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General Introduction

General Introduction

To make a long story short, organic electronics is a field of materials science that deals
with the design, synthesis and study of organic materials whose electrical properties are
interesting enough to consider them for technical applications. To give that same story
its fullest insight, we have to go through more than a half century of materials science
research, beginning with the discovery of conducting polymers, or rather the keen
interest that arose after the pioneering work of Hideki Shirakawa, Alan Heeger and
Alan MacDiarmid.

In 2000, these three researchers were awarded the Nobel Prize in chemistry “for the
discovery and development of conducting polymers” as they managed to increase the
conductivity of polyacetylene by 10 million times through doping.'? Actually, they did
not discover conducting polymers as partly evidenced by Naarmann’s conference talk
given in 1969.> The discovery of conducting polymers dates back from more than a
century ago with polyaniline, which was electrically insulating at that stage, but whose
conductivity was stated as early as 1967.%° Polypyrrole was also proved to be
electrically conductive as early as 1963.® But the real excitement behind conducting
polymers and the possible routes that they opened through organic electronics truly
begun with the Nobel Prize awardees’ discovery, that is the conductivity of
polyacetylene could be increased over several orders of magnitude.'? Was it because of
the dramatic increase in conductivity, because of the international collaboration
between Hideki Shirakawa (Tokyo, Japan) and Alan Heeger and Alan MacDiarmid
(Pennsylvania, Philadelphia), or because of the serendipity in their work (as at first
they were not interested in polyacetylene itself)? In any case, from that point, scientists
considered conducting polymers as “a new generation of materials which exhibit the
electrical and optical properties of metals or semiconductors and which retain the
attractive mechanical properties and processing advantages of polymers”. Conducting
polymers were then interesting in a “characterization” point of view due to their
“intermediary” position, as well as an “application” point of view as they opened the
route to “plastic electronic devices”.” Therefore studies mainly focused on the synthesis,
engineering and processing of conducting polymers with good electrical and
optoelectronic properties as well as the understanding of the charge transport

mechanisms.
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After some years of research, poly(3,4-ethylenedioxythiophene) (PEDOT) stood out
from the huge family of conducting polymers which were studied (polyaniline,
polyacetylene, polypyrrole, polythiophene, poly(para-phenylene vinylene) and their
derivatives) due to its interesting properties, high stability and processability. From all
the conducting polymers, PEDOT is probably the most known, it is commercialized
and is now present in numerous organic electronics applications such as anti-static
coating, hole injecting layer or active layer in organic light emitting diodes (OLEDs),

transistors, solar cells, electrochromic devices.

However, the fact that PEDOT is already present in those applications does not mean
that there is no room for further investigation, development of new materials and novel
applications. That is what we intended to achieve during this thesis by developing new
PEDOT materials, fully characterizing them, implementing new applications while
always comparing ourselves to the state of the art and the commercial PEDOT

materials.

Therefore, the first chapter will lay the groundwork with definitions of conducting
polymers, PEDQOT, its applications and its properties. We will try to understand why
such popularity around PEDOT, what makes it so special, what the existing and
potential applications are, in other words, why we directed this thesis through its

thorough study.

Subsequently, the second chapter will present PEDOT materials developed within our
group, as well as their interesting structure and electrical properties. This chapter is
basically showing the results which have been already published in part in the journal
Chemistry of Materials, in the article entitled : “Structure and dopant engineering in
highly conductive PEDOT thin films: practical tools for a dramatic conductivity

enhancement”. 1

The interesting electrical properties posed in Chapter 2 are also accompanied with
appealing optical properties as will be presented in Chapter 3. This combination of
transparency and high conductivity / low sheet resistance is strongly sought in
optoelectronics, especially for transparent electrodes. This is proved by already existing
applications and continuous research in this field as exposed in this chapter. We
however directed ourselves into a novel application for conducting polymers dealing
both with their optoelectronic and non-reversible thermoelectric properties for heat
generation, namely transparent heaters. Chapter 3 will hence focus on the study,

characterization and application of PEDOT as flexible transparent heater. This work

2
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has been published in ACS Applied Materials & Interfaces in 2017 under the title “All

polymeric flexible transparent heaters”.!t

The Chapter 4 will deal with thermodynamically reversible thermoelectric properties of
PEDOT. Indeed, PEDOT is also currently intensively investigated for its potential
thermoelectric applications for waste heat harvesting. As it will be shown in this
chapter, a high electrical conductivity is a requirement for a good thermoelectric
material, but not exclusively. We then investigated some properties that could make
our PEDOT materials good thermoelectric ones (namely the electrical conductivity and
the Seebeck coefficient), in order to optimize the power factor, a datum that provides

information on the thermoelectric efficiency of the material as it will be defined therein.

With the electrical, optoelectronic and thermoelectric properties exposed in this thesis,
we direct ourselves to the potential use in thermoelectric devices, transparent heaters
and/or transparent electrodes. Any practical application would certainly require a
stable functioning material. PEDOT is known to be stable. That does not mean
indefinitely stable and in all kinds of environments, especially for the newly synthesized
PEDOT materials presented in this study (along with commercial ones). In the last
chapter, we explored their ageing and stability when exposed to harsh conditions,
observed their degradation and attempted to unravel the mechanisms behind such

degradation.

This work will finally be completed with a general conclusion that will most likely show
the contribution of this thesis to the better comprehension of PEDOT based materials

and some of their applications.

An Appendix is also provided, resuming all the experimental methods and the

characterization techniques, as well as some references.
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Conjugated polymers, semiconductors and conducting polymers

This short review of the literature is expected to be slightly historical so that one can
understand the frame of the works. However, even if most of the synthesis methods and
transport or structure studies were previously used for earlier conducting polymers
before PEDOT development, we limited this work to the scope of PEDOT for the sake

of conciseness.

The purpose of this chapter is to introduce PEDOT, that electrically conductive
polymer that aroused, and still does, great interest in all fields of organic electronics’
applications. The mnotion of conjugated and conducting polymers is presented
hereinafter as well as that of PEDOT. Subsequently, progresses on the electrical
conductivity enhancement are reported and the origin of such improvement is
explained. An overview of the structure is given and finally the transport mechanisms
are presented. We purposely directed the work through elements that might help to
have a better understanding of the electrical, optoelectronic and thermoelectric
properties of the polymer films that we will develop hereinafter. Though the literature
presented dealt particularly with the electronic conduction and related aspects,
optoelectronic and thermoelectric properties of PEDOT will be presented in Chapter 3
and 4, the work being voluntarily chopped for the sake of clarity.

1. Conjugated polymers, semiconductors

and conducting polymers

1-1. m-electrons and conjugation

We begin with reminding few basics about semiconducting and conducting organic

materials.

Carbon atom’s electronic ground state configuration is 1s?2s?2p?. The valence electrons
are those available in the most external atomic orbitals 2s? and 2p?, the third 2p orbital
being unfilled. The system is however more stable with only half filled orbitals, if not
fully filled. Therefore, the appropriate electronic configuration is 1s?2s'2p® with one
valence electron per atomic orbital. When involved in the formation of covalent bonds
with surrounding atoms, the atomic orbitals 2s and 2p combine in order to evolve into
hybridized orbitals. Depending on the number of surrounding atoms, the carbon can be

sp?, sp? or sp hybridized.

10
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sp? hybridization (Figure I.1a): when the carbon is surrounded by four atoms,
the 2s orbital is hybridized with each 2p orbitals, resulting in four sp?® orbitals.
All valence electrons take part in o bonds constituted from the overlapping of
one sp® orbital with one neighboring one. The structure is tetrahedral and the

obtained molecule is three dimensional.

a. b. C.

sp? hybridization

sp? hybridization

sp hybridization

sp3 P, P, Py
2
sp sp
‘ )C‘ sp2 » CW
C
-,
sp3 y \ sp3 sp’ o Py Px
z
sp One nt-bond A 2" nt-bond
n-bond
2
-l cli>
o-bond . 3
Single bond Double bond Triple bond

Figure I.1. Diagram summarizing the orbital hybridization in carbon atoms.

a) sp® hybridization. b) sp? hybridization and c¢) sp hybridization.

sp? hybridization (Figure I.1b): when the carbon is surrounded by three atoms,
the 2s orbital is hybridized with two of the 2p orbitals, resulting in three
sp? orbitals and one 2p, orbital. Three o bonds are created by overlapping a
sp? orbital with a neighboring orbital and the remaining 2p, orbital is
perpendicular to the plane of the o bonds. Especially if two sp? hybridized
carbons are close, 2p, orbitals overlap to create a weaker m bond from both sides
of the stronger bond. The pair created by the o and m bonds is described as a
double or conjugated bond while the sole o bond is called a single bond. Single
bonds are longer (0.154 nm) than double bonds (0.134 nm). The structure is

planar as well as the obtained molecule, which is unsaturated.
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- sp hybridization (Figure I.1c): the 2s orbital is combined with only one of the
2p orbitals, hence giving two hybrids sp orbitals and two 2p orbitals. Therefore
if two sp hybridized carbons atoms get close, a o bond and two m-bonds are
created between them, which constitute a triple bond. The structure is linear

and so is the obtained molecule which is unsaturated.
1-2. Conjugated polymers

X
n
trans-polyacetylene

7 N\ 7\ 7/ \

cis-polyacetylene

s. / 2\ s
\ /S \ /I,

polythiophene

/ \
N In
polypyrrole

Figure 1.2. Some examples of conjugated polymers.

According to The Free Dictionary, a polymer is “a naturally occurring or synthetic
compound, (..), that has large molecules made up of many relatively simple repeated
units”.! A conjugated polymer is a polymer characterized by a backbone chain of units
containing m electrons. The p-orbitals overlap and create a system of delocalized
n-electrons. Some examples of conjugated polymers can be found in Figure 1.2. The
delocalization of m-electrons can be understood as a railway for m-electrons, which do

not belong to only one carbon atom since each carbon atom can create m bonds with

Uhttp://www.thefreedictionary.com/polymer
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Chapter 1. Literature review on PEDOT materials

one of its neighbors independently. Therefore, p orbitals are overlapping and electrons
are delocalized.'*'® Due to defects that can occur along the chains, the delocalization
occurs on a certain number of monomer units and that limited delocalization space is

called a conjugation length.

1-3. Semi-conducting polymers

In saturated polymers (all carbon atoms are sp?® hybridized), the atomic orbitals merge
into molecular ones and quantum physics predicts the arrangement of the energy levels
into 0 bonding and o* antibonding states. Energy bands are created and the gap
between the filled valance band (o bonding) and the empty conduction band
(o* antibonding) is too high, typically higher than 6 eV, which renders the polymer

insulating.!

Energy

Vacuum
™ (LUMO)
EA
n* (LUMO)  ————— CB IE
T (LUMO)
¥ (LUMO)
it (HOMO)
t n(HomoO)
n (HOMO) 1 "ll VB
nt (HOMO) T V_

=l e

Ethylene Butadiene Octatetraene Polyacetylene

Figure 1.3. Band structure building in conjugated polymers. Reproduced after'.

In conjugated polymers, quantum physics also predicts the formation of m bonding and
m* antibonding states after the creation of a molecular orbital from the p atomic
orbitals. These states are respectively the highest occupied molecular orbital (HOMO)

and the lowest unoccupied molecular orbital (LUMO). The longer the chain becomes,

13
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the more states are created within these states and the energy gap between the HOMO
and the LUMO decreases (Figure 1.3). When the chain becomes long enough
(supposedly infinite) the molecular orbitals are so close that discretization ceases and
energy bands are created, a completely filled valence band (VB) whose highest energy
is the HOMO and a completely empty conduction band (CB) whose lowest energy is
the LUMO. The energy gap between the HOMO and the LUMO is comprised between

1 and 4 eV, hence rendering conjugated polymers semi-conductors (Figure 1.4).15

a. M

polyetylene
AN 1O R
' n N I S In
H
polyacetylene polypyrrole polythiophene

(@)
| o %
@ —
\
@ |
/
| o
7 D%
- N

doped polythiophene

Figure 1.4. The difference between insulating polymers (saturated) (a), conjugated
(semiconducting) polymers (b) and conducting polymers (c), as reproduced from
Evans et al.'

Electronic conduction is achievable if electrons are easily extracted from the HOMO
(low ionization energy (IE)) or easily injected in the LUMO (high electron affinity
(EA)). Given the delocalized m-electrons in semi-conducting polymers, m-electrons can
efficiently be injected (reduction) or extracted (oxidation). Therefore, semi-conducting

polymers can be doped, charges carriers created and charges’ conduction favored.

14
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1-4. Conducting polymers

Doping in semiconducting polymers consists of the introduction of an electron (injected
electron) or a hole (extracted electron) in the polymer chain. With the presence of such
a charge within the m-system, a local deformation of the conjugated chain occurs in
order to reduce its energy. The charge is then localized around the deformation of the
chain. This defect, namely the coupling between the charge and the deformation, is at
the origin of the conduction mechanisms in semi-conducting polymers. The defect
appears as an alternation of simple and double bonds on some units around the charge
and differently from the rest of the chain. Depending on the polymer, the system can

be degenerated or not.

a. Degenerated system

/////n._./(/\/\/\/\/\/ﬁ,

+

N NDNFA

n

Upon doping S + P

\ /o

The two solitonsremain independent

b. Non-Degenerated system

DA % =\ s [~
s” "\ / s s” (_J s

Aromatic Quinoid
. l :
Upon doping Polaron
L J
Bipolaron

Figure [.5. Charge carriers in degenerated and non-degenerated systems, reproduced
after'.
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The only degenerated system is trans-polyacetylene as represented in Figure 1.5. The
defect delimits two zones with differently alternating single and double bonds. The
permutation of the bonds all along the chains does not alter the energy of polyacetylene
and the charge carrier is called a soliton in physics (radical ion in chemistry) because it

is similar to a wave that can propagate without deformation and dissipation.'”

If the system is non-degenerated, the permutation of the bonds in the polymer changes
its energy. Indeed, if a charge is introduced in polythiophene (Figure 1.5) which has a
benzenoid structure, a local deformation is induced with a quinoid structure and
expands on some units. The polymer recovers its benzenoid structure from both sides of
the defect in order to lower its energy. The defect is called a polaron (or radical ion). If
another charge is injected, it will preferentially get localized around the deformation in
order not to increase the energy of the polymer chain. This new defect is called a

bipolaron (radical dication).

CcB CcB CcB CcB CB

¢W J AEbPe =
B B B
VB VB

VB VB

Energy

Polaronic band
Bipolaronic band

<
@

2 AEPo! > Abirel

Figure 1.6. Band structure in conjugated polymers. From left to right: neutral,
1 polaron, 1 bipolaron, polaronic band and bipolaronic band.*®

The nature of the defect, polaronic or bipolaronic, can be assessed through electron
paramagnetic resonance spectroscopy (EPR) which detects the presence of unpaired
electrons in solids. Polarons possess a spin of %% due to the unpaired electron while

bipolarons possess no spin.**%
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The introduction of defects in the semiconducting polymer film corresponds to the
apparition of states in the band gap. With increasing doping levels, these states overlap

and create soliton, polaron or bipolaron bands within the band gap (Figure 1.6).'"

1-5. Optical properties in conducting polymers

With an energy gap between 1 and 4 eV, semiconducting polymers can absorb light in
the ultraviolet, visible and near infrared regions. Therefore, UV-Vis-NIR spectroscopy
has intensively been used to assess the doping state of the conducting polymers as well
as the electronic processes that occur in the doped and un-doped states and the nature
of the charges. If the energy gap is greater than 3 eV, the semiconducting polymer is
transparent. When doped, charges (solitons, polarons or bipolarons) appear in the band
gap (Figure 1.6) and the obtained conducting polymer highly absorbs in the visible
region. On the other hand, if the energy gap is small (typically 1.5 eV), the un-doped
polymers absorbs the visible light whereas it will be transparent when doped.'® Such
characteristics has made the use of conducting polymers in electrochromic devices

appealing? .

1-6. Disorder in conducting polymers

Conducting polymers are inherently disordered materials. In fact, the material is
constituted with polymer chains with various lengths, defects non-uniformly distributed
within the chain, thus various conjugation lengths (the effective distance whereby the

electrons are delocalized along the chains).

T - interactions between chains can give rise to weak Van der Waals forces so that
polymer chains are more or less well stacked. The overall materials then have
crystalline domains whose size can reach tens of nm and amorphous domains, as
illustrated in Figure 1.7.2%%% In such disordered materials, the charge transport is high
along the chains, moderate between the chains and low between the lamellar planes
(Figure 1.8).% Also, the chains can be randomly oriented through the x, y or z axis.
We can easily understand that transport properties would be optimized in the case of
Figure I.7a rather than Figure 1.7c. In fact, it is commonly thought that a high carrier
mobility is linked to the degree of order and the relative stacking between the chains.
Both high carrier mobility and/or efficient intra-chain transport are therefore sought in

order to optimize the transport properties in conducting polymers.
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J

Figure 1.7. Schematic structure of polymers with different disorder levels. a) Very
ordered, b) disordered aggregates and c) completely disordered. Depending on the
density of the polymer, long chains (highlighted in red) can connect ordered regions
(darker orange ones) without significant loss of the conjugation length. Reproduced
after®.

As enlightened by Anderson, lack of crystal symmetry and lack of long distance order
induce localization of the charges’ wavefunctions so that charge transport is only
possible through quantum mechanical jumps from a localized site to another.””

