PTSa acting as the dominant oxidant while the
Fe(IIT)PTS is not able to play its usual templating role. In the second case, nano-sheets
(figure 2k and 21) were observed when the polymerization was carried out over an
extended period of time (up to three days) at temperatures lower than the melting point of

terthiophene (around 70°C). Melting points of terthiophene and PTSa are 95°C and 105°C
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respectively but these compounds do exhibit very low vapour pressure at temperatures
below their melting point. This allows for very slow sublimation for the second step of the
polymerization. The very slow growth of the nano-sheets is a further indication that the
bithiophene monomer (with a melting point of 32 °C) is not involved in the formation of
the nano-structures. The thickness of polythiophene base layer in nano-sheet samples is
about 800 nm, while the sheet height is ~ 2.26 um on average, but some nano-sheets can be
as high as 3.4 um. The thickness of the sheets varies from less than 80 nm up to more than
120 nm. This represents a significant different aspect ratio than the one seen for the nano-
walls (Fig 2c and 2d) where typical wall height and thickness was ~600nm and ~185nm
respectively for a 3-hour polymerization time at 100 °C, underlining the influence of the

different growth conditions.

In a previous study by our group [19], we hypothesized that the evaporated polymer
precursors present in the chamber (after the initial formation of the poly(thiophene) thin
film by the Fe(IIl) oxidant) slowly stack; firstly on the formed polymer film and later on
top of each other (later being polymerized); similar to the processes responsible for the
formation of Bechgaard salts [43, 44]. It has been suggested that different conditions
during evaporation and stacking of organic building blocks in Bechgaard salts have a
significant impact on the resulting properties of those conducting salts. Temperature
(thermal order) and pressure (hence vapour pressure) of the organic compound, its
evaporation and stacking rate contribute most significantly towards the properties in those
charge-transfer compounds [44-47]. In addition, the orientation and symmetry of the
dopant anion has been reported to have a large impact on the overall properties [46]. From
this perspective one would expect that the different nano-structures obtained in this study

could have significantly different properties.

To investigate if the stacking conditions also have influence on the properties of the
polythiophene structures formed, the various nano-structures were characterized by
electrochemical and physical methods to determine the influence of the nano-structures on
the properties of the materials. During the fabrication the amount of Fe(IIl) oxidant was
kept constant to allow the materials to be compared. The position of the p- and n-doping
bands, as measured by cyclic voltammetry (figure 3), are consistent with previously

reported values for PTh [48, 49]. Electrochemical characterization performed on the
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samples show only slightly different behaviour with regard to the position of the redox
peaks between the samples of differing morphologies and the overall shape of the cyclic
voltammograms remains largely unchanged. These variations in redox potentials can be
explained by differences in chain and conjugation lengths between the films and difference
in the diffusion conditions close to the surface caused by the nano-structures. A
conformational relaxation — also known as charge trapping — reduction peak at ~1.4 V vs.
Ag/AgCl, and a conformational relaxation (charge trapping) oxidation peak at ~0.5 V vs.
Ag/AgCl is seen in all samples [50]. A measure for the polymer redox activity is obtained
by integrating the area of the reduction peaks, ranging from ~0.4 to ~1.7 V vs. Ag/AgCl.
The best performing material is poly(bi-terthiophene) with nano-walls, while the nano-
islands shows rather poor redox activity. The enhanced redox properties of the film with
nano-walls can be attributed to the increase in active surface area that accompanies the
formation of the walls. For the same reasons it was expected that the PBTTh nano-sheets
samples would show even higher electrochemical activity due to the larger surface area
(see below). This is not the case and indicates that not all of the actual surface area is
active, which may be ascribed to the much higher aspect ratio (material height vs
thickness) of the nano-sheets (~23:1 compared to ~3.4:1 for the nano-walls), leading to too
high resistance within the nano-structure for the entire sheet area to contribute to the
electrochemical reaction. This can be explained by commonly known conductance
equation (G = o¢A/l), where ability to conduct charge depends on the material’s
conductivity, its length and cross-sectional area. Since nano-sheets are much taller and
their cross-section area is lower than the area of nano-walls, the ability to transport charge
within those structures are limited at the scan rate used in the experiments (20 mV/s).
Attempt to perform experiments at lower scan rates have failed due to too long exposure to
oxidation and reduction potentials and delamination of the film. On the other hand the very
low electrochemical activity on the nano-island material, compared to the underlying PTh
film itself, reveals that the nano-islands have very low electrochemical activity and further

block the ion diffusion from the electrolyte to the underlying PTh film.

119



30

1.1 A PBTTh
nano-walls
& 0.6
E | N ML
} ...... 20 —
~E; 0.1 A . PBTTh PBTTh
nano-spikes nano-sheets

P

Currentldensit
o
o

---+ PBTTh thin film

Reduction peak area (mC.cm?)
)
| L

-0.9 - ‘ ——PBTTh nano-walls t:ﬁ‘TfTi::n

——PBTTh nano-spikes

---PBTTh nano-islands na::E:nds
94 - PPTTh nar:o-sheetsl . ]

-2.4 -1.6 -0.8 0.0 0.8 1.6
Potential vs. Ag/AgCl (V) 0 —

Figure 3 Electrochemical characterization, (a) Cyclic voltammetry measurements
performed on poly(bi- terthiophene) films polymerized for 30 mins (without nanowalls,
grey line), 3 hours (with nano-walls, green line), 6 hours (with nano-spikes, orange line), 3
hours (with nano-islands, blue line), 3 days at 70°C (with nano-sheets, yellow line). (b)
Column graph of the reduction peak area at 0.4 V from Figure 3a (colours correspond to
colours from Figure 3a). The scan rate was 20 mV/s in an electrolyte consisting of 0.1 M

tetrabutylammonium hexafluorophosphate in propylene carbonate under nitrogen

atmosphere.

The 4-point probe conductivity measurements performed on dry samples with nano-
features gives similar values between the films. The overall conductivity of the samples
were found to be in the range of 1.7 + 0.7 S/cm, this is in agreement with previously
reported values [19, 35]. The nano-structure contribution to overall conductivity is minimal
as the conductivity difference between the flat PTh films and the nano-structured PTh
films is negligible. The observed conductivity values are considered very high for PTh
based materials, however can be explained by higher oxidation levels (Figure S3 in SI).
The absorption at 740 nm indicates the oxidized (polaron) state. The broadening of the n-
n* absorption has been discussed in previous study.[35] FT-IR measurements performed
previously on the powdered samples of polymer film and polymer film with nano-walls
revealed the origin of the unusually high conductivity [19]. The overall shape of the FT-IR
spectra for samples with and without nano-walls are almost identical with the only
difference being the amplitude of the peaks attributed to C=C (1320 cm™) and C-C (1202,

1120 and 1029 cm™) ring stretching vibrations [51]. These peaks are associated with higher
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doping levels within the material [51]. The increase in dopant level for thin films with

nano-features helps explain the higher conductivity values.

Adsorption/desorption measurements using helium as a working gas revealed a type III
adsorption isotherm. This type of isotherm is consistent with the presence of a multilayer
material. However, the absence of a flat region on the curve indicates that the monolayer
formation is missing (Figure S4 in SI). As such, this type III adsorption isotherm shows a
large deviation from the Langmuir model, and to calculate the surface area another model
should be used. Instead, nitrogen BET surface area measurements were performed to
determine which morphology leads to the largest surface area (figure 4). Poly(bi-
terthiophene) films with nano-sheets exhibited as expected from the SEM results the
largest surface area. On the other hand, the contribution of nano-island to increase in
surface area is negligible, indicating that they have the same surface area (per weight) as
the PBTTh thin film. The average volume of pores and average pore diameter were
simultaneously estimated. The pore volume measurements gave very consistent results
among all nano-structures, with the exception of nano-sheets. However, when compared to
the electrochemical data in Figure 3a, there is no clear correlation between surface area (or
pore volume) and electrochemical redox activity. The difference in BET surface area
between the samples is not as marked as the redox activities which could be explained as
follows. The developed nano-structures contribute only marginally to the overall mass of
the sample. The weight of the underlying polythiophene thin film dominates over the
weight of the nano-structures, effectively suppressing the contribution of the nano-
structures in the BET experiment. Therefore adsorption/desorption results show much less
difference than in electrochemical characterization results. We thus believe that the
enhancement in the redox activity is the result of a combined increase in active surface

area and an increase in conductivity.
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where poly(bi- terthiophene) films polymerized for 30 mins (without nanowalls, grey line),
3 hours (with nano-walls, green line), 6 hours (with nano-spikes, orange), 3 hours (with
nano-islands, blue line), 3 days at 70°C (with nano-sheets, yellow). (a) BET surface area,
(b) BJH adsorption average pore diameter and (c) BJH Adsorption cumulative volume of

pores.

This effect can be seen clearly for the sample with nano-sheets. For the film with nano-
sheets, its electrochemical performance showed to be poorer compared to the sample with
nano-walls, while its BET surface area, pore diameter and volume of pores are highest.
This is believed to be due to dimensions of the nano-sheets. The thickness of the nano-
sheets is very thin while they are relatively high preventing effective movement for charge.

However, high sheets, low thickness and relatively high coverage density on the sample
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makes increases surface area of the samples as seen from BET measurement. The same

effect is also seen in the case of nano-spikes.

Contact angle measurement performed on the samples shows distinctive differences in
surface properties of the films when nano-structures are present compared to the
polythiophene thin-film alone (contact angle of ~80 deg — figure 5a). The developed
structures can both increase and decrease hydrophobicity and wetting properties of the
samples, thus using different nano-structures it is possible to tune hydrophobicity to meet
application requirements. Contact angle values range from around 50 deg to over 130 deg
for samples with nano-spikes and nano-sheets (figure 5b-d). The higher contact angle
values are following the general trend for micro- and nano-structured hydrophobic surfaces
(“lotus effect”) but the significant decrease in contact angle seen for nano-islands is quite

puzzling and indeed calls for further investigation.
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Figure 5 Hydrophobicity and surface properties of nano-structured films. Image of a 10 ul
water droplet on the surface of (a) poly(bi- terthiophene) thin film polymerized for 30
min., (b) poly(bi- terthiophene) thin film with nano-islands polymerized for 3 hours, (¢)
poly(bi- terthiophene) thin film with nano-sheets and (d) contact angle values for
polymeric films with different nano-features, where poly(bi- terthiophene) films

polymerized for 30 mins (without nanowalls, grey bar), 3 hours (with nano-walls, green
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bar), 6 hours (with nano-spikes, orange bar), 3 hours (with nano-islands, blue bar), 3 days

at 70°C (with nano-sheets, yellow bar).