Transport in conducting polymers can be different from that in metals or classical

semiconducting materials.

lamellar-stacking:

slow charge transport
aggregating polymer, e.g. PBTTT
chain backbone:
fastest
charge
transport
n-stacking:
fast charge
—— »” transport
CiaHog
blue region indicates planar,

conjugated backbone participating

. F ’ substrate
in ordered/aggregating regions

common edge-on,
packing motif

Figure I[.8. Fast, moderate and slow transport along the chain backbone, the m-n
stacking and the lamellar stacking respectively in conducting polymers. Reproduced

after®.
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1-7. Transport properties in conducting polymers

The electrical conductivity o of a material is given by Equation 1.1:
0 = nep (I.1)

With n the charges carriers’ density, e the electronic charge and p the mobility of the

charges.

In metals, the band theory predicts no band gap between the highest occupied energy
level and the lowest one. Therefore, electrons can be easily excited to unoccupied state.
Without thermal energy at T = 0 K, the highest occupied energy level is called the
Fermi level and there is no sharp distinction between occupied and unoccupied states.
Above T = 0 K, more and more electrons are excited into higher unoccupied states,
which would lead to an increased electrical conductivity. This is however not the case
since the increase number of excited electrons is compensated by their thermal motions.
Collisions between electrons and atoms hinder the charge transport so that the
mobility u is decreased, and therefore the mean free path, as well as the electrical
conductivity o (Figure 1.9). The conductivity does however not decrease indefinitely
and the minimum metallic conductivity compatible with a minimum free path is called

the Mott-Ioffe-Regel limit (see Figure 1.10).
o
\
/\
/
a
T

Figure 1.9. Temperature dependence of conductivity from a semiconductor to a metal:

a) semiconductor, b) & c¢) semiconductor or disordered metal with metallic behavior,
d) metal.
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A different mechanism is observed in classical semiconductors (Figure 1.9). At
T = 0 K, the band gap between the valence band and conduction band does not allow
the extraction of charges. Above T = 0 K, more and more valence electrons are excited
into the conduction band and n increases. As the density of charge carriers is lower
than in the case of metals, collisions do not hinder the transport mechanism and the

electrical conductivity increases with temperature.

Insulators Conjugated polymers Metals

1020 101° 108 100 102 106

Quartz Diamond  Glass Silicon Indium/Antimony Graphite Copper
Critical Conductivity

cm?

regime

Crystalline
MIR® Mmetals

Ln(T)

Anderson

Localization __
- o
1.‘-I Dis‘ed q.

"W = Reduced activation energy
"MIR = Mott loffe Regel Limit
= Minimum metallic conductivity compatible with a minimum free path limit

Glassy metals

Figure 1.10. Scheme representing the place of conjugated polymers between metals,
semiconductors and insulators. Examples of materials are given as function of their
electrical conductivity. The inset corresponds to conducting polymers and schematizes
the different transport regime that can be found around the critical regime of the
insulator to metal transition.

Contrarily to classical semiconductors in which charges carriers’ density n increases
with temperature as more and more electrons are excited, in conducting polymers the
density is constant (solitons, polarons and bipolarons). Above T = 0 K, the mobility of
the charge carriers is increased due to thermal motion and so is the electrical
conductivity. In highly disordered materials, the Anderson localization predicts the

absence of diffusion of the charges all over the material and the localization of their
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wavefunctions. Based on this theory, Mott’s variable range hopping (VRH) theory gave
a first insight of transport mechanisms in strongly disordered semiconductors. Such
model states that the transport of charges is function of the distance between two
localized sites and the difference between the associated energies.?** Thus in
conducting polymers hopping between two localized states occurs when the thermal
vibration of the chain changes the energy of these states. The mobile charge (soliton,
polaron or bipolaron) hops from a site to another. This hopping is possible if there is no
charge in the terminal site, and if there is a fixed charge nearby (the counter-ion) as
there is a strong coupling between the mobile and fixed charge. The conductivity is

given by Equation I.2:
.
To\n
oyru(T) = op exp l— (?0) +1l (1.2)

With o, characteristic of the overall conductivity, Ty related to the activation energy
(depending both on the physical distance and the energy barrier between two sites) and
n the dimension of the conduction. When n decreases, some directions are favored,

meaning that a certain order/anisotropy has appeared.

This hopping model describes the behavior of semiconductors in the left side of the
Anderson localization in Figure 1.10, but is however not totally satisfactory as it cannot
explain the relatively high conductivity (> 10 S cm™) or some metallic behavior in
conducting polymers like highly doped polyacetylene or PEDOT.?*3% In 1980, Sheng
revisited the hopping model and proposed a model called fluctuation induced tunneling
inspired from his previous charging-energy-limited tunneling.** The charging-enerqy-
limited tunneling model was developed for granular metals dispersed in a dielectric
matrix. Contrarily to Mott’s VRH, the charge carriers are thermally activated and an
electron is removed from a neutral grain and injected to another neighboring neutral
grain via tunneling. For semiconductors, Sheng inferred that transport was dominated
by charge transfers between large conducting segments rather than hopping between
localized states. Thermal vibrations were thought to induce energy fluctuations
between two close segments of the polymer which were highly doped so that tunneling
of the charges could occur. Such model, given in Equation 1.3, could explain the
metallic behavior noticed in polyacetylene and which was contradictory to the negative

resistivity coefficient typical in nonmetallic systems (as the conductivity increases with

temperature).

T
Osheng(T) = s exp (— 1) (13)
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Where og, T; and T, are constant parameters, and , T; and T, the tunneling

temperatures dependent on the barrier geometry and energy.

VRH Vs tunneling

a. _\/l‘/. b. /ﬂh

7d 7 N\ ,
O F = ="
@ —

After hopping
The charge carrier is never
far from the dopant

\ T~ Polymer chain

\__/.

o //_\,\.\\ Polaron/ bipolaron
7 /‘\\_ . Counter-ion

[ S e

Polaronic/ bipolaroniccluster

Tunneling

Figure I.11. Schematic representation of the variable range hopping model (a) vs the
tunneling model (b). Due to the disorder, Anderson localization predicts the
localization of the charges carriers’ wavefunctions. While charges are strongly

delocalized in the first place, inducing VRH, a less pronounced disorder in the second

case results in charges that are close enough to induce a local delocalization, the
formation of more densely charges zones (polaronic and bipolaronic clusters) and
therefore another transport mechanism.

In 1994, Zuppiroli and coworkers, inspired from the fluctuation induced tunneling
model, enlightened the arrangement of charges that could lead to such a model. They
showed through calculations and temperature dependence conductivity measurements
that transport does not occur solely from hopping between single polarons and
bipolarons along the chains. Instead, polaronic clusters dispersed in the polymer matrix
are created, and similarly to Sheng’s model, hopping can take place between two
strongly doped polaronic clusters separated by less doped domains. At T = 0, charge

carriers stay in the vicinity of the dopants from which they originate. Above zero
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temperature, hopping depends both on the probability of creating an excited state from
an extra electron from one cluster and an extra hole from another, and the probability

for the tunneling between clusters (Figure 1.11).

Another school of thought was more responsive to the metallic features in some heavily
doped conducting polymers. Their temperature dependence of conductivity had a finite
value at zero temperature and sometimes depicted a negative slope (Figure 1.9 and
Figure 1.12). Their temperature dependence of thermopower showed a linear behavior,
typical of metals (Figure 1.12). No energy gap was visible with optical spectroscopy
techniques in highly doped polyacetylene. Moreover, it was shown that the counter-ions
in the polymer film were spatially removed from the conduction path and that m-m

%6 Therefore,

interactions were strong enough to avoid localization of charges.
polyacetylene was described as an anisotropic metal in which the charge density is high
enough to create the overlapping of their wavefunctions on long distances and the
coupling between the dopant and the charge is weakened. Other polymers such as
PANI and PEDOT were also reported to depict such metallic behavior.”® In such
systems, charge transport is similar to that of metals, namely free charges diffusing in
the polymer matrix. These are usually very conductive polymers with a high degree of

order and a high doping level, following the conductivity law in Equation 1.4.%
Tm
Ometal = Om €XP (T) (1'4)

Where o, is a constant parameter and T, represents the energy of the phonons that

can backscatter the charges.*
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Figure 1.12. a) Typical metallic thermopower in Zr-Ni alloy. b) Approximately linear
thermopower in doped polyacetylene. ¢) Temperature dependance of conductivity in
doped polyacetylene. Reproduced after?.
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Simply put, as summarized in Figure [.10 and Figure 1.11, in disordered conducting
polymers, charges are localized and transport is facilitated by hopping from a site to
another. In more ordered polymers, polaronic clusters (in crystalline domains or
disordered chains) are found and tunneling can occur between two highly doped
segments separated by less doped ones. In heavily doped or very well ordered
conducting polymers, coherent transport can occur without the coupling of charge
carriers with the counter-ions. Hence, depending on the disorder or the degree of
doping, transition from insulator to metal can be observed.’”** This metal-insulator
transition can be assessed through the reduced activation energy W(T) in Equation 1.5,
which increases (respectively decreases) in the metallic (respectively insulator) regime,

as illustrated in Figure 1.10.%

__d[In(0)]
W(T) = G (L5)

Actually, these are not the sole models for conducting polymers. The transport
mechanisms may differ from one polymer to another and several theoretical approaches
were led for different conducting polymers. These three models however give a first

insight of the different transport mechanisms that can occur.

1-8. Mechanical properties

Due to the m-m interactions between chains, polymers are rigidified, but they stay
flexible when deposited into films. Conducting polymers are generally poorly insoluble.
That hinders their processing and alkyl chains or solubilizing agents are needed to be
added to their backbone or to the counterion.'? When dispersed in a solution, they tend
to aggregate due to the Van der Waals interactions between the chains and surfactants
are needed to be added.'”® Nonetheless, when deposited as films, despite their high
degree of disorder, m -1 interactions between chains favor a local ordering so that the

polymer is robust and semi-crystalline.

2. The breakthrough of PEDOT

2-1. From conducting polymers to PEDOT

Polyacetylene is the first conducting polymer reported with conductivities exceeding

10° S em, close to that of copper, and transport properties similar to that of a metal.®
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It is however air-sensitive and not processable, hence not appropriate for industrial
applications.” Regarding the lack of stability of the m -electron system in the doped
state, strategies to solve the issue include the addition of electron donating heteroatoms
such as nitrogen (N) or sulfur (S) either in the main chain or as carbon substituent in
the cycles. Researchers have then turned their attention to polyaniline, polypyrrole and
polythiophene

(Figure 1.2)."%2 Polyaniline is low cost and can be obtained in bulk amounts. However,
aniline which is the precursor of polyaniline is known to be a hazardous compound for
human health and environment. The benzidine moieties that appear upon degradation
are also toxic, so that polyaniline is not preferred for practical applications. Polypyrrole
is the first heterocyclic polymer whose electrical conductivity has been reported. ¢* It
also has been used as anode in capacitors.”” However, its toxicity, high vapor pressure
and strong color delayed the researches for its industrial applications. Polythiophenes
are environmental friendly with interesting conductivities.*® They are unstable, infusible
and insoluble, the same way as all doped conducting polymers, but more stable

derivatives can be developed.*

S S
N/ \ /
N __/
MDOT EDOT

PEDOT
Figure 1.13. a) Methylene dioxythiophene, b) 3.4-ethylene dioxythiophene and c)

poly(3,4-ethylene dioxythiophene).

In the search to stable conducting polymers that are relevant for industrial
applications, the German Bayer Central Research Department has been highly active.
When their first attempts to stabilize polyacetylene failed and their works on
polypyrrole were aborted, they focused on monoalkoxy and 3,4-dialkoxy substituted
thiophene in order to increase the stability, and on bicyclic rings structures in order to
decrease the steric hindrance associated.” Their first efforts on the synthesis of
3,4-methylenedioxythiophene (MDOT, see Figure 1.13) was unsuccessful as they did

not manage to isolate a workable amount of the monomer. Subsequently, they focused
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on 3,4-ethylenedioxythiophene (EDOT), whose success was immediate. After
polymerization with iron(IIl) chloride, the obtained poly(3,4-ethylenedioxythiophene)
(PEDOT) appeared as a breakthrough in conducting polymers, since it is stable in its
doped state and depicts conductivities up to 200 S cm™. #2546 The synthesized PEDOT
straightforwardly found applications in capacitors.”” After the first oxidative
polymerization of PEDOT reported by researchers from Bayer Ag in 1988, they also
investigated the first electro-polymerized PEDOT the same year.*

The conductivity of PEDOT was interesting and it was air and water stable. However,
chemically synthesized PEDOT is black, insoluble and infusible while electrochemically
synthesized PEDOT can only be formed on conductive substrates. An alternative
processable solution was strongly expected. Bayer’s engineers found it shortly after
during a collaboration with engineers from Agfa, who were researching on new
antistatic coatings for their photographic films. As a matter of fact, the available
material they used as antistatic coating, namely the sodium salt of polystyrene
sulfonate) (PSSNa), suffered from humidity dependence of its conductivity. Oxidizing
EDOT with persulfates and polymerizing in the presence of PSS in water, they
obtained an aqueous dispersion of PEDOT stabilized with PSS~ as counter-anion, and
which showed high stability.” Subsequently, PEDOT:PSS, and PEDOT in general,

became interesting as an industrial material as well as an academic one.

2-2. Importance of PEDOT: industrial applications

Since its first year of discovery, PEDOT found applications as cathode in capacitors
and antistatic coating in  photographic films.**" Not long after, their
electroluminescence was demonstrated and OLED using PEDOT as active materials
were developed.’®®! Organic photovoltaics and transistors are not outdone and PEDOT
is used as hole injection layer, active layer, buffer layer or electrode in OPV, OLED,

transistors and electrochromic devices.?'*

In parallel to the different applications of PEDOT that have emerged through the
years, intensive research on the spintronic, electrochromic, and thermoelectric
properties of PEDOT are a fair perception of the tremendous importance it has gained
since its first synthesis in 1988. PEDOT is present in many products used in modern
life and continues gaining interest due to the emergence of plastic, soft and flexible

electronics®°%:
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3. Synthesis of PEDOT

PEDOT is not the first synthesized polymer. Its development benefitted therefore from
all the expertise already accumulated from the first developed polymers. The
techniques that will be presented hereafter were previously already used for other

polymers, but we limited ourselves to the scope of PEDOT for the sake of conciseness.
PEDOT can be synthesized through three main polymerization reactions:

- Transition metal-mediated coupling of dihalo derivatives of EDOT

- Electrochemical polymerization of EDOT-based monomers

- Oxidative chemical polymerization of EDOT-based monomers

Only the latter one has been carried out during the thesis and will be developed
hereinafter. The interested reader can refer to more specialized articles, reviews or

books., 12:44.55

3-1. Transition mediated coupling of dihalo derivatives
of EDOT

In the synthesis routes that will be presented hereinafter, PEDOT is mainly present in
its more stable oxidized p-doped form and is hard to de-dope due to the stabilizing
effect of the electron donating dialkoxy groups. Regarding the interest to study the
neutral PEDOT, Yamamoto et al. carried out polycondensation of 2 5-dichloro-3,4-
ethylenedioxythiophene, following Figure 1.14." The dark purple product was however
not soluble and therefore not amenable for molecular weight calculations, similarly to
other doped PEDOT.

L5\
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S S n

Figure 1.14. Dihalogenation polycondensation for neutral PEDOT synthesis.
Reproduced after®.
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3-2. Electrochemical polymerization of EDOT-based

monomers

PEDOT can be electrochemically polymerized in a three electrode cell containing an
electrolyte (such as PSSNa or water), the monomer (EDOT or EDOT derivatives) and
the oxidant which can be added in the form of salts. PEDOT is formed on the anode’s
surface, commonly used ones being indium tin oxide (ITO) and Au.® This method
needs only a small amount of the monomer, the reaction is fast and both supported
and free-standing films can be obtained. The obtained product is transparent-blue with

conductivities up to 780 S cm™.??%

3-3. Oxidative chemical polymerization of EDOT-based

monomers

Only routes using the EDOT monomer are presented hereinafter. Roncali et al.

reviewed various synthesis methods for EDOT-based systems.?
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Figure 1.15. Proposed mechanism for the synthesis of PEDOT:Tos as reproduced from
Mueller and coworkers* work.!

PEDOT can be polymerized from the monomer EDOT, which is commercialized.
Iron (III) complexes were proved to be efficient oxidants since the standard electrode

potential of the cation is high (0.77 V).'* They also provide the counter-anion to
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stabilize the oxidized PEDOT as well."® Iron complexes that can be found in the

literature are:

Iron(I1I) chloride (FeCls)

Iron(IIT) para-toluenesulfonate or tosylate (Fe(Tos)s)

Iron(I1T) camphor sulfonate (Fe(C7H704S5)s

Iron(IIT) methanesulfonate (Fe(CH3SOs3)s)

Iron(III) trifluoromethanesulfonate or triflate (Fe(OTf)s)

The most commonly used in the literature is Fe(Tos)s, which is even commercialized in
a solution ready to use for the synthesis of PEDOT (Baytron C from HC Stark). The
polymerization mechanism, although not fully understood, can be described as in

Figure 1.15:186!
- (1) Fe(III) oxidizes EDOT and is reduced to Fe(II)

- (2) Two oxidized EDOT combine into an 2-EDOT dimer which is further

deprotonated by surrounding water molecules

- (3) Steps (1) and (2) are repeated in order to form polymer chains. Remaining
Fe(IlI) ions dope the formed PEDOT and Tos ions are inserted as counter-
anions in order to stabilized the doped PEDOT.