4. Conclusion

We have reported the self-assembly of nano-structured polythiophenes grown from the
vapour phase at relatively low deposition temperatures through a two-step reaction; a
combination of monomer stacking and oxidative polymerization without the use of
expensive catalysts. It has been demonstrated that the surface morphology can be easily
tuned by varying deposition parameters such as temperature, time and humidity. The
developed nano-structures can exhibit high conductivity and high electrochemical
performance, which is consistent with previously reported structures. The presence of
nano-walls triples the redox capacity of the poly(bi-terthiophene) film, while the presence
of nano-spikes and nano-sheets doubles the redox capacity. Additionally, the presence of
nano-features on top of the polymer film increases the active surface area, thereby making
them great candidates for energy and electronics applications. Lastly, nano-structured films
are showed to determine surface properties of the film. Using different nano-structures,
hydrophobicity of the polymeric film can be tunned ranging from around 50 deg up to
almost 130 deg, making the films of great importance for applications where controlled

and high contact angle is required.
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Polymerization reactions

First step: Polymerization of bithiophene by reduction of Fe(Ill), in Fe(IIT)PTS, to Fe(II).
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and decomposition of PTSa to SO3 and toluene:

Second step: Polymerization of terthiophene by reduction of SO; to SO,
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Polymerization over extended time (high humidity level)

Figure S1 SEM image of the poly(bi- terthiophene) polymerized at 100 °C for 6 hours

after spin-coating Fe(II[)PTS at high humidity (>55%, 24 °C).

Polymerization using only PTSa
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Figure S2 SEM image of the poly(bi- terthiophene) polymerized using PTSa. (a) Surface

view, (b) cross-section.

UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy was performed on Jasco V-670 spectrometer. Spectra have been
normalized to the thickness of the film, measured using a Veeco Dektak 150 stylus

profilometer.

Poly(bi- terthiophene) sample with nano-walls have much broader absorption spectra due
to the polymer chains having a larger variation in chain and conjugation lengths, covering
longer and shorter wavelengths.' Additionally, poly(bi- terthiophene) film with nano-walls
shows peak occurring at around 650 — 900 nm, being a result of higher oxidation level.

Higher oxidation levels normally lead to higher conductivity.’
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Figure S3 UV-Vis-NIR spectroscopy measurements performed on poly(bithiophene)
polymerized using one step polymerization at 70°C for 1 hour (blue line) and poly(bi-

terthiophene) film polymerized for 3 hours at 100°C with nano-walls (green line).
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Figure S4 Typical adsorption/desorption measurement performed on poly(bi-
terthiophene) films using helium as a working gas. Helium adsorption (red line) and

helium desorption (blue line).

The shape of the curve revealed a type III adsorption isotherm. This type of isotherm is
consistent with the presence of a multilayer. Absence of a flat region of the curve indicates

that the monolayer formation is missing.
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Chapter 5

Laser Ablation of Flexible Membranes and PEDOT-Based

Organic Electrochemical Transistors for Gas Sensing
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5.2 General Overview

The growing and constantly developing electronics industry has been a driving
force for development of new patterning techniques to produce micron-size devices. The
product quality, reproducibility and resolution of most of those techniques are very good.
However, the time and number of steps required to manufacture a device is relatively long.
For example, to prepare several small devices using the most common commercial
patterning technique — photolithography — takes at least a few hours and many different
steps and procedures are required.[274, 275] Additionally, many of the available
techniques have been developed to pattern metal- or silicon-based circuits and are not
applicable to organic materials.[294-297] This has forced the industry and researchers to
look for cheap, easy to use patterning methods that will be applicable to conjugated

systems.

One of the methods that addresses the issues mentioned above is ink jet printing.
Ink jet printing is probably the most common way to pattern conducting polymers on a
large industrial scale. It is cheap and doesn’t require expensive tools. Ink jet printing,
however, has many disadvantages. It requires special inks in which the conducting polymer
is dissolved or dispersed in a solvent; hence the polymer used has to be either dispersible
or soluble. This is not the case for many conjugated oligomers and polymers. Secondly,
post-processing of printed polymers is required to remove the solvent and cure the
polymer. Lastly, ink jet printed circuits or patterns are in most cases of very low quality
and low resolution. Resolutions below 0.1 mm are already difficult to obtain with the

current state of technology.[272, 275]

Publication 5.1 focuses on the use of cheap and commonly available laser ablation
systems to pattern conducting layers of different conjugated materials on a variety of
substrates, including very soft, flexible and porous membrane materials. The technique
relies on a focused laser beam and its ability to deliver high energy to a very small area in a
controllable manner. An important phenomenon used by this technique is the ability of a
material to absorb the specific light wavelengths of the laser used. The described technique

is not only cheap and relatively easy to perform but also very fast, allowing for rapid

139



prototyping of conjugated materials and devices based on those materials. Publication 5.1
also explains different modes of operation and issues that have to be considered during
material and pattern preparation as well as how to calibrate the laser for each specific
conductive layer/membrane substrate combination. A gas sensor based on an organic
electrochemical transistor architecture has been manufactured via the described technique
to demonstrate the usability of the method and its applicability for patterning of conductive

layers on breathable membranes.

This work showed that laser ablation techniques can be easily applied to pattern
conjugated material layers to get the desired shape of the device or circuit. Polymers such
as PEDOT or polythiophene can be easily and gently removed without damaging the
underlying substrate. Upon proper calibration of the laser for a specific conductive
layer/substrate pair, the resolution of the technique can be as low as 30 pum with
corresponding patterning speed of around 10 cm*/min. The presented data shows that the
described technique can be a strong competitor to the widely used ink jet printing. It is
expected that further calibration and/or use of cooling liquids or other cooling methods
may highly improve resolution, making it competitive with other commercially available

techniques.

Produced gas sensors showed usability in detecting different gases, including
oxygen and sulfur dioxide (SO;); however, similar devices can be applicable for detection
of a broader range of gases, for example ethanol vapor[298] which would find application

in breathalyzers.
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ABSTRACT

It has been a persistent challenge to develop fast and relatively cheap techniques for micro-
and nano-patterning. Most of the techniques used currently are of high quality and
reproducibility, but they require expensive equipment and involve many time-consuming
steps to achieve the desired results. We herein report a patterning method of conducting
layers on breathable substrates using a fast, simple, and mask-less laser engraving
technique. The resolution of the resulting pattern is dependent on the quality of the laser
engraver while the calibration of the power and speed of the laser beam depends on the
conducting layer and substrate materials. A resolution in the range of 30 um has been
successfully achieved in this report. The method is fast and the pattern can be easily
changed or redesigned within a few minutes. The patterning time for a 25 cm? sample is
approximately 3 minutes; depending on the complexity of the pattern. In comparison,

patterning a sample of the same size using photolithography requires up to 4 hours. In this
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manuscript, we describe the laser patterning process, how to improve the patterning
resolution, the calibration steps involved as well an application for the OECT as a gas

sensor for detecting oxygen or sulphur dioxide.

INTRODUCTION

Micro-patterning plays an important role in nowadays’ electronics. The manufacturing
process has to be fast, cheap, simple, efficient and scalable. Organic electrochemical
transistor (OECT) is one of the electronic components that uses micro-patterning. The
most common process used to pattern OECT is photolithography (e.g. shadow mask
patterning procedure) which requires expensive machines, is time consuming and involves
many complicated processing steps.'™ The first expense in mask patterning is that the mask
has to be designed and manufactured before patterning can even start. Developing fast and
robust routes to produce patterns of electrically conducting materials on various isolating
substrates has been an ongoing area of research for decades and is providing the “baseline”
for all produced electrical and electronic circuits. The use of laser equipment to cut and
engrave materials is well established and used extensively throughout a wide range of
industries.*"? The resolution of the resulting pattern is dependent on the quality of the laser
engraver and is adjustable by following the parameters from the calibration. The particular
“delicate” substrate used in the current manuscript is a porous breathable membrane based
on polytetrafluoroethylene (PTFE) which was successfully used in previous studies to
implement a 3 phase interface concept to breathe gases in as well as out of the

13-16

electrochemical cells. The electrochemical reactions occur at the point of contact

between the gas, the poly (3,4-ethylenedioxythiophene) (PEDOT) electrode and the
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electrolyte. In the reports mentioned above, the electrochemical detection occurred

using a conventional 3 electrode electrochemical set-up.

719 Where

Conducting polymers (CPs) have proved to be great candidates for OECTs,
traditional silicon or copper circuits are replaced with its organic counterparts. CPs bring
many advantages, the main being they are easy and cheap to manufacture and their
properties can be tuneable. Also, they are flexible and hence can be used in flexible or

wearable devices?*?

and have a better interface with biological materials and living
cells."® 2! The CP used in this report was PEDOT, an intrinsically conductive polymer,
favoured for electrochemical applications due to its relative stability and high

28-30

conductivity.'> %’ There are several approaches to the manufacture of CP layers and

it is appreciated that the ones used in this report are not the only possibilities.

The laser patterning approach was further investigated to pattern other conducting layers
such as metals and graphene which have been deposited on the flexible/porous substrates.
For cutting or engraving materials such as metals, often high laser power is required. This
causes a potential problem to the use of laser techniques to produce conducting patterns on
flexible and/or polymeric substrates as the high power laser could readily cut through the
substrate while removing the metal layer. However, with careful adjustments of laser
parameters from the calibration curve as shown in this manuscript, we found the use of

CPs as a sacrificial layer to pattern metals using laser engraving technique.

In this manuscript we report for the first time a micro-patterning method for conducting

layers on breathable substrate using laser engraving technique. CPs, metals on the
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sacrificial CP layer and graphene on non-conducting/porous/flexible substrates were
successfully laser-etched. The calibration of the power and speed of the laser beam was
performed and used to minimize the heat affected zone (HAZ). OECTs were then

fabricated using the laser engraving technique and were used in a gas sensor application.

EXPERIMENTAL

Materials

Substrate used was ePTFE (GORE—TEX®), and will be referred to as Gore-Tex throughout
the manuscript, for all conducting materials. Conducting materials used were vapour phase
polymerized (VPP) PEDOT, VPP thiophene, graphene (see deposition sections below) and

thin gold layer (~50 nm) sputter-coated on VPP PEDOT.