Several oxidative chemical polymerization methods can be found in the literature. The
most classical one, introduced with the first synthesis of PEDOT by Bayer AG in 1988,
consists of introducing oxidizing agents in a mixture of the monomer and a solvent. A
dark and insoluble product is precipitated. It is insoluble and infusible, and therefore
not processable. Conductivities of some tens S cm?! were first reported.” In 2001,
Hohnholz and coworkers revisited this method by suspending substrates in a beaker
containing the polymerization mixture so that polymerization occurs at the interface

with the substrates.?? This lead to the film formation of PEDOT.

29



Synthesis of PEDOT
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Figure 1.16. Chemical structure of PEDOT:PSS

In 1990 a second processable method was introduced by the same company, as stated
in section 2-1. EDOT is polymerized in an aqueous polyelectrolyte solution (typically
PSS) in the presence of Na»S;0s as the oxidizing agent. PEDOT is then stabilized by
the counter-anion PSS and the blue dispersion resulting from that reaction, namely
PEDOT:PSS whose structure can be found in Figure 1.16, is processable so that thin
(~100 nm) to thick (> 1 m) films can be deposited. The mechanically robust,
transparent (depending on the thickness) and insoluble film has a high intrinsic
conductivity up to 10 S ecm! which, through decades of research, was improved up to
4839 S cm™.%® Moreover, it is commercialized so that several applications were able to

emerge.

In 1994 a third polymerization method suitable for surface films formation was reported
by de Leeuw and coworkers since the commercially available PEDOT:PSS did not
reach conductivities exceeding 10 S cm! at that time.* A solution containing n-butanol
as a solvent, Fe(Tos); as an oxidant, EDOT as the monomer and imidazole as a base
inhibitor was spin-coated on a glass or plastic substrate. Polymerization occurred when
the deposited film was heated up to 110 °C. The black, insoluble and infusible film
obtained after rinsing with water and n-butanol exhibited conductivities up to

550 S cm™.% This method did however not allow reproducible and homogeneous films.

In 2004 Winther-Jensen et al. reported a new oxidative polymerization route with
conductivities exceeding 1000 S cm™.% That vapor phase polymerization (VPP)
consisted of exposing a surface covered with a mixture of Fe(Tos); as the oxidant and

pyridine as a base to EDOT vapors (Figure 1.17).5% Winther-Jensen and coworkers
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noticed that EDOT could participate in an acid initiated polymerization, whereby a
partially conjugated polymer was formed, which leads to short conjugation lengths. The
addition of a base is therefore of interest in order to prevent unwanted acidic side

reactions. As a consequence, they added pyridine in the VPP chamber.
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Figure 1.17. a) Vapor phase polymerization principle (VPP). b) VPP chamber, as
reproduced from Murphy and coworkers’ work.® Vacuum VPP is a variant that has
the advantage to allow working with bigger chambers (the even distribution of the

EDOT monomer being easier) so that large areas substrates can be used.® b)
Another quite similar principle (chemical vapor deposision_ CVD) principle as
reproduced from Gleason and coworker’s work." It is slightly different from VVPP.
In here, no solvents are used and the oxidant is heated in the crucible that faces the

substrate on which EDOT is adsorbed.

They further developed de Leeuw’s solution-cast polymerization (SCP) method in
2005." Actually, de Leeuw and coworkers primarily added imidazole as a base to
control the speed of polymerization as stated hereinbefore. However, the polymerization

does not start before the removal of imidazole which required high temperature heating
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(> 105 °C). Moreover, imidazole builds ligands with Fe(IIl), hence leading to the
formation of crystals in the film. By using pyridine instead of imidazole and by
controlling the acidity of the oxidative solution, good film forming properties were

demonstrated and conductivities exceeding 1000 S cm™ were routinely demonstrated.

These two new routes, surpassing by far all the previous routes reported in terms of
conductivity (> 1000 S cm™), have been dominating the synthesis field of PEDOT in
the academic field ever since and were in competition with the commercialized
PEDOT:PSS.

In the following work, when oxidative chemical polymerization with counter-anions
other than PSS is encountered, the classical one will be referred to as chemical
oxidation, the vapor phase polymerization as itself (VPP) and the polymerization on a
substrate from a deposited oxidative solution as solution-cast polymerization (SCP). It
is important to understand that all three methods can be referred to as “in-situ
oxidative chemical polymerization” in the literature and that the distinction we suggest

here is only for the sake of clarity in this work.

4. Chemical properties

PEDOT chains are short, only a few to few tens monomer units.”™ Neutral PEDOT is
in an aromatic state. It undergoes a distortion from aromatic to quinoid form during

doping, as schematized in Figure 1.18.12185

Figure 1.18. PEDOT in different states: a) neutral, b) polaron, c¢) bipolaron.

Reproduced from®.

The polymerization results in a polymer whose doping level is approximately 33 % (one
dopant for 3 monomer units).” PEDOT being insoluble in any common solvent,

“standard” solution characterization techniques (such as NMR) cannot be used, and
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features such as their molecular weight remain unraveled. Electronic and vibrational
spectroscopies are however possible on the thin or thick formed films and information
such as their energy gap, their elemental composition, their doping level or their

chemical state can be assessed.

4-1. Optical properties

The optical features of PEDOT at various oxidation levels are schematized in
Figure I.19A and can be assessed using ultraviolet-visible-near infrared (UV-Vis-NIR)
spectroscopy. Figure 1.19B gives the evolution of the optical characteristic from a
neutral chain to a fully polymerized film. Neutral PEDOT is dark purple/blue and has
an optical absorption gap around 1.5 eV.®®™ When oxidized, new energy states are
introduced in the band gap in the NIR region outside the visible range, and PEDOT

becomes transparent.

This confers to PEDOT good electrochromic properties which can be controlled

electrochemically with the doping level.
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Figure 1.19. Evolution of the electronic characteristic of PEDOT at different doping
levels.

A) Upper image: from left to right: a neutral chain (‘a’ no charges are present in the
chain and the corresponding transition in UV-Vis-NIR in the lower image is a band in
the visible range), a chain with a polaron (‘b & ¢’ in UV-Vis-NIR, the energy
transitions that are detected correspond to the transition from the VB to the polaronic
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band and the transition from the occupied state to the non-occupied state of the
polaronic band. Those transitions appear at the end of the visible range), a chain with
a bipolaron (‘e’ the transition in the bipolaronic band occurs in the NIR region), an
intrachain or interchain polaron network inducing a polaronic band and an intrachain
or interchain bipolaron network inducing a bipolaronic band (‘e’ in these last two
cases, all transitions that can occur and which are due to the neutral chains, the
polarons and the bipolarons are represented, hence giving such so know UV-Vis-NIR
spectrum of PEDOT).

B) PEDOT chains with different doping states (upper image) and their corresponding
UV-Vis-NIR spectra (lower image).

Reproduced from™7™

4-2. Doping level

In parallel to UV-Vis-NIR spectroscopy that gives information on the doping state, the
doping level can be assessed through X-Ray photoelectron spectrometry (XPS).™7

As can be seen in Figure 1.20, the sulfur S2p contribution originates from the thiophene
rings and the counter-anion as they have different chemical environments (see
Materials & Methods in the appendix for more details). Therefore, using XPS surface
elemental analysis technique, one can have access to the ratio PEDOT to counter-
anion. In the case of PEDOT:PSS, PSS consists of a few hundreds of monomers
whereas PEDOT only consists of some units to some tens.™™ Using XPS studies,
combined with AFM imaging, Jonsson and coworkers suggested a grain-like structure
for the PEDOT:PSS films, with a non-homogeneous distribution of PEDOT and PSS in
the grains and an excess of PSSH around the grains. They inferred that those grains
were probably defined by PSS random coils with PEDOT chains ionically attached to
them, and that the areas between the grains were probably filled with excess neutral
PSS.™ Thus the PEDOT to PSS ratio only gives information on the quantity of PSS in
the films.® In the case of PEDOT stabilized with small counter-anions such as tosylate,
the non-polymeric nature of the counter-anion prevents it from being in excess.
Therefore, the ratio PEDOT to counter-anion gives direct access to the doping level of
PEDOT, which has been calculated to be between 25 and 35 %.*607
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Figure 1.20. Typical sulfur doublet response of PEDOT:PSS polymer blends probed
using XPS. The shift of S2p doublet between thiophene and PSS is clearly
represented. Reproduced from Greczynski et al.’s review™.

5. Electrical properties

Since the discovery of PEDOT:PSS, its processability, its conductivity and its good
film forming properties, several applications have emerged. For all these applications,
highly stable, processable and conductive PEDOT films have been researched. In that
respect, some researchers focused on improving the electrical conductivity of
PEDOT:PSS, available commercially, while other directed their attention to PEDOT

stabilized with smaller counter-anions such as tosylate.
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5-1. PEDOT:PSS
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Figure 1.21. Conductivity enhancement of PEDOT:PSS through years. References are
given in Table B1.

At first, commercialized PEDOT:PSS exhibited conductivities from 0.1 to 10 S cm™. In
order to increase its conductivity, strategies include pre- and post-deposition treatment.
Pre-treatment consists of adding ionic liquids, anionic surfactants, salts and organic
solvents such as dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF),
1-methyl-2-pyrrolidone (NMP) or ethylene glycol (EG) in the PEDOT:PSS
dispersion.™ ™7 The conductivity enhancement over 2000 S cm™ is attributed to the
phase separation between PEDOT-rich and PSS-rich domains, hence inducing a better
connectivity between conductive domains. Post-treatments consist of dipping the
PEDOT:PSS film in organic solvents, organic acid or inorganic acids. In that case, the
increase in conductivity is attributed to the removal of the excess insulating PSS of the
films.®* % With such treatments, the conductivity was enhanced up to 4840 S cm™ as

summarized in Figure 1.21.

5-2. PEDOT with small counter-anions

In 2004, Winther-Jensen works on VPP demonstrated conductivities exceeding
1000 S cm™, hence arousing great interest among researchers.® PEDOT:PSS is
processable, but conductivities were barely reaching 200 S cm™ at that time.® PSS, the

stabilizer counter-anion which allows dispersion in water, is insulating and in excess,
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thus hindering the conduction mechanisms. The new method proposed by Winther-
Jensen et al. allowed not only to get free from the insulating PSS, but also to have
highly conductive films which can be coated on any substrate, insulator or not. With
such technique, the conductivity of PEDOT reached up to 4500 S cm™ for thin films
and 8797 S cm! for single crystals.
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Figure 1.22. Comparison of the conductivity in PEDOT films using different synthesis
approaches. References are given in Table B1.

No long after Winther-Jensen pioneering works on VPP, they also reported SCP of
PEDOT with conductivities exceeding 1000 S cm™ using the same reactants, but
deposited by spin-coating. Even though such method was previously reported, the
conductivities did not exceed 550 S cm™. The over 1000 S cm™ conducting PEDOT:Tos
deposited by spin-coating yet did not arouse as much interest as the VPP method
despite its inherent advantages: deposition on both conducting or insulating substrates,
films as homogeneous, conducting and transparent as in VPP, solution processable and
highly ordered, no vacuum needed.®™* Only few reports dealing with increasing the

conductivity using SCP method were published, as shown in Figure 1.22.3%%

6. Structural properties

The research on increasing the conductivity of PEDOT was systematically carried out

while investigating the morphology and the structure of the deposited films. Since the
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conductivity depends on both the mobility and the charge carriers’ density, and since
this latter is mainly contingent on the synthesis methods, increasing the mobility seems
to be the key parameter to deal with. By synthesizing more ordered structures, the
mobility is expected to increase and the transport properties optimized. The
morphology and structure of the films were then investigated in order to understand

the conductivity enhancement and the inherent transport mechanisms.
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Figure 1.23. Structure model of PEDOT:Tos. The substrate is normal to the a-axis.®

Inganas and coworkers gave the first comprehensive study of the structural
characteristics of PEDOT.* They studied SCP PEDOT:Tos using grazing incidence
wide angle X-Ray scattering (GIWAXS) with synchrotron radiation (this technique is
explained in Materials & methods). The spin-coated material was smooth,
homogeneous, and the oxidation level was calculated to be 25 % using XPS. Their
results also showed that the material was highly anisotropic and in a paracrystalline
state, with dopant anions forming distinct planes that alternate with stacks of the
polymer chains as in Figure 1.23. The lattice parameters in the orthorombric structure
as depicted in Figure 1.23 were calculated to be a = 14.0 A, b = 6.8 A and ¢ = 7.8 A.
A metallic behavior was found in the plane and a dielectric behavior out of the plane of
the films.* Such structure for PEDOT was further proved through years and remained

the same for all PEDOT films, whatever the counter-anions.'®*>%9 The lattice
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parameters as well as the crystalline degree (relative order) however change from a
PEDOT material to another, from a deposition technique to another, and even from a

sample to another.

Comparisons between VPP PEDOT, chemically oxidized PEDOT and PEDOT:PSS
(non-acid treated) prove that VPP PEDOTSs exhibit the highest conductivity and
optical transmission, attributed to increased molecular ordering and smoother
morphology as confirmed by XRD, SEM and AFM.*

The importance of engineering a fine structure on the conductivity of PEDOT was
evidenced by Cho et al.”! Given the fact that disorder in PEDOT films highly affects
chains alignment which hinders the inter-chain transport, they grew PEDOT single
nanocrystals in nano-sized molds. The high conductivity obtained, namely 8797 S cm!
with a doping level as small as 10 %, was associated to the entirely crystalline nature of
the synthesized PEDOT.

7. Transport properties

When deposited, PEDOT chains organize in a disorder or crystalline way. In highly
disordered PEDOT films, such as untreated PEDOT:PSS or chemically oxidative
deposited PEDOT with other counter-anions, the too high disorder induces the
localization of the charges also known as Anderson localization (Figure 1.10). In such
systems, 3D VRH has been reported.™®:%% Upon secondary doping, acid treatment, or
VPP and SCP of PEDOT with small counter-anions, a systematic improvement of the
transport properties has been observed. For example, after organic solvent or acid
treatment, the decrease of disorder in PEDOT:PSS films induced better ordering and
preferred charge transport orientation leading to 1D VRH.™% With increasing order,
charges were found to be less localized so that tunneling between highly doped regions
was possible as explained in Figure 1.11b.9"% Interestingly, with the growing progress
made on the conductivity and structure/order of PEDOT films, they were also
reported to approach the critical regime of the metal insulator transition, and even to

cross it depicting disordered-metallic or metallic behavior.?%3233
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Figure 1.24. Representation of the electronic structure in PEDOT materials and in
conducting polymers in general. a—c, If the majority charge carriers are polarons: (a)

a polymer chain with one polaron, (b) the logarithm of the density of states (DOS)
InN(E) disordered material (c) as well as for a more ordered (metallic) system. In the
latter case, the Fermi level lies in a delocalized polaron band while it was surrounded

with localized states in the former case. d—f, If the majority charge carriers are
bipolarons: (d) a polymer chain with one bipolaron, (e) InN(E) for an disordered

bipolaronic polymer solid, (f) as well as for a more ordered (semi-metallic) solid. The
Fermi level lies between the valence band and the empty bipolaron band in the latter

case.”

Such large variations in the transport properties in various PEDOT samples have
recently been explained in terms of the nature of the majority charge carriers and the
content of disorder.?’ In highly disordered materials, charges are distributed and do not
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form a continuous band. In an energy point of view, the Fermi energy lies in the middle
of the polaronic band if charges are polarons or between the valence band and the
bipolaronic band in the case of bipolarons. We therefore obtain a Fermi glass as
illustrated by Bubnova et al. (Figure 1.24), that is a material in which charges are
localized at the Fermi level and whose wave functions do not possess any long range
interaction. In such systems, the transport mostly takes place by hopping, following the
3D Mott VRH model as introduced hereinbefore.?

With increasing order, polymer chains are better stacked and the charges are more
delocalized. The majority charge carriers’ wave functions overlap over several chains. In
polymers where polarons are the majority charges’ carriers, a polaronic band is created,
in the middle of which the Fermi level lies. The polymer hence depicts a metallic
behavior as depicted in Figure [.24 and observed in conducting polymers such as
polyanaline .’ In polymers where bipolarons are the majority charge carriers, a
bipolaronic band is created and the Fermi level lies within its interface with the valence
band.?0321% Syuch system is described as a semi-metal, a material in which metallic and
hopping transport compete and where the leading mechanism is directed by the degree

of order and the ratio between polarons and bipolarons.?’1%2

PEDOT is known to have more bipolarons defects than polarons ones as evidenced by
EPR. In highly disordered PEDOT films (such as non-treated PEDOT:PSS),
bipolarons are delocalized and the material is a Fermi glass. In that respect, several
studies reported VRH transport properties in PEDOT:PSS films.™%1% In highly
ordered PEDOT films (such as PEDOT:Tos or PEDOT:OTf reported by Murphy’s,
Crispin’s, Evans’ or Simonato’s groups), Crispin claims the delocalization of the
charges leads to a semi-metal, a material in which both metallic and semiconducting

behaviors compete.

8. Summary and strategy

With the rising demand of flexible, low cost and environmental friendly materials for
future technologies (for energy, for the internet of things, for smartphones, and so on),
the world is going “organic”. Organic photovoltaics, organic light emitting diodes,
organic field effect transistors, organic thermoelectricity, organic transparent electrodes
are just as much evidences of how organic materials are sought for tomorrow. Materials

which can fulfill the requirements specifications of future technologies are conducting
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polymers, which owe their popularity to their interesting electrical, optoelectronic,
thermochromic, lighting and mechanical properties, coupled with their good
processability even on flexible and large substrates, their high stability and their low

environmental impact.

Among conducting polymers, PEDOT has undoubtedly stood out as we have shown in
this first chapter. The first excitement around PEDOT aroused from its stability, the
second its processability (PEDOT:PSS), the third its optoelectronic properties and the
fourth the numerous applications whereby it participates or it opens the route to.
PEDOT based materials (PEDOT stabilized with PSS~ or smaller counter-anions such
as tosylate) represent an interesting class of materials. They are stable in their doped
state as they are readily oxidized in air and are present in numerous every-day-life
applications. In less than two decades, conductivities from 0.1 S c¢cm™ for the highly
disordered PEDOT:PSS materials to 8797 S ecm™ for single crystal PEDOT nanowires
have been reported as summarized in Figure 1.22 and Table B1. That figure gives an
overview of the remarkable progress done on the conductivity enhancement, and at the
same time, the dispersion of the data suggests that there is still room for a better
understanding of that material. As a matter of fact, there are almost as much PEDOT
materials as research groups working on them, which is due to the disordered and semi-

crystalline nature of the material itself.
My thesis is born in that context and has four main objectives:

- The synthesis of PEDOT materials with and optimized and controlled structure

for good electrical properties

- The thorough characterization of the as-synthesized PEDOT for a better

understanding of the material and its transport mechanisms
- The study of its thermoelectric properties and optimization directions

- The wvalidity of its practical use by studying its stability under different

environments and stresses

For that purpose, the next chapter will deal with the synthesis and characterization of
PEDOT-based materials. Our literature review showed us that PEDOT:PSS, even
though it is processable and can have its conductivity enhanced over several orders of
magnitude, is also highly disordered and with a structure difficult to assess because of
the counter-anion PSS. Its presence in excess hinders the electronic transport

mechanisms. On the other hand, in PEDOT with small counter-anions, the hindering
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PSS counter-anions are de facto absent. Therefore, better carriers’ mobility is favored,
a higher charges carriers density is reached, better transport properties take place and
an enhanced electrical conductivity is acknowledged. We directed then our study into
PEDOT obtained with the salt iron(III) trifluoromethane sulfonate (Fe(OTf)s). We will
report the development of highly conductive PEDOT films by controlling the
crystallization of the PEDOT chains and by a subsequent dopant engineering approach
using Fe(OTf); as oxidant, N-methyl pyrrolidone (NMP) as polymerization rate
controller and sulfuric acid as dopant. XPS, HRTEM, Synchrotron GIWAXS analyses
and conductivity measurements down to 3 K will allow us to unravel the organization,
doping, and transport mechanism of these highly conductive PEDOT materials, and to
understand the role that NMP and sulfuric acid played in the morphology and the
electronic properties of the films. We will finally propose a charge transport model that

fully corroborates our experimental observations.

Subsequently, after a thorough characterization of our materials and their electrical
and transport properties, the following third and fourth chapter will be directed into
the study of their thermoelectric properties. Thermoelectricity refers to any physical
phenomenon relating heat transfer to electrical energy. The most known examples are
Joule heating (governing electrical heaters) and Peltier effect (for electrical cooling).
We here focus only on two of them because of the appealing applications that can
derive from those, namely the Joule heating (Chapter 3) and the Seebeck effect
(Chapter 4). While the former one creates heat for the user’s convenience, the latter
one harvests heat for global energy consumption savings. In Chapter 3 then, the
heating properties that arise from the application of an electrical potential on our
PEDOT films will be investigated. Very high areal power densities, up to 10 times that
of an electrical heater, are measured on very thin PEDOT films. The thermal
conduction mechanisms will be investigated and a thermal model implemented. Such
great heating performances are actually interesting when combined with good optical
ones, because apart from acting a heater, PEDOT can especially be a transparent one.
That being the case, we will demonstrate the first all polymeric flexible transparent
heater, solely made of PEDOT, and demonstrate its use in a thermochromic display

and as a visor deicer.

In Chapter 4, we will focus on another thermoelectric effect, the Seebeck effect. We will
see that contrarily to Joule heating, the Seebeck effect is a thermodynamically
reversible phenomenon, very similar to the Peltier one (actually the reverse

phenomenon), so that thermoelectric generators can be developed using that physical
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feature. After a rapid overview of the state of the art of organic thermoelectric
materials, and especially PEDOT ones, our preliminary results on the thermoelectric

performances will be presented.

With the appealing properties and applications that will be shed light on in the next
three chapters, the fifth chapter will deal with features without which no industrial
applications can be considered, that is the ageing and stability of our PEDOT based
materials under different environmental stresses. We will investigate the impact of both
humidity and light exposure on the electrical properties of PEDOT. Raman, XPS,
GIWAXS and electronic transport measurements will all be characterization techniques
that will allow us to study the mechanisms (be they chemical, structural or electronic)
that take place during the ageing of PEDOT films. This chapter is an ongoing work
and therefore additional experiments are required in order to confirm the degradation

mechanisms.

Finally, the work will be completed with conclusive remarks summarizing the main
studies that have been developed during this thesis and opening perspectives to future
works for always a better understanding of our PEDOT based materials and appealing
applications that can stem from them. This will allow us to introduce the Appendix,

which will expose the experimental methods.
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Chapter 2
Structure and dopant engineering
in PEDOT thin films
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Introduction

1. Introduction

In this chapter, novel PEDOT materials will be developed and their electrical
properties thoroughly studied.

We will first explain the choice of the materials as well as the structure and dopant
engineering that will be implemented for better electrical properties. The experimental
details will only be roughly explained but more information can be found in

Materials & methods in the appendix.

The electrical properties will be presented and different characterization techniques will
be used in order to unravel the electronic conduction in our PEDOT films, so that a
transport model can finally be implemented and the transport mechanisms fully

understood.

2. Strategy

Because of the properties and applications targeted, researches have put tremendous
efforts on increasing, if not optimizing and even maximizing, the electrical conductivity
of PEDOT as illustrated in Figure 1.22 and Table B.1. Reported conductivities spread
over a wide range and reach nowadays routinely conductivities exceeding
1000 S ¢cmt.20326LI0LI08007 The origin of such differences lies in the semi-crystalline
nature of the material itself, strongly correlated with the synthesis method and the
counter-anions.’®!%  PEDOT:PSS, although commercially available and easily
processable, retains however an excess insulating polystyrene sulfonic acid (PSSH)
which hinders its conductivity. PEDOT with small counter-anions, such as tosylate
(Tos), genuinely show better electrical properties due to the absence of the sterically
hindering polymeric counter-anion which leads to a better crystalline structure.’>1%!
They can mainly be synthesized through vapor phase polymerization (VPP) or solution
cast polymerization (SCP).

The water uptake is another issue for good film forming properties. As a matter of fact,
the two more common oxidants for VPP are FeCls and Fe(Tos)s, which are known to
form crystallites in the presence of water, which is detrimental to the conduction
properties. But at the same time, the presence of water within the VPP chamber was

shown to be crucial since it was helping deprotonating the EDOT-dimer and hence
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allowing polymerization to occur (see Figure 1.15).1°91° Murphy and coworkers
introduced an interesting solution to that issue. Water being mandatory, and at the
same time detrimental to the polymerization process, they added a surfactant in order
to inhibit the crystal formation of the oxidant. The surfactants used in their work are
glycol based, typically the amphiphilic copolymers poly(ethylene glycol)-ran-
poly(propylene glycol) (PEG-ran-PPG) and poly(ethylene glycol) — poly(propylene
glycol) — poly(ethylene glycol) (PEG-PPG-PEG) , consisting of hydrophobic PPG
blocks and hydrophilic PEG blocks.!'”!' These surfactants, besides suppressing the
crystallization of the oxidant, also moderate the polymerization rate as proved by
quartz crystal microbalance measurements (QCM), so that a base is no longer
necessary.®11% They further demonstrated that the glycol-based surfactant complexes
the oxidant and controls the reaction rate."''!' In VPP however, due to the processing
technique itself, the glycol copolymer remains in the film, leading to the same problem
as in PEDOT:PSS, or in other words the presence of an insulating phase in the film.
This is however not the case for SCP in which the bottom-up polymerization process

allows an easy rinsing of the copolymer.'®!1

That is in that context, in order to avoid any undesired insulating phase in the
PEDOT (PSSH or PEG-PPG-PEG) films and in order to optimize the electronic
conduction properties by using non bulky counter-anions, that our group investigated
the solution-cast polymerization of PEDOT wusing the oxidant iron (III)
trifluoromethane sulfonate (iron(IIl) triflate or Fe(OTf)s).”> Using Fe(OTf)s; as the
oxidant, PEG-PPG-PEG as the acidic side reactions inhibitor and polymerization rate
controller, EDOT as the monomer and ethanol as the solvent, PEDOT:OTf (PEDOT
stabilized with triflate counter-anions) was then successfully synthesized and a

conductivity of 1200 S cm™ is obtained.'®?

The objective of this chapter is to increase that conductivity to the state of the art
ideally and above all to understand the origin of the high conductivity and the
transport mechanisms occurring within the films. For that purpose, our attention has
turned toward aprotic polar solvents. As a matter of fact, it is known that aprotic polar
solvents easily coordinate with Fe(III).!? Using such coordinating solvents in the
oxidative solution for PEDOT:OTf, we intend to reduce the number of nucleation
centers at the surface of the substrate during the film formation. We then expect the
limited number of nuclei to lead to the formation of longer polymer chains, and

hopefully longer conjugation lengths. For that purpose, three coordinating co-solvents
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are tested, namely N-Methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO) and
dimethyl formamide (DMF) in Figure II.1.

a. NMP b. DMF c. DMSO
[ X :
CH, S
N 0O H T/ HaC™ > CHs
CH, CHs

Figure II.1. Aprotic polar solvents used as co-solvent for PEDOT polymerization.

3. Results and discussion

3-1. Electrical conductivity

PEDOT:OTf films were obtained by spin-coating an ethanolic solution containing
3,4-ethylenedioxythiophene (EDOT), the oxidant Fe(III)(OTf); and the polymerization
rate controller PEG-PPG-PEG!"!, on glass substrates as illustrated in Figure 11.2.

l [ Non fully oxidized PEDOT:OTf film
B  Addition of Soie eoatic deposited film ) .
= EDOT P g Heating @ 70°C
g0, — & —

\ d o v
Oxidative o} EDOT Z:ﬁ Substrate (glass) Substrate (glass)
FiC-S-07[ Fe®
@lution 8 ) * formulation /

Figure II1.2. Tllustration of the synthesis of PEDOT:OTf thin films.

3-1-1. Co-solvent addition

The formulation with the co-solvents was obtained by adding NMP, DMF or DMSO in
the aforementioned oxidative solution, hence obtaining PEDOT:OT{-NMP,
PEDOT:OT{-DMF or PEDOT:OT{-DMSO films respectively.

Figure II.3a shows conductivity values obtained on PEDOT:OTf-co-solvents with

different amounts of co-solvents. The conductivity was calculated from the measured

50



Chapter 2. Structure and dopant engineering in PEDOT thin films

thickness e (with atomic force microscopy (AFM)) and the measured square resistivity
Rs (with a four point probe apparatus). Subsequently, the electrical conductivity o is

calculated using Equation II.1

6=— (IL1)

" Rse

The details can be found in Materials & methods in the appendix.
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Figure I1.3. Electrical properties of PEDOT materials with different amounts of co-
solvents. Room temperature conductivity (a) and thickness (b) measurements of
PEDOT:OTf-co-solvent thin films. The co-solvents used are DMF (empty columns),
NMP (medium filled columns) and DMSO (densely filled columns). Error bars include
the average value over three samples.

The conductivity increases with increasing co-solvent quantity and maximum values
are reached for a loading of 7 — 8 wt. % of co-solvent. The highest conductivities
achieved with DMF, DMSO and NMP loaded PEDOT films are 3000 =+ 400,
3000 £+ 200 and 3600 4+ 200 S cm™ respectively. These values are among the highest
reported for conducting polymer films. While the conductivity increases, the thickness
decreases as shown in Figure I1.3b. After a loading amount superior to 10 wt. %, the
film is not continuous anymore or simply polymerization does not occur and neither the

thickness nor the square resistivity could be assessed properly.

From loading amounts of co-solvents superior to 5 wt. %, the thickness is lower than
10 nm. In order to avoid any miscalculation of the electrical conductivity, multilayers
up to 3 layers were deposited in order to be comparable in thickness with PEDOT:OTf
(~40 nm). For each co-solvent-treated film, the conductivity is greater than

2500 S.cm!; even reaching 3500 and 3600 S.cm' for a bilayer and a monolayer
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deposition of PEDOT:OT{-NMP (7%) respectively as depicted in Figure I1.4. Finding
the same conductivity for all layers from the same co-solvent proves that the
conductivity is independent of the thickness for a given material, and that the

measured electrical conductivities at co-solvent loading superior to 7 wt. % are reliable.

L T Al L} T L T Al L T Al T L) L L) Ll L
'c 4000 [y omF 7% omsos% omso 7% N:FP7%
3000t I
= 3
= 2000t A
- o |
O
> o Ak
T 1000} A
O
O 0 L 1 'l 1 L L :-::.E

Samples

Figure I1.4. Room temperature electrical conductivity of PEDOT films with different
amounts of co-solvents (in wt. %). For each co-solvent containing film one layer
(empty columns), two layers (medium filled columns) and three layers (densely filled
columns) were deposited. Error bars include measurements errors.

3-1-2. Acid treatment

PEDOT films were also treated with diluted sulfuric acid in order to further enhance
the conductivity as illustrated in Figure II.5. Such treatment has been proven efficient
on both PEDOT:PSS and PEDOT:Tos as reported in the first chapter and also on
PEDOT:OTY films as shown by our group.??5#"13 PEDOT:OTf and PEDOT:0Tf-co-
solvent films were immersed into 1 M sulfuric acid aqueous solution for 30 min before
being heated at 120 °C for 20 min without rinsing. Resulting samples were named
PEDOT:Sulf and PEDOT:Sulf-co-solvent respectively.
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’ Non fully oxidized PEDOT:OTf fi%
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Figure I1.5. From the synthesis of PEDOT:0OTf and PEDOT:OT{-NMP to its
treatment with sulfuric acid. a) Synthesis of PEDOT:OTf. b) Synthesis of
PEDOT:OT{-NMP. After the addition of EDOT, all previous steps are the same. c)
Treatment with sulfuric acid: the obtained PEDOT:OTf (with or without a co-solvent)
is dipped into diluted sulfuric acid.

The conductivities of the acid treated PEDOT films are given in Figure I1.6. Without
prior co-solvent addition, the conductivity reaches 2270 4+ 50 S c¢cm™ and goes up to
5190 + 880 S cm, 4020 4+ 400 S cm! and 5400 4+ 470 S cm™ after the addition of
DMF, DMSO and NMP respectively. The acid treatment leads then to a conductivity
increase between 40 and 70 %. It is interesting to note that the conductivity of
PEDOT:Sulf-NMP was measured at 5400 4+ 400 S c¢m™, which is the highest reported
value for PEDOT films so far. Explanation of the chemical and structural mechanisms

responsible for this extensive enhancement is presented hereafter.
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Conductivity [S cm'1]

Figure I1.6. Room temperature conductivity of PEDOT:OTf and its derivatives
before acid treatment (empty columns) and after acid treatment (filled columns).

Error bars include the average value over two samples and measurement errors.

For the sake of clarity, only the effect of loading with 7 wt. % NMP is studied
(Figure 11.7). DMF and DMSO are expected to have similar actions during the
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Figure I1.7. Electrical properties of the PEDOT:OT{-NMP materials. a) Conductivity
and b) thickness of PEDOT:OT{-NMP thin films as a function of the quantity of
NMP. Error bars include the average value over three samples.
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3-2. Oxidation state

UV-Vis-NIR absorption spectra of PEDOT:OTf as well as its acid treated counterparts
can be found in Figure II.8. In all samples broad bands at A ~ 750 nm and A > 1250 nm
correspond respectively to the polarons and bipolarons charges carriers in PEDOT films
(see Figure 1.19).% PEDOT:OT films are light blue with the transmittance at 550 nm
being 87.2 %. With the addition of NMP highly transparent films are obtained
(T = 96.9 %). The absorbance of polarons and bipolarons is also smaller but this is
mostly due to the thinner film obtained (10 nm compared to 40 nm). When treated
with sulfuric acid the bipolaronic absorbance increases to the detriment of the polaronic
one. According to Crispin et al. theory about semi-metallic polymers that has been
presented in Chapter 1, that trend could promote a more pronounced semi-metallic

behavior as will be more discussed later.?
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Figure I1.8. UV-Vis-NIR spectra of PEDOT:OTf and its treated counterparts. The
transmittance is taken at 550 nm.