Vapour phase polymerization of CPs

2,2’-Bithiophene (BTh) and 3,4-Ethylenedioxythiophene (EDOT) were supplied by Sigma-
Aldrich. Ferric p-toluenesulfonate (Fe(II[)PTS) in 40% butanol was obtained from
YACOO Chemical Reagent Co. Ltd. All materials were used without further purification.
For vapour phase polymerization,'® *' Fe(II[)PTS solution was spin-coated onto the desired
substrate using a Laurell spin-coater at 1500 RPM for 30 seconds. A closed chamber with
monomer and the oxidant coated sample was placed in the oven at 70 °C. The
polymerization time was 1 hour for poly(thiophene) and 30 min for PEDOT. Polymerized
films were left to cool down to room temperature, rinsed carefully with ethanol, and kept

in ethanol for about 12 hours. The films were rinsed with ethanol and dried before use.
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Graphene deposition

Colloidal graphene was synthesized by chemical reduction of graphene oxide as reported
by Li et al.*> Maleic anhydride was plasma polymerized onto ePTFE substrate to induce
desired surface functional groups and wettability. Graphene was deposited using Layer by
Layer (LbL) method.” Polyallylamine hydrochloride (PAH, Mw = 70,000 g/mol) and
polystyrenesulfonate, sodium salt (NaPSS Mw = 70,000 g/mol) were used as
polyelectrolytes in 0.5 M NaCl solutions with 0.9 mg/ml and 1 mg/ml concentration
respectively. Polyanionic and polycationic solution (with graphene) were deposited for 20
min, followed by DI water wash for 10 min. After three bilayer deposition the substrate

was heat treated to 150 °C for 120 min to achieve better conductivity.

Patterning procedure

A Versa Laser 3.50 laser engraver was used to pattern the desired shapes. The laser used in
the engraving process was a CO, laser with a wavelength of 10.6 um and a nominal power
of 40 W. Laser power and patterning speed was adjusted depending on conducting layer
thickness and substrates used. Resolution can be adjusted using previously made
calibration curves, where resolution is basically size of heat-affected zone. After loading
the desired pattern, manufacturing was started. More information regarding pattern
preparation can be found in supporting information (figure S1). Patterning time is
dependent on the speed, size of the area and pattern complexity. Patterning of 5 cm x 5 cm
area normally takes a couple of minutes. Prepared sample can be washed in distilled water
or ethanol to remove impurities produced during patterning process; however most of
engraving machines have built-in exhaust system which efficiently removes dust produced

during the process.
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Laser calibration
The depth of the lasered patterns was measured using Veeco Dektak 150 stylus
profilometer and the HAZ size was estimated from microscopic images taken on a Nikon

Eclipse ME600 microscope equipped with PixeLink PL-A662 CMOS camera.

Transistor characterization

“Dog bone” transistor architecture was patterned on flexible Gore-Tex substrate. 0.1 M
sodium chloride (NaCl) was used as the electrolyte. The small PEDOT strip was used as a
source-drain channel and big PEDOT strip as a gate electrode. Transistor characteristics
were measured using a Keithley 2612A Sourcemeter and customized Labview software. I-
V characteristics were performed by sweeping source-drain voltage and measuring
corresponding current. Voltage was swept from 0 to -0.6 V with voltage step of 0.1 V. This
procedure has been repeated for different gate electrode voltages, starting from 0 V and
going up to 0.7 V with 0.1 V voltage step. Time characteristics measurement was also
carried out using a Keithley 2612A Sourcemeter, the drain-source voltage was kept at -0.5
V, while a square voltage pulse for duration of 10 seconds was applied to the gate,
allowing 10 seconds recovery periods. The gate voltage was stepped from 0.1 to 0.8 V with

0.1 V intervals. The experiments were performed under open-air condition.

Gas sensing set-up and procedures

As shown in figure 5b, the gas sensing set-up consists of N, purging chamber (top),
electrolyte/PEDOT electrode chamber (middle) and variable gas chamber (bottom). N, was
purged through the electrolyte to get rid of any possible influence from oxygen. The

bottom chamber for oxygen testing was purged with O (pure N), 21 (air) and 100% oxygen
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gas whereas for SO, testing it was purged with 0, 0.8, 4.1 and 8.1 % SO, gas produced
from chemical reaction between sodium metabisulfite (Na,S,Os) and HCI (see more detail
in SI figure S4). The other parameters for OECT set-up were the same as described in

Transistor Characterization section.

Electron microscopy

SEM images were obtained using JEOL 7100F Field Emission Gun Scanning Electron

Microscope at 5 kV. Experiments were performed on gold sputter-coated samples.

RESULTS AND DISCUSSION

The method described below uses a subtractive non-contact manufacturing technique,
where material is removed in a controlled manner i.e. a polymer layer is exposed to a laser
beam and is precisely removed following a given pattern. The steps involved in
manufacturing of the desired pattern are shown in figure 1. Firstly, the surface of the
substrate was coated with the desired polymer. Although a wide range of different
substrate materials with different degree of flexibility including hard and relatively brittle
materials like ceramics and glass, through to polymeric substrates such as Kapton, Mylar,
PES and PVC, to membranes based on ePTFE can generally be used. Only a breathable
membrane based on ePTFE (Gore-Tex) is the focus of this report. Methods of deposition
of the conductive layer can differ, depending on personal preferences or application needs.
The three most commonly used techniques for deposition of CPs are chemical vapour
deposition (including vapour phase polymerization), electro-polymerization or solution
casting. All three techniques have been proven to be suitable for the described patterning

method. The substrate with the deposited layer of CP was then exposed to the laser beam
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and removed following previously designed pattern. More information on pattern
preparation can be found in supporting information (figure S1 and S2). Patterned samples
can be rinsed with a solvent such as ethanol to remove dust and later dried, or can be used
straight away. The resolution and speed of the laser patterning strongly depends on the
quality of the laser equipment. The laser engraver used in this work is in the $10,000 range
where the resolution as low as 30 wm can be achieved with a patterning speed
approximately 10 cm?/min. This is thus leaving scope for significant improvement in both

resolution and speed with more advanced engraver equipment.

Glass, Kapton, ePTFE
or any other substrate | :
| ,
A —
T "' Vapor phase
G . polymerization

Electropolymerization I 5pin casting

Laser etching of X l

polymer according to ,.

Polymeric film deposition,
done by any available

technique

-
-
-

designed pattern

Sample ready for

laser patterning

Figure 1. Schematics of patterning process for CPs on different substrates using laser

engraving technology.
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The described technique provides a fast and easy way for prototyping, giving complete
flexibility regarding the substrate, conducting material as well as the pattern itself. Figure 2
shows “dog bone” transistor architecture manufactured from PEDOT on Gore-Tex using
the described technique (figure 2a), SEM image of PEDOT on Gore-Tex (figure 2b) and its
cross section (figure 2¢) with three distinguishable areas. The upper section of figure 2b
shows Gore-Tex substrate, while lower section is PEDOT coated Gore-Tex. The middle
section is the transitional area (HAZ) between PEDOT coated Gore-Tex and Gore-Tex,
which is basically burned and carbonized material from the decomposition of PEDOT.

This transitional section is the result of heat convection in the material.

)—- PEDOT/Gore-Tex

. — Gore-Tex

Figure 2. Images of PEDOT coated Gore-Tex and Gore-Tex: (a) Image of the “dog bone”

PEDOT transistors patterned on Gore-Tex, (b) SEM image of the patterned transistor
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showing Gore-Tex (top), HAZ (middle) and PEDOT on Gore-Tex (bottom) layers, (c)
Cross-sectional SEM image of the laser etched PEDOT coated on Gore-Tex with visible
HAZ, (d) bare, untreated Gore-Tex, (e) Gore-Tex membrane with deposited PEDOT, (f)

Gore-Tex where PEDOT has been removed using laser engraving technique.

Figure 3 is an example of calibration parameters obtained for PEDOT layer on theGore-
Tex substrate. Similar calibration for poly(thiophene) on Gore-Tex can be found in

supporting information on figure S3.

Using the calibration parameters, laser etching of PEDOT on Gore-Tex membrane was
performed and the results are shown in figure 2 as aforementioned. HAZ is not exposed
directly to the laser beam, but it is affected (damaged) by the absorbed heat (figure 3a).
The heat from the laser etching process and subsequent re-cooling causes this unwanted
change in polymer-substrate interfaces. The thermal diffusivity of both the substrate and
patterning material play a large role in the HAZ size. However, due to bigger volume of
substrate material compared to the volume of conducting layer, thermal diffusivity of the
substrate material is considered more important. If thermal diffusivity is high, the material
cooling rate is high, and the HAZ is relatively small. On the other hand, a low thermal
diffusivity leads to slower cooling and a larger size of the heat-affected zone. The amount
of heat introduced by the laser plays an important role in the process; high heat input is
related to increase in HAZ size (figure 3c). The heat input (Q) is depending on the laser
power as well as the speed of whereby the laser is moved and can be calculated using the

following formula.**
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Q= (s22s) X7 (Eq 1)

5$x%1000

Where Q is the heat input (kJ/mm), P is the laser power (W), S is the etching speed
(mm/min.) and n is efficiency. The efficiency is dependent on the gas medium the laser
beam travels through, distance between laser unit and the sample, scattering on the surface
of the samples, laser wavelength relative to the absorption of the material being etched,
working mode — pulsed or continuous, as well as few other parameters. The laser used in
this study was a CO, laser with a wavelength of 943 cm’', which is overlapping with the
absorption of the C-S vibration in PEDOT.>" Normally, the efficiency factor for metal
welding or metal cutting procedures is measurable and well established.™ Efficiency of

presented method has been estimated to be in the range of 0.90 to 0.95.

With careful adjustment of the parameters such as laser power (figure 3b and 3c) and
engraving speed and mode (figure 3d), laser etching process can give a highly
concentrated, relatively uniform and limited amount of heat, resulting in a small HAZ. The
data collection is done by varying laser power and the speed; and measuring corresponding
pattern depth (figure 3b) and HAZ (figure 3c). The gathered data is then plotted and the
fitted and calibration curves can be used to find the right laser parameters for desired
thickness of the conductive layer and desired quality/pattern resolution. It has to be noted
that calibration curves are specific for conductive layer — substrate combination. Changing
either substrate or conductor will require laser recalibration and subsequent curve fitting.

This is due to change in heat dissipation between the two materials.
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Figure 3. Calibration parameters for PEDOT layer on Gore-Tex substrate. (a) Schematic

of PEDOT laser patterning with distinguished laser beam and HAZ. (b) Calibration of the

laser power for different conducting layer thicknesses. (¢) Size of the HAZ versus laser

power. (d) Patterning time versus patterning speed for 25 cm?, point-by-point method

(bottom red trace), line-by-line (middle blue trace), concentric method (top green trace)

(see more information on patterning preparation in figure S1).
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SEM cross section (figure 2c¢) shows how precisely the patterned material can be removed
from the sample without causing damage to the substrate material. This is very important
when substrate material plays a functional role, like Gore-Tex in figure 2 being a
breathable porous membrane. The total thickness of the Gore-Tex membrane used is
around 78 pwm, while thickness of the PEDOT coated area is about 13 um (calculated from
the calibration curve (figure 3b), the Q used was about 0.0012 kJ/mm to etch 13 wm) and
the thickness of the Gore-Tex membrane after etching is about 64 um. PEDOT has been
removed without affecting the membrane structure and hence the breathing function of the
membrane. SEM images of untreated Gore-Tex and Gore-Tex after laser etching are
shown in figure 2d and 2f confirming Gore-Tex structure and porosity are not changed by
the laser, while PEDOT layer is completely removed. Image of PEDOT coated Gore-Tex

(figure 2e) is also provided as a reference.

Patterning of conducting layers on porous breathable substrate was further extended to
patterning of metals and graphene. Creating patterns in gold, platinum and several other
metals, can be a challenge due to their mechanical properties, roughness, and light
scattering and light reflection on the surface. Fast heat dissipation and processability of the
material can be additional issues. With carefully chosen laser parameters, we have shown
that these issues can be overcome when laser patterning metals on breathable substrate. A
thin layer of gold or platinum (~ 50nm) was sputtered on top of a PEDOT sacrificial layer.
When the laser beam hit the metal layer this heats up the underlying, highly thermally
conducting PEDOT, which is then removed (sublimed) due to the heat as it cannot transfer
the heat fast enough to the membrane (low thermal conductivity) material. The metal layer

was removed together with sacrificial PEDOT and the desired shape of highly conductive
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circuits was formed as shown in figure 4a. This can find application where layers with high

electrical conductivity are required.

The developed patterning procedure is also found to be useful for prototyping graphene
circuits, where graphene is deposited via chemical reduction of graphene oxide* and later
removed with the laser, forming desired circuit pattern (figure 4b and 4c). This is a novel
graphene patterning technique. Previously developed graphene patterning method”’ uses
reverse - additive approach where graphene oxide is reduced while forming patterns.
Investigation on the use of metals or graphene conductive pattern on breathable substrate is

underway and will be reported elsewhere.

Figure 4. Various conducting materials patterned using the laser engraving technique (a)

Gold “dog bone” transistor architecture patterned on flexible ePTFE substrate using
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PEDOT as sacrificial layer (b) Graphene “dog bone” transistor architecture on glass and

(c) graphene capacitor patterned on ePTFE substrate.

PEDOT transistors (OECTs) on Gore-Tex, patterned using the laser engraving technique,
were then characterized. Figure 5a depicts PEDOT OECT set-up and its brief working
principle (for more detail on device set-up description and measuring procedure please see
Experimental section). The OECT and gas sensing set-up as the whole cell is shown in
figure 5b. The transistor performance tests are shown in figure 5c and 5d below. Both I-V
characteristics and time characteristics of the laser-etched transistor are comparable in
terms of electrical performance and signal amplification ability to similar devices reported
38-39 .

elsewhere fabricated by photolithography indicating that the laser patterning method is

not influencing the transistor performance.
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Figure 5. PEDOT OECT schematic and results. (a) schematic of OECT set-up and
working principle. (b) semi-opened OECT/gas sensing cell set-up. (¢) Transistor I-V
output characteristics (operated in air) for gate voltage varying from O (top curve) to
+0.7 V (bottom curve) with a step of 0.1 V. (d) Time characteristics (operated in air),

where black line is a drain current and grey line is a gate voltage characteristics.

PEDOT OECTs were then used as gas sensors. A cross section of the sealed gas-sensing
cell is shown in figure 6a below. Gas flows through the Gore-Tex membrane from the back
side of the PEDOT-coated Gore-Tex electrode and nitrogen was purged on the PEDOT
side to maintain ‘zero’ oxygen level on the electrolyte side. Here, the performance of the
critical 3 phase interface (electrolyte/PEDOT/gas - red circle in figure 6a) was tested in a
configuration where the OECT is used as gas-sensor where a gas (oxygen or SO,) is

participating in a redox reaction on the PEDOT source/drain material and thereby
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contributes to the drain current. Various contents of oxygen or SO, gas were exposed to
the Gore-Tex membrane side and the resulting drain current (figure 6b and 6c,
respectively) measured at a fixed gate voltage indicated that the PEDOT coated Gore-Tex
OECTs are working as gas sensors where the demonstrated sensing range of PEDOT
OECT sensors was 0-100% for oxygen and 0.8 — 8.1% for SO,. This shows that the desired
diffusion of gas through the membrane to the 3 phase interface was successful using the

laser patterning technique i.e. not blocking the membrane structure.
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= 2
—

[ Variable gas :l Electrolyte/PEDOT/Gas
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Figure 6. Gas sensing. (a) cross section of sealed gas sensing cell. (b) changes in drain
current from drain potential sweep at various oxygen contents. (c) changes in drain current

from drain potential sweep at various SO, contents.
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As shown above, a procedure was developed for fabrication of OECTs on flexible and
porous substrates for sensors. Potential applications includes a much wider range of
possibilities, for example: miniaturizing CP based electrodes for sensing applications. One
example is to make a compact alcohol vapour sensor previously developed for bulk

testing.'®

The obtained 3 phase interface has been used in an OECT configuration in this report but

the concept is surely not limited to this type of gas sensing device.

Conclusions

We have shown a fast and efficient way of manufacturing different CP patterns on a very
porous and flexible substrate for OECT gas-sensing applications. Patterning that doesn’t
require expensive shadow masks and has flexibility of pattern adjustment in AutoCAD or
other software is a great advantage especially for rapid prototyping. This method has also
proven to be efficient for patterning metal layers (gold, silver, platinum, etc.) where the CP

serves as a sacrificial layer.

The HAZ is affecting the effective resolution, which may be limiting for some applications
and additional work needs to be done to reduce the HAZ. There are several possible ways
to decrease HAZ such as performing the process in non-flammable cooling medium e.g.
water, or using Peltier cells to cool down the sample. Improving the resolution to industrial
standards of around 10 pm is of great interest and the work to follow up and improve the

technique is underway.

160



Supporting Information

Pattern preparation, calibration parameters for poly(thiophene) laser etching on Gore-Tex,
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Pattern preparation

Pattern design was performed using computer software. There are many different software
choices available on the market. Simple shape patterns can be designed even in MS Word,
while complex patterns and patterns where high precision is needed, require more
sophisticated software choices. We have used AutoCAD, which allows precisely ordering
lines and creating virtually any pattern with high degree of precision. AutoCAD also
allows users to easily make a change in the pattern if required. Among many other
methods, there are three main ways which are of great importance when designing the
pattern (figure S1). First method is a point-pulsed method where point pattern is produced.
The laser switches on and removes the materials only in those points in the pulsed manner

(on/off), points are so close to each other that conducting polymer layer is completely
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removed in desired area, forming designed shape. To calculate the distance between the
points, heat input and heat affected zone (HAZ) has to be taken into account. Second
method is called line-by-line method, where laser follows the pattern made of horizontal
lines; the distance between the lines is derived from the heat input used for the process.
The last and most efficient method is concentric-line method, where the laser path is made
of series of concentric shapes that imitate the shape of the desired pattern. Similarly to the
two other cases the distance between concentric lines is dictated mostly by the HAZ size.
Point-pulsed method and line-by-line method result in “saw teeth” formation as shown on
figure S2, additionally point-pulsed method may not remove material in the desired spot
completely; this is due to its pulsed operation nature. The best out of three methods
described here is concentric-line method, this method overcomes the “saw teeth” and
produces patterns with the best quality, however requires more pattern preparation. All
three methods proved to be useful. The method choice is dependent on the application and
the required resolution. The idea, the quality and the issues related to use of the three

methods are shown on schematic below.

166
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Figure S1 Three different pattern preparation methods, resulting in different pattern

quality.

Figure S2 “Saw teeth”, as result of dot-pulse patterning and/or line-by-line patterning.
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Calibration parameters for poly(thiophene) laser etching on Gore-Tex
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Figure S3 (a) Calibration of the laser power and engraving speed for different
poly(thiophene) layer thicknesses. (b) Size of the heat affected zone (HAZ) versus laser

heat input for poly(thiophene).
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SO, gas sensing set-up

To test the sensitivity of the OECT to sulfur dioxide (SO;) gas, the following test cell set-

up was used (figure S4).

Nitrogen gas
—

Nitrogen gas

_ —>
Nitrogen gas

Sulfur dioxide

Figure S4 Set-up for SO, gas sensitivity testing.

N, gas (red arrows) was pumped through the top chamber to purge the liquid electrolyte
for at least 10 minutes prior to taking measurements. A bottle containing 40ml of 0.1M
HCI and various contents of sodium metabisulfite (Na,S,05) was connected to the bottom
chamber. When HCIl and Na,S,0s are combined, sulfur dioxide gas is formed (purple

arrows), according to the following equation:'

Na25205 + HCI — NaCl + NaHSO3 + 802 (Eq Sl)

At the N, flow rate of 38 ml/min, 0, 0.01, 0.05 or 0.1M Na,S,0s5 in HCI solution will

produce 0, 0.8, 4.1 and 8.1 % SO, gas, respectively. This is calculated based on Henry’s
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constant of SO, 1.2 M/atm 2 and the assumption that the N, flow has no diluting effect to
the gas concentration in the headspace. N, gas was pumped into the bottle to purge the
container for any oxygen before each measurement. The variable SO, gas content was then
flowing through the bottom chamber (purple arrows) and its effect on PEDOT through the
breathable Gore-Tex layer was recorded after the OECT was exposed to each SO, gas level
for at least 5 minutes. The SO, gas flowing through the bottom chamber was bubbled into
another sealed bottle containing 0.1M NaOH. This was done to form a salt, therefore

minimising the potential harm of breathing in SO, fumes (Eq S2).’