X-Ray photoelectron spectroscopy (XPS) provides insights into the chemical
composition at the surface of the films and their oxidation states.® We investigated

PEDOT:OT-NMP and PEDOT:Sulf-NMP in order to determine the effect of the co-

solvent addition and the influence of the acid treatment.

Typical high resolution core level spectra were obtained and confirmed the presence of
nitrogen, carbon, oxygen and sulfur in both PEDOT:OT{-NMP and PEDOT:Sulf-NMP
in Figure I1.9. Fluorine was only detected in PEDOT:OT{-NMP.

55



Results and discussion

d. . . . : . :
Ots Cis
F1
- OKL gy
) M”\,Mm S2s S2p
g ol ]
c
.m-rw’VL,MW" ’ .«kn ,,‘,M\J“ ‘
1200 900 600 300 0
Energy [eV]
b. C.
S2p - PEDOT:OTf-NMP S2p - PEDOT:Sulf-NMP
600 Thiophenes 600 Thiophenss
—_ & — Sulfonates
3 \‘\ S ‘
S \ s,
> 400 syifonates > 400 Sulfa{es
.g ‘ .g “. 1}
] 3] i y
£ 200¢ £ 200f :
0 < AP C . % B LAY ]
172 168 164 160 7 es 164 160
Energy [eV] Energy [eV]

Figure I1.9. Chemical analysis of the PEDOT materials using X-Ray
photospectrometry. a) Survey spectra of PEDOT:OT{-NMP (black curve) and
PEDOT:Sulf-NMP (red curve). b) S2p XPS spectrum of PEDOT:OT{-NMP.
c¢) S2p XPS spectrum of PEDOT:Sulf-NMP.

Though it is a surface technique, the films are thin enough (< 10 nm) to be
investigated in their whole thickness as evidenced in Figure I1.10 by the Si contribution
originated from the glass substrate. Therefore, the results presented here represent the
films in their whole thickness. Moreover, Figure I1.10 shows the presence of nitrogen,
confirming that NMP is still present in the film and was not totally eliminated during
the washing step. It was however barely detected and the remaining NMP is not

expected to be substantial.
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Figure I1.10. XPS spectra of different elements present in the films.
PEDOT:OT{-NMP (black line) and PEDOT:Sulf-NMP (red line).

The survey spectra in Figure 11.9a show the presence of fluorine in PEDOT:OT{-NMP
whereas it could not be identified in PEDOT:Sult-NMP, and was scarcely present in
the high resolution core level spectra in Figure I1.10. This suggests that triflate

counter-anions have been washed off the film, at least partially.

The oxidation level of PEDOT films can be estimated thanks to the ratio of thiophene
units to other sulfur based components.” The S2p spectra of PEDOT:OT{-NMP and
PEDOT:Sulf-NMP are depicted in Figure I1.9b,c. Due to different oxidation states, the
S2ps3j212 doublet from the thiophene units of PEDOT is distinct from that of the

counterions.

Both thiophenes and sulfonates are detected in the S2p spectrum of PEDOT:OTf-
NMP. By using deconvolution on both peaks, information on the oxidation level can be
obtained as explained in Materials & methods. An oxidation level of 38 % was
measured, which is in good agreement with the oxidation level of PEDOT:OTf which is
about 28 %.% The co-solvent addition enhances the oxidation of PEDOT.

Regarding the acid treated films, not only were thiophenes and sulfonates detected, but
also sulfates. This, along with the reduced amount of fluorine found in the films, can be
explained by the replacement of triflate by hydrogenosulfate as counter-anions. The

ratio of sulfonates and sulfates over thiophene is about 64 % which means that not
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only are some CF3SO; replaced by HSOy4, but also the film undergoes further oxidation
and sulfates from the acid are still present after the treatment. The deconvolution of
these different spectra poses that more than % of the triflate anions have been
replaced. The use of a less steric counter-anion introduced after acid treatment,
combined with a higher oxidation level, allows a substantial conductivity enhancement
from 3600 to 5400 S cm™.

Thus, the co-solvent and the sulfuric acid are both suspected to induce changes in the

charge carriers’s density.

3-3. Role of the co-solvent

In order to shed some light on the role of the co-solvent, UV-Vis-NIR spectroscopy was
used to monitor the PEDOT synthesis with and without NMP. The UV-Vis-NIR
spectra of the oxidative solutions used for the synthesis of PEDOT:OTf and
PEDOT:OTf-NMP, were recorded before and after the addition of the EDOT
monomer. These solutions were contained in sealed vials. Figure II.11a,b displays these
spectra. The absorbance was given at 650 nm in order to schematize the kinetics of the
reaction with and without the co-solvent (Figure II.11c). Before and just after the
addition of EDOT monomer, both solutions have the same absorption spectra.
17 minutes after the addition of EDOT, the absorbance was greater in the case of the
non-NMP containing solution. Saturation of the absorption, here attributed to a too
high PEDOT concentration in the solution, was reached within less than 34 minutes in
the case of PEDOT:OTf, while it was reached after 100 minutes in the case of
PEDOT:OTf-NMP. This experience shows that the co-solvent NMP slows down the
polymerization reaction. This may cause a lower polymerization rate, and hence more

time for morphological changes in the structure of the films.
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Figure II.11. UV-Vis-NIR spectra of a) PEDOT:OTf and b) PEDOT:OT{-NMP at
different polymerization times. Above an absorbance of 4.5, saturation is reached.
¢) Reaction rate without (orange stars) and with (blue circles) NMP. The dashed lines
are a guide for the eyes.

3-4. Structure of the PEDOT films

3-4-a. X-Ray measurements

GIWAXS measurements give access to the structure of the PEDOT films and their
crystallinity. This technique is well suited for investigating our films which are between
10 and 40 nm thick (Figure II.7b). More information on this technique is given in the
Materials & methods. Measurements were led both in the European Synchrotron
Radiation Facility (ESRF) at Grenoble using beamline BM 32 and in our laboratory
using a recently acquired Smartlab diffractometer equipment. The GIWAXS intensity
profiles of commercial PEDOT:PSS (Clevios PH1000) doped with EG, PEDOT:OTH,
PEDOT:OT{-NMP and PEDOT:Sulf-NMP obtained with the Smartlab diffractometer
are presented in Figure I[.12. Those obtained with synchrotron radiation are presented

in Figure I1.13a,b. Both in-plane and out-of-plane measurements reveal the structure of
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the as-deposited films. The different peaks were indexed according to previous

works 329319 Al samples have been characterized directly on their glass substrate.
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Figure I1.12. GIWAXS patterns of different PEDOT films: PEDOT:PSS a) in-plane
& b) out-of plane. PEDOT:OTT ¢) in-plane & d) out-of plane. PEDOT:OT{-NMP
e) in-plane & f) out-of plane. PEDOT:Sulf-NMP g) in-plane & h) out-of plane. For

PEDOT:OTf, PEDOT:OT{-NMP and PEDOT:Sulf-NMP, (020) peak can clearly be

observed on in-plane measurements and (100) peak and higher orders on out-of-plane

scans. Diffraction peaks were fitted assuming a pseudo-Voigt profile with fixed shape

parameter n = 0.7.

The main diffraction peaks’ parameters can be found in Table II.1. On in-plane
measurements (Figure I1.12a,c.e,g), PEDOT:PSS exhibits a weak bump at around
q = 182 At (d = 345 A). This bump becomes a sharp intense peak in the case of
PEDOT:OTf, PEDOT:OTf-NMP and PEDOT:Sulf-NMP at q = 1.85 A (d = 3.40 A),
q =185 A1 (d =340 A) and q = 1.87 A (d = 3.39 A) respectively. This peak is

60



Chapter 2. Structure and dopant engineering in PEDOT thin films

attributed to the Bragg diffraction of the m-m stacking of the PEDOT thiophene rings
(1), representing the face to face oligomers stacking in the b-direction as described in
Figure II.13c. It corresponds to the (020) diffraction peak of the PEDOT orthorhombic
structure. The disappearance of the bump in PEDOT:PSS, replaced by a peak in
PEDOT:OTHY, is due to the replacement of the excess PSS by small triflate anions,
which, with less steric hindrance, leads to a more crystalline structure. Another bump
appears in the in-plane scanning of all PEDOT films at q = 2.57 A (d =245 A). As
this Bragg diffraction appears in all patterns, it is independent of the PSS counter-
anion and belongs therefore to the PEDOT structure. Moreover, being smaller than the
n-nt stacking of the PEDOT thiophene rings, it is attributed to the second order of
another distance, which is thought to be the EDOT/EDOT repetition (2), and is

coherent with the distance measured from the HRTEM images (see below).

Table II.1. Diffraction distances and grains’ size of the studied samples.

q [A] d [A] T [nm[1]
PEDOT:PSS ND[2] ND ND
PEDOT:OTf 1.846 = 3403 =& 4405
. 0.005 0.005
m-1 stacking of Y 3401 &
PEDOT (d020) | PEDOT:OT{-NMP ’ ’ 5+ 0.5
0.005 0.005
1.856 + 3.385 &
PEDOT:Sulf-NMP 5 +0.
OT:5u 0.005 0.005 55 %05
PEDOT:PSS ND[2] ND ND
0.461 + 13.629 +
Lamellar PEDOT:OTI 0.002 0.002 roEl
stacking of 0.465 + 13.512 +
PEDOT:OT{-NMP 9+1
PEDOT 0.002 0.002
PEDOT:Sut.NMp | 0300 % 13.483 = 10 + 1
0.002 0.002

[1] Comments on the crystallites’ size calculation can be found in Materials & methods.
2] Not defined. Peaks in PEDOT:PSS diffractograms are too broad to allow to extract
reliable quantitative results.

In the out-of-plane diffraction patterns, PEDOT:PSS exhibits four broad bumps at
q=029 A1 (d=2186A) q=045 A' (d=13.96 A), ¢ = 1.22 A* (d = 5.15 A) and
q = 1.82 A (d = 3.45 A). According to previous research the first peak results from
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both PEDOT and PSS contributions and corresponds to the lamellar stacking between
PEDOT and PSS chains (3).32 The peak at q = 1.82 A has already been assigned to
the m-m stacking of PEDOT chains (1), which implies that PEDOT chains are face-on
as well as edge-on the glass substrate in PEDOT:PSS where no preferred orientation is
noticed. The remaining peaks at ¢ = 0.45 A and q = 1.22 A are attributed to the
interdigitation packing (4) and m-m stacking of PSS chains (5) respectively.
PEDOT:OTf and its treated counterparts exhibit also several peaks. Here, the
appearance of narrow and sharp intense peaks suggests a more crystalline structure
with bigger crystallites size. A first peak at q = 0.46 A (d = 13.65 A) represents the
Bragg diffraction of the lamellar packing of PEDOT chains in the a-direction,
corresponding to the (100) diffraction plan (6). The other following peaks at
q =092 A 1.38 A and 1.84 A are the second, third and fourth order (6).

a. . !n plane' . b. ' Oyt—of plape '
; eg‘,gorg?sr ot ) 5 \\“g : : PEDOT::PSS
g ..Fi.E_D?T_on e % ""'j:\m_m . P'EDOT:OTf
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A q[A"]

Figure II.13. Structural characteristics of the PEDOT materials. a) In-plane and b)
out-of plane synchrotron GIWAXS diffractograms of PEDOT:PSS, PEDOT:OTT,
PEDOT:OT{-NMP and PEDOT:Sulf-NMP. ¢) Scheme of stacking in the crystallites.
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By wusing synchrotron radiation, in both PEDOT:PSS diffractograms, no clear
diffraction peak is noticeable. However, the bump at q = 1.82 A" in the in-plane scan
can similarly be associated with the (020) diffraction peak of the PEDOT orthorhombic
structure. The broadness of the bump reveals the high degree of disorder in
PEDOT:PSS and prevents the determination of the mean size of the crystallites.’>!%

Nonetheless previous studies suggested a 4.5 nm crystallite size along the b axis.”

The crystallites’” size obtained from in-plane measurements are 4, 5 and 5.5 + 0.5 nm
for PEDOT:OTf, PEDOT:OT{-NMP and PEDOT:Sulf-NMP respectively; out-of-plane
diffractograms give 7.5, 9 and 10 + 1 nm. Interestingly for PEDOT:OT{-NMP and
PEDOT:Sulf-NMP the film thickness is very close to the crystallite size deduced from
out-of plane measurements, suggesting that the film is approximately one crystallite
thick.

3-4-b. HRTEM images

These GIWAXS characteristic lengths and distances are corroborated by HRTEM
images. Figure I1.14 and Figure 11.15 give HRTEM images of PEDOT:OT{-NMP
deposited on a copper grid coated with graphene in order to support the PEDOT film.
The images clearly infer the presence of crystalline domains surrounded by amorphous
regions. In the crystallites, characteristic n-m stacking distances can be measured at
3.46 A, consistent with GIWAXS data. These HRTEM images provide also clear
information about the length of PEDOT chains forming the crystallites, typically
around 10 nm as inferred from Figure I1.14 and Figure II.15. Moreover, another
characteristic length about 2.72 A (Figure 11.14) in the direction perpendicular to the
n-nt stacking can be attributed to the EDOT monomer size.” Given the fact that
PEDOT chains are actually oligomers and supposing that the chain is not much longer
than the crystallite size, the number of repeating units in the PEDOT chains in the
crystallite in Figure I1.14 can be approximated to 23 EDOT units.
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Figure I1.14. HRTEM images of PEDOT:OT{-NMP. The inset image is the
magnification of the outlined square. The (100) direction, as defined in Figure I1.13,
is perpendicular to the plane of the film.
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Figure I1.15. Figure S10: HRTEM images at different magnifications.
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3-4-d. Conclusion

As NMP is added to the oxidative solution, the polymerization rate slows down,
probably due to a lower number of nuclei.!'? This may lead to the formation of longer
and better stacked chains with better conjugation lengths, as deduced from the higher
doping level from XPS, the bigger crystallites size calculated from GIWAXS data and
the tighter diffraction parameters from GIWAXS data. It then seems reasonable to
assume that the increase of crystallites” mean size noticed between PEDOT:OTf and
PEDOT:OT{-NMP together with the more ordered film obtained and the higher doping
level might be a reason for the dramatic improvement of the conductivity from 1200 to

3600 S cm™.

On the other hand, with acid treatment, the parameters deduced from the diffraction
patterns are the same order so that a noticeable structure change cannot be assessed.
There seems to be no significant structure change but a chemical one is suggested by

the replacement of some triflate counter-anions by hydrogenosulfate ones.

With the structure highly enhanced by NMP addition and the steric hindrance of the

counter-anion reduced, better transport properties are expected in these PEDOT films.

3-5. Transport properties

Transport mechanisms in conducting polymer films remain highly impacted by the
degree of disorder inherent to these materials.®!% The degree of disorder and the

transport properties in conducting polymers are generally assessed by the resistivity

p(0K)

SG00K) and the temperature dependence of conductivity as explained in

ratio py =

Chapter 1.32"* A lower p, corresponds to a more ordered film. Indeed, since the drop
between the room temperature and the 0 K resistivity is moderate, the temperature
dependence of the resistivity (or conductivity) is modest meaning that high energy
barriers induced by a heavy disorder are not encountered. PEDOT:PSS typically
follows a variable range hopping (VRH) transport mechanism due to the Anderson
localization of the charge carriers induced by the high disorder in those films as

explained in Chapter 1. PEDOT:OTf and its treated counter parts however do not.

3-5-a. Co-solvent effect

Figure II.16a,b depicts the temperature dependence of conductivity of PEDOT:OTf
without and with addition of NMP at various quantities. The data are also compared

to that of commercial PEDOT:PSS (Clevios PH1000) without any solvent treatment.
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The data given for PEDOT:PSS and PEDOT:OTf without NMP were not recorded
during this thesis and are those published by Massonnet et al.** The conductivities are

normalized for the sake of comparisons.
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Figure I1.16. a) Log-scale and b) linear scale of the temperature dependence of
conductivity of commercial PEDOT:PSS (PH1000) and PEDOT:OTf with different
amounts of NMP. ¢) Reduced activation energy

The difference between PEDOT:PSS and PEDOT with small counter-anions is striking.
While the former one is strongly temperature dependent with a resistivity ratio
superior to 20000, the one of PEDOT:OTf and its NMP-treated counterparts are
comprised between 1.55 and 1.84. This smaller value means that their structure is far
more ordered and that they stand in the metallic side of the metal-insulator transition.
This assertion is confirmed by (1) the crossover noticeable near room temperature with
the increasing quantity of NMP in Figure I1.17, (2) by the non-null conductivity at low
temperature and (3) by the slope of the reduced activation energy as introduced in
Chapter 1 and depicted in Figure I1.16c. While its slope is negative for PEDOT:PSS

proving that it is on the insulator side of the metal insulator transition (Figure I-10),
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the slope is mainly positive for PEDOT:OTf and its NMP-treated counterparts.
Figure I1.17 focuses on these latter ones. The resistivity ratio decreases while increasing
the quantity of NMP as shown in Figure I1.17a and Table II.2. This means that the
more NMP is added, the more the structure is ordered. This trend does however not
include PEDOT:OTf without addition of NMP, which could be due to the fact that
that material was not synthesized at the same time than the three other ones and that

differences can appear from a batch to another.