SO; + 2NaOH — H,0 + Na,SO3 (Eq S2)
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Chapter 6

Conducting Polymer Light Sensors and Opto-logic Gates based
on OECT Devices
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6.2 General Overview

Current state-of-the-art light-sensing devices are mostly based on inorganic
materials. Many inorganics are brittle, non-biocompatible, hard to process and/or pattern,
and operate at relatively high voltage regimes. Several groups have shown use of
conducting polymers in OLEDs or light-emitting field-effect transistors.[299-302]
However, to our knowledge, only one report mentions use of organic materials for light-
sensing purposes in a FET layout.[303] Unfortunately, the reported device operates at
relatively high potentials (Vp = 30 V, Vg = 40 V) and shows relatively low sensitivity to

light as well as very long time delay (around 45 min.).

Nowadays, the electronics industry puts a lot of emphasis on portable devices that
operate at very low voltages; this is mostly due to the constant “push” towards
miniaturization and longer operation time without charging. Another very pronounced

trend for these kinds of devices is the drive to make them flexible and “drop-resistant”.

Previous reports from our group showed that polythiophene can facilitate the
oxygen reduction reaction (ORR) upon light illumination[121], or even be an efficient

candidate for light-enhanced water splitting.[304]

Publication 6.1 proposes a novel organic device for light sensing. The described
sensor uses a highly conducting PEDOT:PSS source-drain channel and polythiophene gate
electrode deposited on a gold support. The device works in an organic electrochemical
transistor (OECT) regime, where the potential applied at the gate dopes/de-dopes the
channel material. Moreover, by introducing light onto the gate electrode, additional
doping/de-doping of the source-drain channel can be achieved. The drop in source-drain
current is proportional to the light intensity introduced at the gate electrode. The device
operates at very low voltages (around 0.6 V) and shows high transconductance at low gate
potentials (3.8 mS at 0.07 V) as well as high and linear light sensitivity. An additional

advantage of the presented device is its very fast response (couple of seconds) to light.

175



Further, in Publication 6.1, the application of the new sensor for opto-logic gates is
shown. Here two transistors are connected either in series (AND gate) or parallel (OR gate)
and act as a low voltage opto-electronic transducer. A large part of current technology
relies on electronics and electrical signals; optical signals in many cases have to be
converted into electrical signals for further processing. The developed device acts as such
an interface. In addition to the presented applications, the developed device can potentially

find use in other applications where an opto-electrical interface is essential.
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Abstract

Light sensitive properties of organic electrochemical transistors (OECTs) based on
polythiophene and PEDOT:PSS have been studied for the first time. It has been found that
the maximum transconductance of developed OECT shifts to higher gate voltages with the
increase of light irradiation at the polythiophene gate electrode. This gate material chosen
for the OECT plays an important role in the light-enhanced oxygen reduction reaction
(ORR) which subsequently is responsible for doping/de-doping the channel material upon
light illumination; thus making the OECT an efficient light sensing device. Additionally,
connection of these devices allowed the creation of organic opto-logic gates. This very first
low voltage organic optical-to-electronic interface can potentially find applications in
modern electronics and photonics. The development process includes geometry

optimization and optimization of channel and gate materials.
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Introduction

Conducting polymers have been intensively studied over the last few decades due
to their unique properties such as electronic conductivity, flexibility, tunable functionality,
transparency and cheap manufacturing costs.[1, 2] Previous studies by our group showed
that PEDOT can act as an efficient oxygen reduction catalyst under alkaline conditions.[3]
More recent studies have shown that conducting polymers can create hetero-junction
materials and conjugated polymers have been successfully used as the light-harvesting part
of hetero-junction solar-cells.[4-7] The polymers used for this application range from the
common thiophenes including poly(bithiophene) (PBTh) and poly(terthiophene) (PTTh) to
tailor-made oligomeric molecules with dedicated light-harvesting and electron-transfer
functionalities.[8-12] We recently proposed a method to manufacture polythiophene
material with enhanced light absorption properties[13] and our previous study has shown
that combining the electro-catalytic and photo-physical properties of conjugated polymers
may lead to interesting and efficient light-enhanced or light-driven catalysts including
water splitting [14][15] In parallel research, conjugated polymers have found applications
in organic electronics, including sensors, optical devices and organic electrochemical
transistors (OECTs).[1, 2, 8, 16, 17] OECT-based circuits are of particular interest because
of their wide range of applications where high speeds are not critical, such as flexible
electronics[18-20], sensors[1, 21, 22], brain interface electrodes[23], etc. Nevertheless,
OECTs are not only interesting for their electronic applications, but also because they can
be used to study charge transport in different materials.[24-27] For a long time now, there
has been a significant effort aimed to improve carrier transport and emission properties in
organic materials, focusing on the study of their physical and chemical characteristics and
device fabrication. The transistor setup is seen as a good way to study properties of the
material itself, such as change in conductivity[24, 26], light enhancement effect and other
properties.
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Previous reports showed application of organic field-effect transistor (OFET) to
emit light.[28-30] However, to our knowledge only one organic device has been used to
sense and quantify the light intensity.[31] The reported OFET uses light sensitive gold
nano-particles embedded in a polymeric matrix however the light sensitivity is due to gold
rather than the polymeric material. Additionally, the reported device operates at relatively
high potentials (Vp =30V, Vg =40 V) and shows relatively low sensitivity to light, a very

long time delay (around 45 min.) as well as non-linear behavior.

We here propose a novel organic device for light sensing. The described sensor
uses highly conducting PEDOT:PSS as the source-drain channel and a polythiophene gate
electrode deposited on a gold support. The device works in a sub-volt regime, where
potential applied at the gate modulates the drain current at the channel. Moreover, by
introducing light on the gate electrode, additional doping/de-doping of the source-drain
channel can be achieved. The drop in source-drain current is proportional to light intensity

introduced at the gate electrode and thus provide an ideal sensor characteristics.

Results and discussion

It has been shown before that polythiophene (PTh) can facilitate oxygen reduction
reaction under light illumination.[14][15] Based on those two reports we have decided to
take those findings a step further and apply them in organic electrochemical transistor
(OECT) light sensors and opto-electronic transducers. The presented sensor relies on three
materials PEDOT:PSS, PTh and gold. PTh is the only material in this configuration that
shows an increase in current upon illumination in presence of dissolved oxygen (figure 1a)

at potentials relevant for the OECT operation. This is due to the oxygen reduction

181



reaction[3, 14] (equation 1) and is dependent on the oxygen concentration and light
irradiation (figure 1b). Gold was used as a conductive substrate for the poorly conductive

polythiophene.

02 +2H,0 +4e —40H  (eq 1)

The photo-induced oxygen reduction reaction can be used to sense and quantify
light intensity. A two electrode setup; where PTh on gold support acts as the cathode and
PEDOT:PSS as the anode material and both electrodes are the same size — 5 x 5 mm;
showed that this simple setup can be used for light sensing by itself (figure 1c). However,
the resulting current is in the range of nanoamps (green trait has been multiplied by 100 for
comparison with two other OECT traits). Using the same electrodes in an OECT setup
showed increase in current by factor of more than 100 (figure 1c). Comparing the ratio
between current under illumination to current in dark (Al = Liradiation/Idark), Shows that in this
equal-size electrode setup the current ratio is higher for two electrode setup (figure S3).
However in the presented case both electrodes are the same size. It has to be noted that
normally, OECT performs much better when the gate electrode is significantly bigger than
the channel electrode, while in electrochemical setups anode should be much bigger to

facilitate slow anodic reactions.
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Figure 1 Standard three electrode measurements with SCE as reference and titanium mesh
as counter electrode. (a) Light enhancement chronoamperometry comparison of
PEDOT:PSS (blue), poly(bithiophene) (red) and gold (yellow) electrodes on gold-Mylar in
phosphate buffer solution (pH 7). The distance between the light source and the electrode
was 2 cm and light irradiance 2400 W/m?. (b) Cyclic voltammogram of polythiophene in
dark with nitrogen bubbling into electrolyte (blue), dark with air bubbling into electrolyte
(green), under illumination (1820 W/mz) and air bubbling into electrolyte (yellow) and
under illumination (2400 W/mz) and air bubbling into electrolyte (red). Measurements
were performed in 0.1 M NaCl (pH 7), under a light irradiance of around 1820 W/m?. (c)
Sensitivity measurement. Current values for OECT at Vp = -0.6 V and Vg = 0.2 V (red)

and Vg = 0.6 V (blue); and two electrode setup (green) with -0.6 V bias between
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electrodes; at different light irradiance. Current values for two electrode measurement have
been multiplied by 100 for comparison. Area of the electrodes was 5 x 5 mm. Absorption
spectra of PTh and PEDOT are shown on figure S1 and light profile of the lamp on figure

S2.

To get a high current output and high gain (light sensitivity) values, geometry of
OECT has been optimized (table S1). The optimized channel electrode with schematics of
the light-gated OECT and circuit used in measurements are shown on figure 2. As
mentioned above, the source-drain channel was made of PEDOT:PSS, while the gate is
based on polybithiophene (PBTh) deposited on a gold sputtered Mylar substrate to support
the poor conductivity of polymeric material; as shown in figure 1a, gold is otherwise inert
(figure 1a). PEDOT:PSS was spin-casted from the solution and its patterning was done by
means of photolithography to achieve a size of 50 um x 50 um (figure 2a), and thereby
improve the response time of the transistor. The gate material was deposited using vapor
phase polymerization (VPP) as PBTh is not solution processable. The polythiophene/gold
gate electrode was immersed in the 0.1 M NaCl electrolyte that covers the conducting
polymer strip (channel) while the source and drain electrodes measure the current flowing
through the channel (drain current, Ip) (figure 2b and 2c¢). In a standard OECT the
application of an appropriate bias at the gate (gate voltage, V) causes ions from the
electrolyte to enter the polymer channel and dope or de-dope it, thereby increasing or
decreasing the drain current. The de-doping process in PEDOT:PSS is shown below

(equation 2) where M represent a monovalent ion such as Na*.[18, 32, 33]
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n(PEDOT*:PSS’) + nM* + ne” — n(PEDOT":PSS:M") (eq 2)

Equation 2 is correct for PEDOT:PSS. However, reverse ion flux can be observed

in PEDOT:PTS. Applying a positive voltage to the gate with respect to the grounded

source makes tosylate molecules mobile. PEDOT doped with tosylate, becomes less doped

when tosylate molecules migrate to electrolyte, causing drop in current. In general,

doping/de-doping is similar in both cases, only the direction of ion flux changes.

Au

PEDOT:PSS

PTh on gold

Gold

connectors
Well with

electrolyte

Substrate  pepOTpSS channel

0, + 2H,0
+4e > 40H"

Figure 2 Schematics of light enhanced OECT (light sensor) used for measurements and its

connection with measuring device. (a) Optical micrograph of an individual transistor.

Scale bar, 100 um. (b) A general schematics of the device. (¢) Wiring layout of the

transistor with grey box indicating electrolyte. (d) Schematic of light-doping mechanism in
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OECT setup. The distance between the light source and the electrode 2 cm. Measurements

performed in 0.1 M sodium chloride solution (pH 7).

Shining intense light at the gate electrode facilitate oxygen reduction of dissolved
oxygen present in the electrolyte when the gate voltage is in an appropriate voltage range.
The current increase is proportional to the number of reduced oxygen species in the
channel and this is dependent on the amount of oxygen and light irradiance introduced to
the PBTh gate. I-V characteristics of the transistor (figure 3a) show similar behavior
(without illumination) to other devices reported elsewhere.[32-34] However, when light is
shone on the device, the channel is doped and increases the source-drain current (Ip). The
increase in doping is significant; shining light with intensity of around 1800 W/m? is
equivalent to an application of around 0.14 V at the gate electrode. Shining light at the
OECT gate electrode lowers the transconductance (figure 3b) of the device and shifts it
towards higher potentials however this effect is not desired in organic electrochemical
transistors. Preferably OECTs should have a high transconductance at low potentials, as
this is the requirement for high sensitivity. In addition, transfer curve changes its shape
slightly when light is introduced (figure 3b). The change in shape of the transfer curve may
indicate a change in doping/de-doping of the channel; hence a change in the conductivity is
not the only phenomenon that plays a part in light enhancement. Previous study showed
photoconductivity effect in polythiophene under illumination,[35] which may contribute to

different behavior (shape) in transfer curve and transconductance.
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Figure 3 (a) OECT I-V characteristics performed in dark (blue) and light (red) at 1820
W/m?. Gate voltage was varied from -0.4 to 0.6 V with a step of 0.2 V. Measurements
performed in 0.1 M NaCl solution (pH 7). (b) Transfer curve (dashed line) and associated

transconductance (solid line) with (red) and without (blue) light for Vp =-0.6 V.

The current increase is linear to the increase in irradiance (figure 4a and c). A linear
characteristic is a desired property of every sensor, as it allows to directly and
proportionally correlate output value to an input value (typically higher due to signal
amplification). Time characteristics of the transistor at constant drain and gate voltages (Vp
=-0.6 V, Vg = 0.5 V) and its current response to a change in irradiance (figure 4c) shows
that ON-state device response to light changes is very fast and takes only few seconds to
stabilize the drain current. However, OFF-state response is relatively slow and requires
much longer time, up to a couple of minutes. This is most likely due to the long time
required for the migration of Na" out of the channel, which when shifting to the “no-light”
mode is mainly diffusion controlled rather than driven by an increased gate current. Thus,

the preferred mode of operation in this case is detecting changes in light irradiance when
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irradiance increases from low values to higher values. Schematic of light-enhanced doping

is shown on figure 2d.
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Figure 4 (a) OECT current response to different light stimulation on poly(bithiophene)
gate. The distance between the light source and the electrode 2 cm. Drain voltage -0.6 V,
gate voltage step from -0.4 to 0.6 V with 0.2 V step. Data derived from I-V curves. (b)
Time characteristics (red) and gate current (blue) at fixed source-drain potential of -0.6 V

and fixed gate potential of 0.5 V with different light intensities.

One may think that the change in current can be related to light-assisted heating up
of small volume (500 ul) of electrolyte used in measurement. However a similar
experiment performed using silver wire as gate electrode shows no change in drain current

upon irradiation. Additionally, temperature measurement performed on the setup, showed
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an increase (AT) of 1.2 °C after over 5 min. of device operation at irradiation of 1820

W/m?>.

The production of OH forces Na* out of the PEDOT:PSS, resulting in a more
oxidized PEDOT:PSS (see figure 2d). This is because the electrolyte cannot have an
overall negative or positive charge. The extraction of Na’ continues until a new
equilibrium (between the reduction reaction on the gate and the electrochemical oxidation
reaction on the source/drain) is established, being the reason for the slow response when
changing light intensity up. Slower response when switching off the light is due to that a

new equilibrium has to be established solely by diffusion of Na* into the PEDOT:PSS.

The disadvantage of the presented sensor solution is constant requirement of
oxygen to perform ORR. During long operation times (depending on the geometry,
electrolyte volume and irradiation) of the device, it uses most of oxygen dissolved in the
electrolyte, resulting in drain current drop. Even when operating at room conditions, where
atmospheric oxygen is available, dissolution of oxygen into the electrolyte is sometimes
too slow. Oxygen depletion and device “starvation” can be considered the biggest
disadvantage of this device. Solution for this problem is to use micron scale gate electrode,

which “consumes” less oxygen while still (less efficiently) amplifying the signal.

Organic light sensing is only one possible application of this novel device.
Combining two or more OECTs allows the creation of opto-logic gates and optical circuits.
OECTSs have been employed to create logic devices and circuits before[33, 36] and a recent

study shows the application of ion transistors in logic gates.[37] Going one step further we
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have created opto-logic gates (figure 5) which can be used as opto-electronic interfaces.
The proposed circuits operate at very low voltages, making those devices excellent
candidates for portable and low-power applications. As mentioned previously, operating
OECT at high transconductance regimes is favorable for sensor applications, however for
logic gate applications the desired operation mode is at the highest Al in order to get
significant on-/off-state current difference. The measurements were performed at Vp = -
0.6 V and Vg = 0.6 V. Gate voltage was applied to preliminary de-dope the channel
material and get very low drain currents — logic state “0”. At Vg = 0.6 V upon irradiance of
1820 W/m? the Ip, values increase more than twice (figure 3a) — logic state “17”. Two light
sensitive OECTs have been connected in series (AND gate) and in parallel (OR gate)
(figure 5). Light from two similar light sources have been shone directly on the devices,
making sure that light from one device doesn’t interfere the other device. Those simple
circuits have proven to be great candidates for opto-electronic interface, where light is
converted into an electronic logic value. Results of this measurement are shown below. To
our knowledge this is the very first report of such an interface based on organic materials

and operating at very low voltage regimes.
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Figure 5 (a), (b) Schematics and logic tables and circuits used for opto-logic gates. AND
and OR gate respectively. (¢) AND gate response depending on optical input signal. (d)
OR gate response depending on optical input signal. Measurements were performed in 0.1
M NaCl electrolyte, ON-state was simulated with 1820 W/m? irradiance from Leica KL

2500 LCD lamp. Vp =-0.6 V and Vg = 0.6 V. Further explanation, working principles and
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mathematical equations for opto-logic gates can be found in supporting information (figure

S5 and corresponding text).

Different thresholds have been used for above gates. Further optimization can lead
to improved performance. Using different gate voltage values can bring current values to
similar level. Figure S5 in SI and related calculations show how to optimize operating
conditions. We have presented only basic opto-logic gate configurations, however it is
possible to build other logic gates. Going further and combing more of those devices can

lead to more complex opto-logic systems.

Conclusions

The implementation of the light sensitive conjugated polymer, polythiophene, into
the OECT platform has been successful and thus light responsive OECT devices has been
demonstrated. We have shown an organic light sensor that is cheap and relatively easy to
manufacture. The device operates at very low voltages (around 0.6 V) and shows a high
transconductance at low gate potentials (3.8 mS at 0.07 V) as well as high and linear light
sensitivity. An additional advantage of the presented device is its very fast response
(couple of seconds) to light. Using OECT for light sensing allows for miniaturization and
scalability of the device. To our knowledge, the presented device is the very first organic
electrochemical transistor for light sensing applications. Further it has been demonstrated
that it is possible to manufacture arrays of these devices and thereby their potential use in

opto-logic applications, where optical signals are converted to electrical signals.
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Here, two transistors are connected either in series (AND gate) or parallel (OR
gate) and act as a low voltage organic opto-electronic transducer. A large part of current
technology relies on electronics and electrical signals, optical signal in many cases have to
be converted into electrical signal for further processing. The developed device acts as
such an interface. Additionally to the presented applications the developed device can

potentially find use in other applications where opto-electrical interface is essential.

Materials and methods

Device fabrication

The fabrication process, similar to that reported previously[19, 38] including the
deposition and patterning of gold, parylene, and PEDOT:PSS. Source/drain contacts were
patterned by a lift-off process, using S1813 photoresist, exposed to UV light through a
SUSS MBJ4 contact aligner, and developed using MF-26 developer. 5 nm of chromium
and 100 nm of gold were subsequently deposited using a metal evaporator, and metal lift-
off was carried out in acetone. Metal interconnects and pads were insulated by depositing 2
pm of parylene C using an SCS Labcoater 2, using a silane adhesion promoter. A dilute
solution of industrial cleaner (Micro-90) was subsequently spin coated to act as an anti-
adhesive for a second, sacrificial 2 um parylene — C film. Samples were subsequently
patterned with a 5 um thick layer of AZ9260 photoresist and AZ developer (AZ Electronic
Materials). The patterned areas were opened by reactive ion etching with an oxygen
plasma using an Oxford 80 Plasmalab plus. PEDOT:PSS + 1 wt% GOPS in solution was
spin coated at 3000 rpm, and baked for 90 sec in 100 °C. The second layer of parylene
was peeled off with a subsequent rinsing in DI water and baking at 140 °C for 30 min.

Array of PEDOT:PSS channels with gold connectors is shown on figure S4 in SI.
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Polymer precursors 2,2’ -bithiophene (BTh) and were obtained from Sigma-Aldrich.
Ferric p-toluenesulfonate (Fe(III)PTS) in 40% butanol was supplied by YACOO Chemical
Reagent Co. Ltd. All materials were used without further purification. Oxidant solution
was cast onto substrate and spin-coated using a Laurell spin-coater at 1500 RPM for 30 s in
order to obtain a uniform thickness. Polymerization took place in a closed chamber at
atmospheric pressure and controlled temperature of 70 °C for 1 h, where the substrate
coated with oxidant was exposed to monomer vapor. Once the polymerization was done,
films were left to cool down to room temperature, rinsed with ethanol, and kept in ethanol
for around 12 h to remove excess oxidant and residual reduction products and other
impurities formed during the polymerization process. The whole procedure is described
elsewhere.[13, 39] Polybithiophene gate electrode was deposited on gold sputtered (around
15 Q) Mylar. Gold layer was used as a conductivity support for poorly conductive

polythiophene.