Table I1.2. Resistivity ratio as function of the quantity of NMP in the oxidative
solution for the polymerization of PEDOT:OTf.%

NMP quantity 0 % 3 % 5 % 7%
RGSIS“:;W ratio | g 1.84 1.67 1.55
T

The materials seem slightly better ordered after the addition of NMP, but the energy
barriers seem similar when comparing their reduced activation energy in Figure I1.18b.
Despite their metallic behavior, the crossover indicates at least the occurrence of two

competing transport mechanisms.
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Figure I1.17. Electrical conductivity and b) reduced activation energy W of
PEDOT:OTf with different amounts of NMP (wt. %). PEDOT:OTf without NMP
(at 0 %) was synthesized previously outside the scope of this thesis.

68



Chapter 2. Structure and dopant engineering in PEDOT thin films

3-5-b. Acid treatment

Figure I1.18 presents the transport properties of PEDOT:OT{-NMP (7wt. %) after acid
treatment. Here too, a metallic behavior is noteworthy, evidenced by (1) the positive
slope of the activation energy, (2) the low resistivity ratio (down to 1.22), (3) a
crossover near room temperature introducing a negative slope of the conductivity, (4)
the non-null conductivity near 0 K as well as (5) the negative slope of the electrical
conductivity near 0 K. This latter one is mainly noticed when the experiments were not
lead under vacuum. Indeed, in order to reach temperatures down to 3 K, liquid Helium
is used and in order to avoid the presence of water which could lead to ice formation,
experiments have to be conducted under vacuum. We however noticed that the

pumping lowered the electrical conductivity as also reported by others.!'®
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Figure I1.18. a) Temperature dependence of conductivity of PEDOT:OT{-NMP
before and after acid treatment and b) their reduced activation energy. A magnified
image of their conductivity is given for low temperature (c, d and e).
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In Figure I1.18, PEDOT:OT{-NMP presents a positive slope near 0 K while
PEDOT:Sulf-NMP presents either a null slope under pumping, or a negative slope
without pumping, signature of a more pronounced metallic transport. The more
pronounced metallic behavior after acid treatment could be due to the increase of
bipolarons to the detriment of polarons as evidenced by UV-Vis-NIR, which might
render the polymer more semi-metallic.” We also attribute the difference observed
between the samples measured under vacuum and without vacuum to desorption of

some counter-anions from the surface of the film when pumping.

3-5-c. Conduction model

In this section, we would like to develop a model in order to better understand the
transport properties in PEDOT films. Therefore, PEDOT:OTf, PEDOT:Sulf,
PEDOT:OTf-NMP and PEDOT:Sulf-NMP are studied. All experiments were done in
the same conditions as explained in Materials & Methods and under vacuum. Only
PEDOT:OTf was measured prior to this thesis. Figure I1.19 gives the temperature
dependence of conductivity as well as the reduced activation energy of these four

materials.
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Figure I1.19. Transport properties of the PEDOT materials. a) Temperature
dependence of electrical conductivity (symbols) and heterogeneous model of
conduction (solid lines), b) Low temperature dependence of electrical conductivity
and c¢) Reduced activation energy (W) of PEDOT materials vs In(T).

Compared to PEDOT:PSS with a highly disordered structure (p, > 20000),
PEDOT:OTf and its treated counter-parts appear very ordered (p, = 1.72 , 1.49, 1.54
and 1.28 for PEDOT:OTf, PEDOT:Sulf, PEDOT:OT{-NMP and PEDOT:Sulf-NMP
repectively). For all four samples, non-zero conductivity for T = 0 K suggests the
presence of charges at the Fermi level allowing conduction without thermal activation,
and hence sweeps out the hypothesis of VRH conduction. The samples appear to be in

the metallic side of the metal-insulator transition as further proved by the positive

dn(o)) plotted in Figure II1.19.%0:117

slope of the reduced activation energy W = d(n(T))

Interestingly, PEDOT:Sulf depicts a metallic behavior with a positive temperature

coefficient of resistivity for T < 5 K. Such metallic behavior is not present in other
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samples at low temperature, although a slight inflection is noticeable in
PEDOT:Sulf-NMP around 3 K. All samples show a metallic sign for their temperature
dependence of conductivity at room temperature and within a large temperature range
(down to 215 K for PEDOT-Sulf-NMP). It is noteworthy that only very few reports of
metallic behavior at low and room temperature are present in the literature in
polymeric  materials (PFedoped  polypyrroles CSA-doped  polyaniline and
PEDOT:OTY).3 3210

With the very high conductivity, the metallic behavior observed, the semiconducting
behavior (increasing conductivity with temperature) and the crossover temperatures
near 0 K and at room temperature suggest several transport mechanisms that compete

in the films:

- The metallic behavior, together with the quality of the atomic arrangement in
crystalline parts seen in Figure II.12 and Figure II.13 and the interestingly
oriented structure conjecture a metallic conduction in the crystallites along the

conjugated backbone,” supposedly quasi one dimensional (1-D).

- The imperfect crystallinity of our polymers, the still existing disordered regions,
the grain-like structure surrounded by disordered regions and the zero-limit of
the activation energy at 0 K suggest a tunneling conduction as introduced in
Chapter 1 (Sheng model).20:35100.118,119

- The large disordered regions (as shown in HRTEM) images suggest that the
tunneling might not always take place between two grains particularly if they
are far apart (> 100 nm). The tunneling could also take part between more
densely charged parts in the disordered regions and should take place together
with a conduction along or between chains aside. Therefore, a disordered

metallic conduction could take place in parallel to the tunneling one.

In fine the resistivity of our films can be described as the sum of two components: the
resistivity of the crystalline regions (quasi 1-D metallic resistivity, first term in
Equation II.2) plus the resistivity of the amorphous regions (a tunneling mechanism,
second term in Equation II.2, in parallel with a disordered metal transport model, third
term in Equation II.2). This corresponds to the heterogeneous model where highly
conductive crystalline regions are connected by less conductive disordered ones.” With
this model, the resistivity is described by the following equation:
-1

07! = p = Frupmexp (— =) + {[fspseXP (%TO) Ty [fdmpdm]_l} (IL.2)
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where f,,, fg and fy,, are form factors corresponding to intrinsic resistivities p,, ps and
Pdm, Im represents the energy of the phonons that can backscatter the charges;* and T,

and T; are the tunneling temperatures dependent on the barrier geometry and energy.®

Table II.3. Fitting parameters of the heterogeneous model describing the conduction
mechanisms in our PEDOT films*.

. T1
Materials M Tm [K] N T0 [K] K] DM
PEDOT:OTt 15+ 6 1907 = L5 = 61 £ 6 0= 0.32 &= 0.06
129 0.09 3
PEDOT:OTt- 1813 + 1.27 £ 46 +
13 + 46 £ 33 £ 0.1
NMP =8 197 0.17 05 0] 053 =0.10
PEDOT-Sulf 5.97 £ 1501 + 2.86 144+ | 81 &+ 0.7700 +
1.57 84 +0.03 0.7 2 0.0007
PEDOT:Sulf- 3.79 £ 1268 + 2.73 £ 18.3 £ 60 £ 0.752 £
NMP 0.37 33 0.03 0.8 1 0.002

*The temperature dependent conductivity curves were fitted with the following
equation.

-1
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c(300)

Structure
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Figure I1.20. Illustration of the conduction model.
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Equation II.2 was used to fit the temperature dependence of conductivity in
Figure 11.19 and the fitting parameters are summarized in Table I1.3. Figure I1.19a
shows an excellent agreement between the theory and the experiment, successfully
fitting the model to the conductivity within 2 orders of magnitude of temperature
(schematized in Figure I1.20). The phonons being excited with temperature, the
1-D metallic dependence of conductivity becomes significant at room temperature with
low values of T,,. The energies of phonons relative to the metallic conduction in the
crystallites are 1907 K, 1813 K, 1501 K and 1268 K for PEDOT:OTH,
PEDOT:OTf-NMP, PEDOT:Sulf and PEDOT:Sulf-NMP respectively, hence
significantly broadening the metallic behavior from room temperature down to lower
temperatures only for the acid treated samples. Table II.4 details different
contributions of conductivities as derived from the fitting parameters in Table I1.3. The
metallicity, defined as the ratio of the 1-D metallic resistance to the total resistance at
300 K, points out that the crystallites are responsible for 2.7 %, 4.0 %, 3.0 % and
5.5 % of the total resistance in PEDOT:OTf, PEDOT:OT{-NMP, PEDOT:Sulf and
PEDOT:Sulf-NMP respectively. Taking into account the 300 K conductivity, this leads
to high intrinsic conductivity inside the grains up to approximatively 88000 S cm™ for
PEDOT:OT{-NMP (see Table I1.4). Even if one can wonder the real physical meaning
of this value, it is not absurd since single crystals of PEDOT have been reported to

have a conductivity up to 8797 S cm™ at only 10 % oxidation level.”!

Table II.4. Detailed conduction contributions deduced from the fitting parameters.
These values are given for room temperature.

' Amorphous region [S
o Quasi 1D- ) ]
. Metallicity . cm'!] Sheng barrier
Materials metallic ;
(%] Sheng- | Disordered T, [K]
[S cm '
like metal

PEDOT:OTf 2.7 37224 707 319 76
PEDOT:OTE- 4.0 88371 1846 895 46

NMP ’
PEDOT:Sulf 3.0 40473 439 1249 81
PEDOT:Sulf 5.5 81187 1362 3384 60

NMP ’
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Upon co-solvent addition, the quasi 1-D metal contribution increases by 137 % and
100 % for PEDOT:OTf and PEDOT:Sulf respectively, indicative of the strong impact
of the co-solvent on the crystallites due to a slower polymerization rate yielding bigger
crystallites. The disordered metal contribution is also strongly enhanced as well as the
Sheng contribution (originating from the decrease of the Sheng barrier temperature T)).
As a result the total contribution of the amorphous regions increases by 167 % and

181 % respectively.

The acid treatment has a lower impact on the crystallites as confirmed by the slight
changes in the quasi 1D-metallic part of the conductivity. The contribution of
amorphous regions is raised by 64 % for the PEDOT:OTf and a similar increase is
observed for PEDOT:OT{-NMP (73 %), probably because the replacement of triflate
ions by hydrogenosulfate ions distort the PEDOT chains and then alter the sizes of the
amorphous and crystalline regions.'?! After acid treatment (see Table 11.4), the metallic
contribution remains in the same order of magnitude, the Sheng contribution decreases
in accordance with the previous assumption, while the disordered metal conduction is
more than three times higher. The dramatic increase in total conduction with acid
treatment originates then from the amorphous regions, meaning that the replacement
of counter-anions has mainly taken place in those domains. Such information cannot be
deduced from GIWAXS or TEM experiments.

3-5-d. Conclusion

This analysis reveals the influence of the co-solvent addition and acid treatment on
both the crystallites and disordered regions in PEDOT films and is illustrated in
Figure I1.21. Due to the polymerization rate slowdown resulting from the co-solvent
addition, longer chains (and possibly conjugation lengths) could have grown both in the
crystalline and in the amorphous regions so that bigger grains are obtained as
evidenced with GIWAXS. As a result, the total conductivity enhancement is roughly
the same both for the crystalline and amorphous domains. After acid treatment,
hydrogenosulfate ions replace the original triflate ions, but mainly in the amorphous
regions since the too well packed structure in the crystallites does not allow the
diffusion of ions. Therefore, the conductivity enhancement is more pronounced on

amorphous regions after acid treatment.
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Quasi 1D metal + (Fluctuation Induced Tunneling // )

“w
V.

crystallites Disordered region

Figure I1.21. Illustration of the conductivity enhancement of PEDOT:OTf after co-
solvent addition and acid treatment. After the addition of NMP, both the crystallites
and the amorphous regions show better electronic transport properties. This is coherent
with a slower polymerization reaction that leads to a better structure all along the film.
After acid treatment the crystallites are not affected and the transport is enhanced
only in the amorphous regions. This is coherent with the replacement of triflate
counter-anions mainly in the amorphous regions.

In addition, in these amorphous regions where conductivity is driven by the tunneling
and disordered metal models, the co-solvent and the acid have a stronger impact on the
disordered metal contribution, hence comforting longer chains or smaller counter-anions

along the chains.

Therefore, compared to PEDOT:PSS with a highly disordered structure and a VRH
conduction model, PEDOT:OTf and its treated counterparts, thanks to the better
ordered structure and the smaller counter-anions, depict a behavior leaving the
Anderson localization and shifting more towards the metallic side of the metal insulator

transition (Figure 1.10).

4. Conclusion

We managed to synthesize PEDOT materials stabilized with small counter-anions

triflate. Because of their dimensions, conductivities up to 1200 S cm™, which are better
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than that of the commercial PEDOT:PSS, are obtained. Furthermore, through an
adequate structure engineering with coordinating solvents and dopant engineering with
acid treatment, the conductivity was risen up to 5400 S cm™, currently representing the

state of the art for PEDOT films. Through different characterization techniques, the

mechanisms behind such dramatic enhancement was unraveled.

Conjugated polymers

Insulators Metals

102 101 108 100 102 106

Quartz Diamond  Glass Silicon Indium/Antimony Graphite Copper
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Ln(T)
Crystalline
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Localization
B o
"W = Reduced activation energy

"MIR = Minimum metallic conductivity compatible with a minimum free path limit

Figure I1.22. Tllustration of our materials among metals, conjugated polymers and
insulators.

The addition of coordinating solvents such as NMP, DMF or DMSO in the oxidative

solution leads to longer polymerization reactions. We believe that the oxidant is

complexed and the number of nucleation sites on the substrate is reduced. As a result,
longer and better packed chains are grown. The structure is semi-crystalline, with

bigger crystallites, and the transport mechanisms are enhanced both in the crystallites

and in the less well ordered domains.
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Conclusion

Upon sulfuric acid treatment, hydrogeno-sulfonate ions from the acid interact
preferentially with the amorphous regions and replace thereby the original triflate ions.
As a result, the transport mechanisms are mainly improved in the disordered regions.
Moreover, bipolarons are favored in front of polarons which lead to a more metallic

polymer.

We also succeeded in explaining the electronic transport mechanisms in our polymer
films with a heterogeneous transport model, a model in which metallic conduction
along the chains and inside the crystallites compete with a tunneling transport typical
of semiconducting materials with localized highly conductive domains. Upon each
treatment, the proportion of the metallic conductivity increases to the detriment of the
semiconducting one. The highest transport takes place in the crystallites (up to
80000 S cm) but that contribution is limited by the amorphous regions (they
participate only up to 5 % of the total conduction mechanism). With the increasing
degree of order that appears after each treatment, the organized structure and the
smaller counter-anions that supposedly lead to better mobility, our materials leave the
Anderson localization in Figure I1.22 and move towards metallic systems. This
tendency was also recently proved by Farka et al., who synthesized PEDOT:Sulf and
showed that it stands at the Mott-loffe-Regel limit with electronic transport
mechanisms not far from that of crystalline metals (Figure 11.22).** A heterogeneous
conduction model takes place, whereby metallic and semi-conducting transport

mechanisms compete.

The structure and dopant engineering conducted in this study lead to a total
conductivity enhancement from 1200 to 5400 S cm™. With such metal-like conductivity
and behavior, PEDOT:OT{-NMP and PEDOT:Sulf-NMP are highly suitable for next

generation transparent electrode applications

78



Chapter 3. Electrical to thermal energy conversion in PEDOT based conducting

polymers: application in flexible transparent heaters

Chapter 3
Electrical to thermal energy
conversion in PEDOT based

conducting polymers:
application in flexible

transparent heaters

79




Introduction

From here onwards, since PEDOT:OTf and PEDOT:OTf-NMP are the same materials,
and similarly for PEDOT:Sulf and PEDOT:Sulf-NMP, the terminology “NMP” will not
be added anymore. All following PEDOT:OTf and PEDOT:Sulf are synthesized with a

certain amount of NMP which will be introduced beforehand.

The work presented in this chapter has been published in the journal ACS Applied

Materials & Interfaces.!

1. Introduction

This chapter will deal with some thermoelectric properties of the PEDOT materials
that have been developed in Chapter 2 as well as some PEDOT materials available
commercially, especially the conversion of electrical energy to thermal one via Joule

heating and the thermal conduction mechanisms within the conducting films.

Thermoelectricity refers to any transport of heat combined with electrical energy.
When the system recovers its initial state after the electrical or thermal stress without
energy loss or entropy creation, the system is thermodynamically reversible; irreversible
otherwise. In that respect, Joule heating and thermal conduction phenomena are
thermodynamically irreversible thermoelectric processes. Given the highly conductive
materials that we reported in Chapter 2, the study of such mechanisms is mainly

interesting in the field of heaters.

After a brief overview of Joule heating observations in PEDOT materials, we will study
the thermal conduction mechanisms that take place in our PEDOT materials when an
electric current flows through them and confront our experimental observations to a
theoretical model that will allow us to define the phenomena that occur during the

thermal conduction.

Subsequently, a novel application for PEDOT using their heating properties will be

introduced, namely transparent heaters.

2. Strategy

Joule heating is a physical process by which heat is produced when an electric current
flows through a resistive material. In the literature, the resistive Joule heating of
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PEDOT is mainly sought for electroactive, thermochromic and fabric heaters
applications.?> 12! As a matter of fact, PEDOT:PSS was shown to undergo contraction
upon application of a voltage bias. That contraction is due to desorption of water in
the film after Joule heating. This lead mainly to electroactive applications in which
PEDOT is used as an actuator that contracts or expands when subjected to a bias and
in a relatively humid atmosphere.!®122123125.126. Algo - despite its electrochromic properties,
it is easier to use the resistive Joule heating of PEDOT to cause the color changing of a
thermochromic material since an electrochromic device requires a whole system to be
fabricated (with at least an electrode and an electrolyte).””” Another field that is
arousing great interest for the conversion of electrical energy to thermal energy using

PEDOT and conductive materials in general is that of wearable fabric heaters.!?!