Electrochemical measurements — cyclic voltammetry and chronoamperometry

Material characterization was performed on Bio-logic VMP3 potentiostat in a
normal three-electrode electrochemical setup, where the distances between the electrodes
were kept constant. Titanium mesh and a saturated calomel electrode (SCE) were used as
the counter and reference electrodes, respectively. Measurements were performed in
aqueous solution of 0.1 M NaCl (pH 7.1). Cyclic voltammetry (CV) was then carried out
by continuously bubbling air or nitrogen through the electrolyte. All tests were performed
both under illumination from an external light source and in the dark. A Leica KL 2500

LCD was used as the light source. Measurements were performed at 50 mV s™' scan rate.
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Chronoamperometry tests were performed under the same conditions as for CV.
Constant of -0.4 V potential was applied between the electrodes. Chronoamperometry
measurements were run for total of 15 min., of which 5 first minutes were performed in
dark, following 15 min. under illumination of 2400 W/m?” and last 5 min. again in dark. Air

was continuously bubbled through the electrolyte.

OECT light sensor characterization

Sensor characterization was performed in 0.1 M sodium chloride (NaCl) aqueous
electrolyte (pH 7.1). Transistor characteristics were measured using a Keithley 2612A
Sourcemeter and customized LabVIEW software. I-V characteristics were performed by
sweeping source-drain voltage and measuring corresponding current. Voltage was swept
from 0 to -0.6 V with voltage step of 0.01V. This procedure has been repeated for different
gate electrode voltages, starting from 0 V and going up to 0.6 V with 0.1 V voltage step. I-
V measurements were performed in dark and upon light illumination on the gate electrode.
Light irradiance used in this measurement was around 1820 W/m?, produced by Leica KL
1500 LCD. Supporting information to this manuscript provides Leica light spectra (figure

S2) and Leica irradiance calibration (table S2).

Time characteristics measurement was carried out also using a Keithley 2612A
Sourcemeter, the drain-source voltage was kept at -0.6 V, at different gate potentials
ranging from -0.4 up to 0.6 V, with step of 0.2 V. Source-drain current (Ip) was measured
in dark, as well as at different irradiance, starting from 310, 490, 760, 1250, 1820 and 2000
W/m?. Transfer curve and associated transconductance were derived from I-V curves at Vp

=-0.6 V.
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Opto-logic gates characterization

OECTs have been connected in series (AND gate) or parallel (OR gate) (figure Sc
and 5d). Gate characterization was performed using 0.1 M sodium chloride (NaCl) aqueous
electrolyte (pH 7.1). Time characteristics measurement (opto-logic response) was carried
out using a Keithley 2612A Sourcemeter. The drain-source voltage was kept at -0.6 V, at
fixed gate potential of -0.6 V. Source-drain current (Ip) was measured in dark (closed), as
well as at 2000 W/m? irradiance (open). Light used in this measurement was produced by

Leica KL 2500 LCD.
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Table S1 Comparison of the parameters of tested transistors

Active Wsp Lsp Ac Rsp V¢l IVpl Em g/ W Zu/Vpl
. Electrolyte
material (um)  (um) (um?) Q) W) \2) (uS) Smh) @SvhH
PEDOT:PSS 0.IM NaCl 5,000 1,000 5,000,000 90 0.36 0.6 4,300 0.86 7,166.7
(big device) [0.47] [4,200] [0.84] [7,000]
PEDOT:PSS 0.1M NaCl 50 50 5,000,000 490 0.06 0.6 380 7.6 663
(small device) [0.25] [320] [6.4] [553]
PEDOT:PSS 0.IM PB 50 50 5,000,000 490 0.18 0.6 405 8.1[7] 675
(small device) (pH 11) [0.33] [350] [583]
PEDOT:Tos 0.1IM NaCl 4,000 100 5,000,000 1,200  0.27 0.5 63[55] 0.016 126
[0.35] [0.014] [110]
PEDOT:Tos 0.IM PB 4,000 100 5,000,000 1,200  0.21 0.5 76[62] 0.019 152
(pH 11) [0.29] [0.016] [124]

Values in the brackets “[ ] are values for light with irradiance of around 1800 W/m’shone from the distance of around 2
cm, values without brackets are values recorded in dark. Single value means that parameter is constant regardless light
irradiance. PB stands for phosphate buffer.

199




0.006

0.005

Abs/nm)

-, 0.004

©
o
o
o

0.002

0.001

Absorbance/thickness

O 1 1 1 1 1
330 530 730 930 1130 1330
Wavelength (nm)

Figure S1 Light absorption normalized to film thickness for PEDOT (blue) and

poly(bithiophene) (red).

UV-Vis spectroscopy was performed on glass-substrate samples using a Jasco V-670
spectrometer. Gathered spectra were normalized based on film thickness measured on

Veeco Dektak 150 profilometer to allow for direct comparison.
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Figure S2 Light profile produced by Leica KL 1500 LCD lamp.

Light emission profile for Leica KL 1500 LCD lamp has been measured using
OceanOptics USB2000+ real-time UV-Vis-NIR spectrometer and associated SpectraSuite

software.

Table S2 Leica KL 1500 LCD light irradiance and number of suns

o Suns at distance to the working electrode Irradiance (W/mz) at distance to the working
Leica light (cm) electrode (cm)
irradiance
1 2 5 10 1 2 5 10
Ivll 0.834 0.313 0.049 0.012 834.1 313.4 48.8 11.8
Ivl2 1.227 0.490 0.084 0.020 1227.5 490.0 84.2 20.5
Ivl3 1.730 0.762 0.139 0.031 1731.2 761.8 139.3 30.7
Ivl4 1.982 1.252 0.216 0.050 1983.0 1252.2 215.6 49.6
Ivl5 2.100 1.820 0.392 0.090 2101.0 1820.6 391.9 89.7
1vl6 2.225 2.002 0.505 0.116 2225.6 2002.4 505.2 115.7

Light irradiance of Leica KL 1500 LCD was measured using silicon photodiode. Intensity
has been measured at different light irradiance levels (Ivll — 1v16); changeable on Leica
front control panel; and at different distances between light output and the diode sensor.

Current from photodiode was recoded using multimeter, and later converted into respective
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number of suns and irradiance (W/m2). The conversion factor from current (UA) to
corresponding number of suns was 0.00131, as given by diode manufacturer. Later

conversion from number of suns to irradiance was done by multiplying number of suns by
1000.4 W/m*.[1-3]

¢ Al for OECT at VG =0.2V

M Al for OECT at VG =0.6 V

Al for two electrode setup, values :
divided by 20 .

0.0 1 1 1 1

0 500 1000 1500 2000
Irradiance (W m-2)

Figure S3 Sensitivity measurement. Ratio between current values under irradiation and in
dark (Al = Lijadiaton/Idark) for OECT at Vp = -0.6 V and Vg = 0.2 V (red) and Vg =0.6 V
(blue); and two electrode setup (green) with -0.6 V bias between electrodes; at different
light irradiance. Current values for two electrode measurement have been divided by factor

of 20 for comparison. Area of the electrodes was 5 x 5 mm.
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Figure S4 Array of PEDOT:PSS channels with gold connectors on glass substrate. The

patterning was made via photolithography techniques.

AND

—l——

OR

R . . I PEDOT:PSS
—_— Wiring

Figure S5 Schematics of two PEDOT:PSS channels connected in series (AND gate) and

parallel (OR gate) and their properties; cross-section area, length and conductivity.

While cross-sectional area and channel length are the same for both transistors (A} = Ap =

A; 1} =1, = 1), conductivity values can differ and are dependent on channel doping level
and light irradiance, hence

A A
G1=0'1T}Gz=0'27 (eq S1)

The overall conductance (G) for serial connection (AND gate) is given by equation
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—=—+—=—+— (eq S2)

hence

G =222 (eq S3)

o1+0;, l
Similar conductance equation can be derived for parallel connection (OR gate), where
G=G+G,=(0,+0)% (eq S4)

Above equations explain opto-logic gate behavior and the difference in obtained current

values (figure 5).
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General Conclusions and Considerations for Further Studies
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7.1 General Conclusions

This research project aimed to use well-known monomers for developing
conjugated polymers with improved properties and test them using the OECT platform.
During this work it has become clear that these “old” monomers and their polymers still
have plenty of scope for further development and for new applications in various, very

diverse fields.

Maybe the most important outcome of this thesis is the realisation of self-assembly
of conjugated monomers followed by polymerisation during a two-step vapour phase
polymerisation (VPP) procedure. The two polymerization steps responsible for the
formation of novel nano-structures have been known before, however this is the first time
that simultaneous occurrence have been shown to produce new features in these well-
known materials. The strategy has been shown to produce various nano-structures by
introducing minor changes in the VPP parameters and it is believed that the technique can
be further developed to produce much more well-defined structures than reported here —
both on the nano- and micro-meter scale. The templating effect of the firstly polymerised
layer, including the reduced oxidant, impurities etc., is believed to play a major role in the
development of the nano-structures and thus changing, controlling and even patterning the

template is key to successfully developing useful structures.

Maybe the most surprising finding wasn’t nano-structures themselves, but how one
of them, the nano-walls, can pose very different optical properties than known for
conventional polythiophenes. The waveguide experiment showed that some nano-walls can
act as efficient nano-waveguides and guide waves in the optical spectrum. In this type of
single-mode strip waveguide light travels through the polymer nano-wall material with
negligible loses. Loss in the light intensity can be as small as 0.7 pW/um, which is
equivalent to 1.4 %/pum. This is surprising as the same light is being absorbed by the
polymer film beneath the nano-walls when light is shone directly on/through it. From these
initial results, it could be an obvious advantage if nano-walls can be grown in a controlled

manner to create network of branched nano-walls, in which case light can travel not only

207



along single nano-wall but also split and travel in multiple directions. In some cases nano-
walls show significant light leak along it. It is believed that this can be explained by the
current non-uniform geometry of the wall as well as different refractive index between the
walls which lead to low coupling efficiency. The ability to guide light in nano-structures of
conjugated polymers is a new property for this group of materials and thus calls for a new
understanding of the structure/light interaction of the materials. It is quite obvious that the
development, control and further understanding of this phenomenon are requiring a
significant research effort in the future and needs to be approached in a logical and

systematic fashion beyond what has been possible in this thesis.