In these heating applications where low voltage, high response time, flexibility, stability
and stretchability are needed, a clear understanding of the mechanisms behind the
electrical to energy conversion in these PEDOT heaters is however lacking in the

literature.

We here then propose to study the thermal response of PEDOT upon an application of
a bias. Subsequently, a novel application for PEDOT as heater will be proposed.

3. Joule heating and thermal conduction in
PEDOT films

3-1. Materials

This study was carried out with four different polymers based on PEDOT. Commercial
PEDOT:PSS (Clevios PH1000) was used as deposited, or after being treated with
ethylene glycol, which is known to increase carrier density and the carrier mobility
(this material was named PEDOT:PSS-EG).#!* Two other PEDOT materials
presented in Chapter 2, namely PEDOT:OTf and PEDOT:Sulf, with unprecedented

conductivities were also used for this study (see Table III.1).%
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Table III.1. Thickness, sheet resistance and conductivity of the studied materials. Two

to three layers were deposited in order to achieve such properties.

T:PSS-
Materials PEDOT:PSS PED%G 55 PEDOT:OTf | PEDOT:Sulf
Thickness [nm] 156 108 41 44
Sheet resistance [ sq’!] 361 68 81 57
Conductivity [S cm™] 178 1361 3011 3987

The chemical structure of these materials can be found in Figure III.1.The solvent
NMP was added at 7.75 wt. % in the oxidative solution as reported in Materials &
methods. The materials were deposited by spin coating the solutions either on a
Planibel glass or on PET substrates and the sample sizes were 2.5 ¢cm x 2.5 cm and
10 ecm x 10 cm as shown in Figure III.2. A detailed explanation of the synthesis
methods is given in Materials & methods. In the following, the resistance and/or the
sheet resistance of the materials are given because this physical property is more

adequate than the conductivity for Joule power calculations.
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Figure III.1. The studied materials: a) PEDOT:PSS or PEDOT:PSS-EG. b)
PEDOT:OTY{. ¢) PEDOT:Sulf.

As reported in Table III.1, the materials have different sheet resistances and
thicknesses. In order to be able to compare their heating properties, the materials are
compared according to their transparency in the visible range, so that electrical
properties given in this chapter correspond to materials whose transparency is around
90 % at 550 nm (this wavelength is widely acknowledged for transparency

measurements as it corresponds to the maximum sensitivity of human eye).'”” When
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dealing with the couple sheet resistance/transparence, a figure of merit (FOM) is a
good indicator that helps comparing materials. A FOM is basically a relationship
between the transmittance T and the sheet resistance Rs that is controlled by the
conductivity ratio, opc/cop where opc is the electrical conductivity and oop the optical
conductivity. A FOM is therefore a good indicator to rank different materials.'*3t A
FOM has been defined by De et al. as given in Equation III.1, and it gives a good

ranking for transparent conductive materials in general.'®

FOM = B¢ = %o

oop  2.Rg

1111
(D (L)

with Zo = impedance of free space = 377 , T the transmittance, Rs the sheet

resistance.

3-2. Experimental observation of the heating

performances

Figure II1.2. Picture of PEDOT:Sulf deposited on (a) a 2.5 cm x 2.5 cm glass substrate
with silver paints for contacts, (b) a 10 cm x 10 cm glass substrate and
(c) a 10 cm x10 cm flexible PET substrate.

Small strips of silver ink were deposited on the opposing edges of the materials in order
to ensure a better contact between the films and the external circuit as presented in
Figure I1I.2a,b. In order to evaluate the heating properties of these PEDOT materials,
voltages from 4 to 12 V were applied on the four films. The temperature elevation, as
recorded with a K-type thermocouple affixed under the substrate for all four materials,
is displayed in Figure III.3. The main electrical and heating properties are summarized
in Table III.2. PEDOT:PSS, whose resistance is the highest, shows the poorest
temperature increase (Figure II1.3b). At 10 V bias, PEDOT:OTf and PEDOT:PSS-EG
have performances twice higher than PEDOT:PSS (Figure I11.3a,d), reaching 838 °C and
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94 °C respectively. PEDOT:Sulf shows even better heating properties reaching 120 °C
at 10 V bias, and 138 °C at 12 V bias.

Though the possibility to heat at temperatures above 200°C is demonstrated
(Figure II1.4 hereinafter), we focused the study in a temperature range below 100°C,

which is more compatible with the thermal stability of organic materials.
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Figure III.3. Heating performances of PEDOT materials. Temperature elevation of
PEDOT:OTf (a), PEDOT:PSS (b), PEDOT:Sulf (c) and PEDOT:PSS-EG (d)
deposited by spin-coating on glass substrates. Voltages from 4 to 12 V were applied
and shut off after ca. 1000 — 1200 s. Curves were fitted with the model from
Equation III.3. Solid lines represent the experimental curves and dash lines the
calculated fits.

From the curves presented in Figure III.3, we can correlate the trend of the heating
ability to the electrical resistances. As expected, the temperature elevation follows the
same trend as the resistive Joule heating, specifically an increase when the resistance
decreases. But in order to compare the different materials, it is better to correlate the
heating ability with the figure FOM as defined by De et al. and given in Equation I1I.1
and Table III1.2.1% It appears in Table III.2 that PEDOT:PSS-EG and PEDOT:Sulf
have equivalent FOM, and hence optoelectronic properties. In other words if equivalent
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transmittances are achieved, equivalent sheet resistances will also be achieved and the
same thermal responses would likely be expected as well. The better thermal responses
are however obtained with PEDOT:Sulf whose resistance is the lowest. The FOM still
remains the most adequate tool to classify them and despite their different
conductivities, PEDOT:Sulf and PEDOT:PSS-EG should have equivalent heating

properties.

Table II1.2. Optical, electrical and heating properties of the studied PEDOT based

materials.
Total Heati
Sheet © .a . Temperature cating
. i transmission | Haze | FOM rate at
Materials resistance at 10 V
Q s @ 550 nm (%] o] 10V
%] [°C 5]
PEDOT:PSS 361 90.1 0.1 10 45 0.2
PEDOT:PSS-
68 89.6 0.7 49 94 1.0
EG
PEDOT:OTf 81 88.4 0.5 37 88 0.9
PEDOT:Sulf 57 87.8 0.7 50 114 1.2

3-3. Modelling the temperature elevation

Being able to theoretically anticipate the temperature elevation in these PEDOT films
would allow to better understand the thermal properties of the material and to finely
tune the properties’ choice at an applied voltage. This would be helpful for optimizing
the properties of PEDOT in view of potential heater applications. Sorel et al. developed
a relevant and comprehensive model that describes the temperature dependence of the
system {material 4+ substrate} with their physical characteristics.”® That model was
given for silver nanowires networks but can be extended to our polymer films as it is an
energy balance between the dissipated power by Joule heating and the power losses
through conduction, convection and radiation. When applying a voltage U to a film, a

current I flows through it and the power dissipated by Joule heating is given by

2
Poule = RI? = %, assuming that the sample does not alter with time (which is the case

when looking at the stable thermal responses in Figure II1.3). That heat is dissipated
via conduction, hence raising the temperature of both the material and its substrate,

via convection and wvia radiation. By neglecting the losses through the electrodes,
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thermocouples and other wires in the circuits and assuming a uniform temperature all
over the sample (which is true for small areas as exposed later in Figure I11.12), the

energy balance is given by Equation III.2.

U? dT(t) 4 4
R (m;C,; + mzcz)d_ + A(h; + hy)(T(t) — Tp) + 6A(g;g + &) (T(O* = Tp™)

(I11.2)

The indexes 1 and 2 refer to the PEDOT material and the substrate respectively. C,
and C, are the specific heat capacities, m; and m, the masses, h; and h, the convective
heat transfer coefficients and € and € the emissivities from both sides of the studied
system. o is the Stefan-Boltzmann constant and A the area of the film. T(t) is the

instantaneous temperature and Ty the ambient temperature. Since m; <« m,, the
dT(t)
dt

does not have any simple analytical solution, it is simplified by hypothesizing small

conduction loss term can be reduced, hence giving mC . Moreover, as such equation

temperature variations and by applying a Taylor expansion that gives T(t)* — Tp* =

4T3 (T(t) — Ty). The following solution can be demonstrated:
_ 1 u? -8y
T() = To+.o. (1 — e me ) (II1.3)

Here, a = (h; + h,) + 4T3 (g; + €,) and stands for the heat transfer coefficient related

to convection and radiation losses. It is also defined as the thermal conductance.!'®?

Equation III.3 was used to fit the temperature elevation curves in Figure II1.3. The
dashed lines correspond to the calculated fits and are superposed to experimental data.
Thus it appears that the model reflects quite accurately the heating capability of the
PEDOT-based materials. The rare deviations observed, particularly above 80 °C, can

be attributed to the hypotheses of the model.
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Figure II1.4. Areal power density of PEDOT materials on the whole range of reached
temperature (a) and on the linear dependency range (below 150 °C) (b). The linear
dependency above 150 °C disappears, probably due to polymer degradation.

At steady state temperature, the temperature is given in Equation II[.4 and depends

2
solely on the areal power density % and the heat transfer constant a.

Toax = To + = — (I1L.4)

That linear dependency is shown in Figure III.4. The proportionality coefficient 1/a is
the thermal resistance and is defined as the resistance of the material against the flow
of heat outside the system as it is related to the convective and radiative losses. It is
found to be greater for PEDOT:Sulf, followed by PEDOT:OTf, PEDOT:PSS and
PEDOT:PSS-EG. In comparison to electrical resistance, one can easily understand that
best heaters should depict high thermal resistance in order to reduce losses. The
thermal resistance is found to be 380, 330, 280 and 250 K c¢m? W for PEDOT:Sulf,
PEDOT:OTf, PEDOT:PSS and PEDOT:PSS-EG. These values are comparable to
those reported for silver nanowire based film heaters.'*:*313* Since the studied system is
only constituted of PEDOT and the substrate, and since the substrates are identical for
all four PEDOT materials, the differences noticed in the thermal resistances may be
inherent to the materials themselves. Losses as maximized for PEDOT:PSS-EG and
minimized for PEDOT:Sulf. The origin of such differences is still unknown but

hypotheses comprise materials features such as their thickness or their composition.

In the linear dependency region in Figure II[.4, areal power densities up to

240 mW cm? are reached for PEDOT:PSS-EG under 10 V bias. This power density can
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be further increased up to near 1000 mW cm? ie. 10 000 W m?2, when 22 V are
applied, the steady state temperature being then 214 °C (Figure III.4a). Even though
high steady state temperature (> 200 °C) and very high areal power density can be
achieved, these conditions are not recommended because of the potential degradation of

the organic polymer.

As the steady state temperature depends on the areal power density, moving to large
areas substrates will inevitably induce a drop of heating performances unless the total
resistance of the PEDOT material is modulated, geometrically for instance, since the
dissipated power depends on the electrical resistance and not the sheet resistance.
Indeed, Figure II1.5 gives the temperature responses of PEDOT:Sulf deposited on a
10 em x 10 cm glass substrate, to be compared with Figure III.3. The resistance is
measured to be 57 2 for the small area material and 68 €2 for the large one. The area
being 16 times larger, we expect from Equation III.4 that a voltage 3 to 4 times higher
should be applied in order to reach the same steady state temperature (supposing the
losses being approximately the same). That is what is achieved experimentally, when
20 V is needed for a 10 cm x 10 cm film to reach 70 °C, while only around 7 V were

needed for the small size material (2.5 cm x 2.5 cm).

140
PEDOT:Sulf - glass substrate - 10 cm x10 cm
o 120 .y
o 100
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© 801 20V
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Figure II1.5. Temperature elevation of PEDOT:Sulf deposited on a 10 cm x 10 cm
(Rs = 62.6 2 sq-1, Ts50um = 89.0 %) glass substrate when different voltages are
applied.

We showed, both experimentally and theoretically, that the resistance and the area are

both key features that achieve a good steady state temperature. The properties making
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a good heater are however not restricted to those characteristics and heaters should in
addition have a fair response time for practical applications, high thermal stability and

a good resistance to environmental stresses.

3-4. Heating rate

Equation III.3 was derived in order to evaluate the heating rate, so that the material

and voltage dependence of the heating rate can be inferred from Equation III.5:

dT(y _ _U? e_i_’ét

It RmC (II1.5)
a b.
= PEDOT:OTf - __41 = PEDOT:OTS "
2001 e PEDOT:Suff - . 0 : ggggl.ggrfs
O A PEDOTPSS : -
460] v PEDOTPSSEG Y = " 83‘ v PEDOT:PSSEG Y
o e Y ® - . . -
=) ] -
©120 L S 2 .. "
g . 1 LA 8’) . : -
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Figure II1.6. Steady state temperature and maximum heating rate as function of the
applied voltage for the four PEDOT based materials studied.

Figure II1.6 gives the steady state temperatures and the maximum heating rates over
the whole range of applied voltage while Table III.2 gives the steady state temperatures
and the maximum heating rates when 10 V are applied on our all-polymeric film
heaters. At such bias the heating rate ranges from 0.2 °C s' for PEDOT:PSS to
1.2 °C s! for PEDOT:Sulf. This parameter is material dependent and temperature
dependent as can be seen in Figure II.6 and it can be as high as 4 °C s! for
PEDOT:PSS-EG when 22 V are applied. These values remain slightly lower than those
found in the literature for heating fabrics using PEDOT. Heating rates of PEDOT
heaters made of fibers or microfilms for textiles are generally from 1 to 6 °C s for low
voltage bias (< 12 V) and the response time is usually lower than 100 s.'%1** For

example, Yeon et al. reported a steady state temperature of 99.6 °C upon 12 V, which

89



Joule heating and thermal conduction in PEDOT films

was reached within 60 s.'** Their material, PEDOT:PSS, was loaded in a cotton fabric
(thus was not used as a thin film), with a sheet resistance of 24 Q sq!. Ours being far
thinner, their properties should be compared to those of transparent heaters such as
carbon nanotubes or silver nanowires. Heating rates for transparent heaters based on
graphene, CNTs or metallic nanowires are typically in the range 0.1 to 2.0 °C s for

low voltage bias (< 12 V), hence comparable to our materials.'3> 157

At such heating rates, the steady state temperatures are reached after less than ca.
400 s for all materials, which can be observed in Figure III.3. The response time of
heaters can be measured using the 99 % response time (tg %) which is the time needed

to reach 99 % of the steady state temperature. It is given by tggo, = ZYZ—Zln 10,
deduced from Equation III.3 which is theoretically between 250 and 385 s for all for

materials, given the thermal resistance found previously and the mass and specific
capacity of the glass substrate. This is consistent with observations in Figure III.3. This
concordance between the experiments and the theory confirms the relevance of the
model and sheds some light on the parameters that could improve the response time of

PEDOT for heating applications.

In other words, given the low thickness of PEDOT films, the maximum value of the
rate depends solely on the power (thus the applied voltage and the material’s
resistance), the substrate’s weight and its specific heat capacity. Therefore, the time
response is mainly function of the substrate’s properties (mass, area and specific heat
capacity). Thus, heavier, larger or less thermally conductive substrates will induce a
longer response time. For that reason, compared to the 1 mm thick glass substrate, a
125 um PET (polyethylene terephthalate) substrate will show faster thermal response
times (as low as 140 s, see Figure III.7 and Table III. 3). It is interesting to note that
depositing PEDOT on thin PET substrate (125 pm) not only increases the response

time as expected, but also leads to a flexible heating material.
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Figure II1.7. a) Comparison of heating rates of PEDOT:Sulf. b) Temperature elevation
of PEDOT:Sulf on a 2.5 cm x 2.5 cm PET substrate
(RS =40.0 sq‘l, T550 nm — 86.5 %)

The response time can further be improved by increasing the heating rate. Apart from
being function of the surface characteristics (mass and specific heat capacity), this
latter is also dependent on the input power as inferred by Equation III.5. Therefore,
the time response can be increased by applying a high voltage in the first seconds
before reducing the voltage to reach the required temperature. For example, in
Figure II1.8, 15 V were applied in the first 20 s before reducing the voltage to 6 V. The
target temperature 52 °C is reached in less than 50 s. On the other hand, the 50 °C
setpoint temperature was reached within 300 s by applying 5 V. Hence, by modulating

the input power, the time response can be drastically improved.
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Figure III.8. Improved response time via input power adjustment. The experiment
was done on PEDOT:PSS-EG based heaters, deposited on 2.5 cm x 2.5 cm glass
substrates.

3-5. Stability

For practical applications, more than the physical characteristics that can be
engineered and optimized, stability is a key issue to be dealt with. Stability through
cycling (Figure II1.9) and the ageing during 200 h (Figure II1.10) have been

investigated.