Cyclic voltammetry measurements performed to determine the electrochemical
properties show increase in redox activity of the nano-walls and that there is no significant
difference in the redox signature of the walls compared to other polythiophene materials. A
peak area ratio of 3.4 was found when comparing samples with walls (polymerised for 3h)
to samples without walls (polymerised for 30 min). It was found that the increased redox
activity, under the measured conditions, is largely linked to the increase in
electrolyte/polymer nano-wall area rather than the volume or height of the polymer nano-
walls. Electrochemical characterization performed on other nano-structured samples show
slightly different behaviour between the samples of differing morphologies. In most cases,
the overall shape of the cyclic voltammograms remains largely unchanged, except for
small shifts in the redox peak positions. Those shifts can be explained by differences in
chain and conjugation lengths between the films and difference in the diffusion conditions
close to the surface. The best performing material is still PBTTh with nano-walls, while the
nano-islands shows rather poor redox activity, even when compared to flat poly(bi-
terthiophene) films. It was mentioned before, that the enhanced redox properties of the film
with nano-walls can be attributed to the increase in active surface area that accompanies
the formation of the walls. For the same reasons it was expected that the PBTTh nano-
sheets sample would show even higher electrochemical activity due to the larger surface
area. This indicates that not all of the actual surface area is active, which may be related to
the much higher aspect ratio of the nano-sheets (~23:1 compared to ~24:7 for the nano-
walls), leading to too high resistance within the nano structure to contribute to the
electrochemical reaction. On the other hand the very low electrochemical activity on the

nano-island material, compared to the underlying PTh film itself, reveals that the nano-
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islands have very low electrochemical response and further block the ion diffusion from
the electrolyte to the underlying PTh film. Developed polythiophene materials have shown

to be potential candidates for applications in electronics, photonics and energy.

Newly created poly(bi- terthiophene) showed to have advantages over commonly
known poly(thiophenes), especially when it comes to light absorption. Poly(thiophenes)
are organic materials extensively used in solar cells, developed poly(bi- terthiophene)
absorbs visible light in much wider range than regular thiophenes. UV-Vis spectra have
shown that when mixing bithiophene and terthiophene together during polymerization, the
resulting film exhibits a wider absorption peak stretching over shorter and longer

wavelengths.

Looking for a competitive, cheap and easy prototyping technique that can compete
with ink jet printing and photolithography, but doesn’t require specialized and expensive
tools, we have developed efficient, fast and cheap way of manufacturing different
conducting polymer patterns on a wide range of substrates, including very porous and
flexible substrates. A laser patterning technique was developed for manufacturing organic
electronic devices based on newly developed materials and to test materials performance in
variety of applications using the OECT platform. Patterning that doesn’t require expensive
shadow masks and flexibility of pattern adjustment in engineering software (AutoCAD) is

a great advantage to the field.

The method has also proven to be efficient for patterning metal layers, where
conducting polymer serves as a sacrificial layer. The main limitation of the technique is
heat affected zone that reduces resolution of the pattern. The HAZ is the crucial parameter
that may be limiting for some applications and additional work needs to be done reduce the
HAZ. Currently, HAZ has been reduced to 30 um. Further improvement of the resolution

to industrial standards of around 10 um is of great interest.

Laser ablation technique has been used to gently remove and pattern conducting

polymer layer on breathable Gore-Tex membrane and build organic gas sensors for
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oxygen, sulfur dioxide, among many other possible gasses. Sensor proved to be relatively
sensitive compared to other commercial devices of this type and very cheap to

manufacture.

Lastly, findings made in Chapters 3 and 4 lead to development of novel light-
sensitive OECTs. Interaction between light and polythiophene for the oxygen reduction
reaction has been applied to use conducting polymers for light sensors and opto-electronic
transducers. PEDOT and polythiophene organic electrochemical transistor showed to be
very sophisticated, efficient and sensitive device for light sensing and quantification. The
polymers have been chosen in a way that the channel material can be easily doped or de-
doped and exhibits relatively high electrical conductivity, while the gate material can
absorb light and enhance the reduction of oxygen. Light shone on the gate changes the
doping state of the channel making the device the very first light gated OECT.
Additionally, developed opto-logic gates have proven to be suitable candidates for variety

of applications where optical-to-electronic interface is essential.

7.2 Future Work

Poly(bi- terthiophene) described in Chapter 3 showed enhanced absorption
properties. The chapter explains the mechanism responsible for creation of wider
absorption spectra in the material and tries to estimate chain and conjugation lengths of the
material as they are directly responsible for electrical conductivity and light absorption
properties. Quantification or even estimation of those two very important parameters in
conducting polymers is however a very challenging task. It becomes even harder when the
polymer is insoluble and the examined material consist of polymers with many different
chain and conjugation lengths, as it is in the studied system. Further understanding and
development of sufficient method to estimate or maybe even quantify chain and
conjugation lengths is necessary to be able to improve and tune VPP parameters, such as
time, temperature, ratio of the monomers to produce poly(thiophene) materials sensitive to
specific and very narrow light waves or to extend the absorption range in poly(thiophenes)

even more to sufficiently absorb all wavelengths from sun light. Creating material that is
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able to utilize the whole range of sun light and convert it to electric charge in solar cells,

would bring those devices to a new level.

When it comes to poly(thiophene) nano-structures, extensive study has been
performed to understand polymerization mechanism responsible for their formation.
Further on, the role of polymerization conditions has been studied in order to produce
different nano-structures with novel properties. However, further study is required to
understand even more of the mechanism and maybe to be able to obtain other structures
than those presented in this study, that may be of use for certain applications. Raman
spectroscopy and electrochemistry performed on the samples show increase in chain and
conjugation length in case of nano-structures compared to bare poly(thiophene) film. It
might be necessary to study this further and perform surface potential, electric force (EFM)
and capacitance measurements on the samples. All those measurements can be done at
Melbourne Centre for Nanofabrication (MCN). If there is a significant difference in
conductivity between samples and/or substrate film, EFM and surface potential should give

a good contrast.

Another task worth investigating is the crystal structure of the nano-structures.
TEM and XRD measurement should be helpful in this case. As seen from SEM images
nano-features have very ordered structure which is not common in conducting polymers.
Our previous attempt to remove single nano-walls, transfer it onto TEM grid and perform
measurement have failed, due to the lack of technique that allows to transfer objects on
nano-scale. However, procedure like that can be done at MCN allowing not only to transfer
nano-walls on TEM grid, but also transfer single walls on previously prepared substrate

with gold connectors to measure electrical conductivity in a single wall.

The highly ordered structure in nano-walls has shown to exhibit some unusual
properties. Poly(thiophenes) are known to be good light absorbents in visible range, this
property makes them good candidates for solar cells. However, nano-walls showed to be
efficient waveguides. Further investigation of this phenomenon is required to understand

the basics and be able to design the next generation of nano-waveguides.
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Previous attempt to remove nano-walls from the film showed how brittle are those
structures. Nanoindentation (PFQNM) is another technique which can be used to analyse
the created structures. PFQNM gives contrast of elastic modulus of the samples, and would
possibly give idea of elastic modulus of the thin film and how it compares to elastic

modulus of nano-walls.

Another possible direction for future study is to use the developed nano-structures
and find other possible applications. So far they have proved to be good candidates for
electrochemical and photonics applications. Performed study showed also that nano-
structures can affect hydrophobicity of the coating, either decreasing or increasing it. Brief
study; not presented in this work; have shown usability of the nano-structured materials for
cell growth. However, further experiments are needed to draw conclusions. There are
many other possible applications that have not been shown in this study. Developed nano-
structures have not been used in any device. It might be a good idea to make a prototype
organic electrochemical transistor based on those materials and compare its performance
with similar device where bare poly(thiophene) has been used. Due to presence of nano-
structures with enhanced properties it is most likely that those new devices will show
performance increase compared to devices where thiophene thin films without nano-

structures have been used.

Finally, the technique developed for fast and cheap prototyping of conducting
polymers has proved to be very useful and sufficient for manufacturing of conducting
polymers and other conductive layers. The main issue that still has to be addressed in order
to make laser ablation competitive with other techniques commonly used by industry is
reduction of heat-affected zone. HAZ is currently the main obstacle to improve the
resolution of the method. There are several possible directions that can be followed in
order to reduce HAZ. One way is to use cooling agents, such as distilled water as water
doesn’t affect the polymer. Water cooling is widely used in machining industry. It might be
possible to immerse sample in water bath and then try to laser it. Water should be a good

enough heat conductor and can help to reduce HAZ.
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The patterned sample can be precooled; for example using liquid nitrogen; and then
patterned as described in manuscript (Chapter 5). Lower preliminary temperature of the
sample will require more energy to be delivered in order to remove conducting layer.

However, it is expected to reduce HAZ.

Finally an alternative method is pulsed laser mode, normally laser pulses are used
to produce very narrow holes in the material (laser drilling) minimally affecting
surrounding area. Laser pulses efficiently vaporize and remove material under the laser

spot, delivering minimal amount of heat around it.

Laser patterning has been used so far to produce organic electrochemical
transistors, RFID circuits, pressure gauges and few other organic circuits. The possibilities

for new circuits are unlimited.

The light gated OECT have shown to be applicable for light sensing and opto-
electronic interfaces. The OECT light sensor has been optimized to some extent, however
further optimization might be possible. We have presented only basic opto-logic gate
configurations, however it is possible to build other logic gates. Going further and combing

more of those devices can lead to more complex opto-logic systems.

The biggest disadvantage of the presented device is oxygen ‘“‘starvation”. When
dissolved oxygen is consumed by gate electrode in ORR, and when diffusion of
atmospheric oxygen into electrolyte is slow, the drain-source current drops. Solving
oxygen starvation problem is challenging, however finding efficient solution will
guarantee uninterrupted operation for extended period of time. One solution requires
reduction of gate area. Smaller gate is expected to consume less oxygen, however scaling

down the gate will also affect its doping/de-doping effectiveness.
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7.3 Final Remarks

The study reported here showed how to apply nanotechnology techniques and
methods to redesign well-known and widely-used materials to gain new or improved
properties. Measurements show that the modified materials exhibit enhanced light
absorption, higher electrochemical properties, tunable hydrophobicity, higher surface area,
and several other properties that improved greatly compared with those of their traditional
counterparts. The established patterning technique proved to be cheap and easy to perform,
and was sufficient for prototyping simple devices, such as transistors, based on conducting

polymers or graphene.

Further studies are required to better understand the processes and physical
phenomena that are responsible for the processes described. This thesis gives a strong base
for another researcher or a future PhD student to continue this work and apply the

materials and techniques described here in next generation organic electronic devices.
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