Heating and cooling cycles on PEDOT heaters have been performed. The results are
presented in Figure II1.9. The active materials were deposited on 2.5 cm x 2.5 cm glass
substrates and the required voltages to reach a 50 °C steady state temperature were
applied and shut down every 400 s. No significant changes were noticed and the

temperature remained stable after 20 cycles for each PEDOT based material.
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Figure II1.9. Stability while cycling of a) PEDOT:OTf (Rs = 72.8 Q sq?,
Tisowm = 87.4 %), b) PEDOT:PSS (Rs = 315 Q sq’, Tas0um = 89.4 %),
¢) PEDOT:Sulf (Rs = 49.2 Q sq", Tss0mu = 88.6 %) and d)PEDOT:PSS-EG
(Rs = 67.5 Q sq!, Ts50um = 90.1 %).

PEDOT:PSS-EG and PEDOT:Sulf, which are the materials exhibiting the best heating
properties, were also subjected to a constant bias for 200 h (i.e. continuously for more
than 8 days), at 22 °C and under 30 % relative humidity, targeting a 50 °C steady
state temperature. The results are given in Figure III.10. The variations observed in
Figure II1.10a are due to the day/night and seasonal temperature variations. Therefore,
the room temperature (Figure II1.10a) was subtracted to the samples’ temperature
(Figure II1.10b,c) so that the only influence of the Joule heating is displayed. It was
observed that under constant bias stress, PEDOT:PSS-EG heating capability decreases
from 63 °C to 54 °C (-15 %) while PEDOT:Sulf’s decreases from 59 °C to 44 °C
(-25%).
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Figure II1.10. 200 h ageing of PEDOT:PSS-EG and PEDOT:Sulf when 50 °C are
targeted. a) Ageing of PEDOT:PSS-EG (Rs = 53.7 € sq, T = 87.5 %) and
PEDOT:Sulf (Rs = 53.5 Q sq!, Tss0um = 87.5 %) as well as the room temperature
fluctuations during the measurement. b) Ageing of PEDOT:PSS-EG and PEDOT:Sulf
after correction taking into account the fluctuations of the experimental room’s
temperature. ¢) Encapsulation of PEDOT:Sulf showing the incompatibility of this film
barrier. d) Ageing of PEDOT:PSS-EG after encapsulation with a film barrier.

The reasons for this moderate drop have not been clearly established so far, but more
than temperature instability, the environment could also play a significant role as
PEDOT materials are known to be moisture-sensitive.** Consequently we decided to
encapsulate the heater with a film barrier, whose WVTR (water vapor transmission
rate) is given at 5.10° g m? d' at 40 °C and 90 % RH, thanks to an optically clear
adhesive (OCA)." In the case of PEDOT:Sulf, a destructive chemical reaction
occurred between the film and the OCA (Figure III.10c), probably due to the acidity of
the material, so that such encapsulation is not preferred and other ones should be
investigated. In the case of PEDOT:PSS-EG, the encapsulation resulted in a very
efficient stabilization of the functional system (Figure II1.10d), less than 1 °C variation

being observed after 200h.
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3-6. Flexibility

In order to demonstrate the flexibility of polymeric heater, we performed 500 bending
cycles at approximately 9 mm bending radius on a 2.5 cm x 2.5 cm PEDOT:PSS-EG
based heater. PEDOT:Sulf also could be deposited on flexible substrate but since the
sulfuric acid treatment could be detrimental to the PET substrate, the flexibility of

this material was not investigated but was supposed to be similar to that of
PEDOT:PSS-EG.
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Figure III.11. a) Electrical stability of PEDOT:PSS-EG (2.5 ¢cm x 2.5 c¢m electrode,
Rs = 53.7 Q sq!, Tss0um = 87.5 %) after 500 bending cycles under 9 mm bending
radius. b) PEDOT:PSS-EG ( Rs = 97.1 Q, Tss0um = 94 % , applied voltage = 15 V,
[ = 150 mA, steady state T = 39 °C) deposited on a flexible PET substrate (125 m)
and c) the stability of its heating properties after 1000 flexions under 10 mm bending
radius.

The resistance was measured after each cycle. The results presented in Figure IIl.11a
show that the resistance remains constant after 500 cycles. For practical applications
we performed more than 1000 flexions at 10 mm bending radius, on a 10 cm x 10 cm
PEDOT:PSS-EG based heater (Figure III.11b,c) without altering the heating
properties. As the electrical resistance is not altered after the bending cycles, the

heating properties remain unchanged as shown in Figure III.11c.

3-7. Uniformity of the heating

The uniformity of temperature distribution across these PEDOT-based heaters can be
a good indicator for some heating applications. PEDOT:PSS-EG was deposited on both

a flat small area glass substrate and a curved large area polycarbonate substrate (a
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motor visor). Only PEDOT:PSS-EG was investigated because it is easily processable

for deposition on large and curved surfaces and has good heating performances similar
to that of PEDOT:Sulf.
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Figure I11.12. a) IR image of a PEDOT:PSS-EG heating at 63 °C (applied voltage =
6 V). The heat losses in the electrodes’ contacts (left side), the thermocouple’s wire
(right side) and the Kapton® tape (lower side) are visible. b) Temperature response
when 5 V followed by 20 V bias are applied on a visor covered with a thin
PEDOT:PSS film. Three K-type thermocouples were placed at three different spots on
the visor and the temperature raise was recorded. R = 18 Q.

For small area materials, typically 2.5 cm x 2.5 c¢m, the temperature rise as well as the
steady state temperature are uniform all over the sample as illustrated with the IR
thermal image in Figure III.12a where one can see the increased temperature
throughout the film and the connecting wires. However, with larger surfaces, an uneven
temperature can be noticed (Figure III.12b). This non uniformity can be due both to
the geometry of the visor, or losses over large surfaces. Further works are focusing on

explaining these losses more thoroughly and optimizing the uniformity of the heating.
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4. Application as transparent heaters

4-1. PEDOT as transparent conductive materials

Transparent conductive materials (TCMs) are needed in a myriad of applications such
as antistatic coatings, electromagnetic shielding, touch panel controls, transparent
electrodes in solar cells or OLEDs, low emissivity windows and transparent heaters.'®
A good TCM is characterized by its low sheet resistance (Rs < 100 Q sq!) combined
with a high transparency (Tssowm > 90 %), a very low blurriness (measured by the haze
factor as introduced later) for applications whereby high visibility is needed, and an
appropriate stability and response time. Furthermore, the processing methods and cost
should be harnessed. In order to acknowledge materials as good TCM, the FOM should
be at least greater than 35.
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Figure II1.13.a) Transmittance versus sheet resistance of PEDOT materials and b)
FOM of PEDOT materials versus years. Black points are literature data and red points
are data of this work, corresponding to PEDOT:OTf, PEDOT:Sulf and PEDOT:PSS-
EG. References can be found in the Appendix.

Transparent conducting oxides have long been the reference for such applications due
to their good optoelectronic properties and stability. However, their brittleness and
their cost become an issue regarding the growing demand on flexible devices.!*”
PEDOT, among others, has made itself a reliable candidate through the increasing

electrical performances reported as shown in Chapter 1 and Chapter 2.
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PEDOT was proposed as electromagnetic shield as well as transparent electrode anode
in order to replace indium tin oxide (ITO) in organic solar cells and lighting
devices, 081818594 I0L U2 I ML Tt wag also shown to replace platinum and fluorinated tin
oxide in dye sensitized solar cells.!*® Figure II1.13 shows the optoelectronic properties of

PEDOT materials studied as transparent electrodes in the literature.

Though preliminary works revealed the relevance of PEDOT as a TCM, they were
mainly focused on transparent electrode applications. We here aim to demonstrate a

novel TCM application for PEDOT materials and for conducting polymers in general.

4-2. Transparent heaters

The first use of transparent heaters (THs) dates back from the World War II when
they were applied for defrosting the windows of airplanes at high altitudes.'® Nowadays
ITO is the most employed TCM in general and for TH in particular, the foremost uses
being for defrosters and defoggers in vehicles, advertisement boards, avionics and
displays.’¥"13914 Due to the growing market of TCMs and the increasing demand on
flexible devices, the brittleness of ITO and the scarcity of indium stimulated research
for alternative materials. In that respect, THs made of metal oxides, carbon nanotubes,
graphene, metallic nanowires (NWs), metal meshes and hybrid materials have been
investigated.!34135:145154 - After seminal studies focused only on metal oxides, carbon
nanotubes (CNTs) and graphene based heaters refreshed the attention on THs.!36:155.15
The high sheet resistances in CNTs require however a too high input voltage and the
numerous defects in graphene induce some local hot spots and hence a non-uniform
heating over large areas. These materials do not allow to reach excellent trade-off
between conductivity and transparency and require high bias to be activated. Metallic
nanowire-based networks were proved to be efficient THs only few years ago.'*>!” They
are solution-processable and exhibit low sheet resistance, high transparency, excellent
flexibility = and  hence are  convenient  for  flexible  transparent  film
heaters. 32133135131 ULI.159 They however have a too high haze factor and hence diffuse
too much light.'®* Hybridizing AgNWs with conducting polymers such as PEDOT:PSS
allows to reduce the sheet resistance, the haze factor and to homogenize the heating.'*!
However, it was demonstrated that these hybrids show moderate stability.!* 1% Metal
meshes also depict interesting optoelectronic properties for transparent heaters
applications, but the fabrication process can be costly and the haze factor remains
high.!%215 Conducting polymers, including PEDOT, are well-known to be relevant

TCMs for OLEDs, photovoltaics, sensors and other optoelectronics devices.?0:112150.163
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Surprisingly, to the best of our knowledge, no TH solely based on conducting polymers
has ever been reported, although these materials can exhibit outstanding optoelectronic
properties (Figure II1.13) and interesting thermal response as introduced in 3-3.791.123
We here investigate PEDOT as the next generation of transparent film heaters
(Figure III.14).

4-3. Optoelectronic properties

Besides their outstanding electrical properties as presented in Chapter 2, these
materials also exhibit high transparencies in the visible spectrum (see figure I1.7),
which are two key properties for transparent thin film heaters. Their main
optoelectronic properties are reported in Figure III.15a,b. The high conductivity
associated to the low thickness of PEDOT:OTf and PEDOT:Sulf films are at the origin
of the excellent trade-off between sheet resistance and high transparency in the visible
range (Table II1.1). PEDOT:PSS and PEDOT:PSS-EG on the other hand are less
conductive materials (178 and 1361 S cm™ respectively), which is mainly due to the
excess of insulating PSS present in the films. However, this excess of PSS does not
absorb in the visible range, and hence is not detrimental for the transparency of these
materials. Figure III.15a shows the specular transmission values at 550 nm of the four
materials as a function of their sheet resistances. Transparencies higher than 80 %
associated with sheet resistances below 100 2 sq? are very good features to achieve
high performance THs.!*" This can be easily accomplished by stacking two to three
layers of PEDOT films. In addition to these optoelectronic properties, these materials
barely diffuse light, as evidenced by the very low haze factor, namely the amount of
diffuse light over the total transmitted light, which remains below 1 % in the entire

visible range (Figure III.15b).
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Figure III.15. Optoelectronic properties of PEDOT materials. a) Dependence of the
transmittance at 550 nm as function of the sheet resistance of the materials.
b) Optical properties of PEDOT:Sulf in the visible
(Haze = (Diffuse transmittance)/(Total transmittance) < 1 %).

4-4. Applications

Combining the good heating properties as reported hereinbefore and the good
optoelectronic properties of PEDOT:PSS-EG and PEDOT:Sulf particularly, their
heating performances are compared to the state of the art materials for THs in
Table III. 3. Based on these results, it appears that PEDOT-based materials are very
competitive in the field of THs with heating properties even better than those of CNTs,
graphene and metal oxides and almost comparable to that of silver nanowires and

derived hybrids.37:155:156

In Table II1.3, it appears that for FOM equivalent to that of our materials, the steady
state temperature reached is similar. The thermal response is however higher for our
PEDOT materials compared all other THs. Also, the thermal resistances are lower than
that of carbon and metal oxide based heaters and similar to that of metal nanowires,
hybrids or meshes. The losses are therefore lower in the case of carbon materials and
metal oxides and are still to be minimized for the remaining materials. Losses in
PEDOT are too high and supplementary works are required in order to localize the
origin of these losses so that they can be minimized. Nonetheless, those losses do not
hinder the steady state temperature reached and the thermal response can be optimized
by modulating the applied bias as stated hereinbefore. PEDOT-based films appear then
to be suitable for TH applications at low voltages, and are even scalable as long as the

TH device is designed in a way to minimize the total electrical resistance.

100



Chapter 3. Electrical to thermal energy conversion in PEDOT based conducting

polymers: application in flexible transparent heaters

Table III.3. A non-exhaustive list of state of the art materials for transparent heaters.

Thermal R
, espo
H Volt t
Material Subst | Area | Tiota | Reneet e FO © T peax FOsIStane nse
aterials ) e age | . e ,
rate [mm?| (%] | [ sq? %] M v [°C] °C em? tl[Isl]le
W
>
ITO™ | Glass | N/A | | 633 |N/A| 11* | 10 | 62 | N/A 40
SWCNTs® | PET |40x40| 76 | 356 |N/A| 4* | 12 [N/A| N/A | <50
MWCNT" | PET | 13x9 71 349 N/A 3* 10 58 406* N/A
Graphene” | Glass | 20 x 20 | 92 403 | N/A| 10" | 24 80 645" ~300
AUClg
doped Glass | 20 x 20 | 90 66 N/A | 53¢ 10 80 645" ~300
graphene!*”
PET
AuCls (sand
san
doped . 40 x 40 | 89 43 N/A | 73 12 | 100 4942 ~150
graphene!® wiche
d)
AgCP12 | PET | 40x30| 86 6 5 401 5 | ~100 515 20
CuNWs
encapsulate | Glass | N/A 84 17 N/A | 122* | 10 | 110 N/A | <100
d148
Metal PET
Meshes (Ti | 125 | 7x 11 | 89 94 5 34 5 69 258 ~15
+ Pt m
AgNW + | Glass -
PEDOT:P | 150 300 70 4 ~30 | 241¢ 4 313 ~50
SSIS4 m 85
PET
Ag Mesh +
ITOs 150 |30 x40 | 88 300 | N/A | 100* | 12 43 N/A 30
m
PEDOT:P
el glass | 25 x 25| 89.6 68 0.7 49 10 94 247 249
PEDOT:S
1 Y1 Glass | 25 x 25 | 87.8 57 0.7 50 10 | 114 383 383
PET
PEDOT:S 0.7
P " 125 | 25 x 25| 86.5 40 62 10 142 308 140
m

2 Calculated from authors’ data

> This work
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Aside from their performances, development of polymeric THs is particularly beneficial
because PEDOT polymers are easily processable. Consequently large area, flexible and
curved devices can be built easily and at significantly lower cost when compared to
TCOs. As a matter of fact, PEDOT dispersion or oxidative solution can be deposited
on flexible substrates, for instance transparent polymer films such as PET. Their
thermal properties are even better as explained hereinbefore, and demonstrated in
Figure IIL.7b.

In order to demonstrate the interest of PEDOT in future TH applications, integration
in thermochromic displays (on glass) and visor defoggers/deicers (on polymer
substrate) has been carried out. Figure II.16a shows a thermochromic display.
PEDOT:Sulf was deposited on a 10 cm x 10 cm glass substrate (58 Q sq?, 88 %
transmittance). The thermochromic ink (activation temperature 43°C) was spray-
coated through a shadow mask on a film barrier. The latter was used to encapsulate
the PEDOT thin film using the same film barrier and OCA as described previously.
When 15 V bias is applied, the temperature increases until the pattern color turns from
blue to white at 43 °C. When the voltage is switched off, the temperature decreases,
inducing the recovery of the blue color. This was realized for dozens of cycles without

any alteration.
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15V,41°C

; S

Blue thermochromic Temperature change
ink At 0 voltage upon bias
0V,20°C
b

A motor visor...

Covered with frost... ...then deiced

BEFORE AFTER
Bluriness due to the Transparency regained
frost after defrosting

Drops of water visible

Figure II1.16. a) Application as thermochromic display. Due to the increase of
temperature of the film when a voltage is applied, the color of the thermochromic ink
turns from blue to white. This process is reversible b) Application as visor deicer. The

frost formation at the surface of the transparent heater renders it blurry, but the

transparency is promptly regained after application of a voltage as the ice melts.
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In the second example of application PEDOT:PSS-EG was drop-coated on a
polycarbonate motorcycle visor (20 Q, 92 % transmittance, Figure II1.16b). Contacts
were printed up- and down-side the visor (Figure III.16b) rather than on the left and
right sides in order to minimize the resistance between the electrodes. The external
surface was then slightly humidified and the visor was iced in a fridge at -26 °C.
Deicing was then performed in few seconds by applying 15 V to heat up the surface.

These demonstrators evidence the relevant use of PEDOT based thin films as THs.

5. Conclusion

In summary, we studied in this chapter the conversion of electrical energy into thermal
energy through the resistive Joule heating of PEDOT thin films. In particular,
PEDOT:Sulf thin film depicts outstanding properties, with a sheet resistance of
57 Q sq' at 87.8 % transmittance, 1.6 °C s' heating rate and a steady state
temperature of 138 °C under 12 V bias.

It is also shown that heaters can be realized from thin films of commercially available
PEDOT:PSS solutions if the film is post-treated with EG. For instance PEDOT:PSS-
EG (68 © sq! at 89.6 % transmittance), shows also excellent heating performances, and
stability after cycling and after 200 h at 50 °C was evidenced. Very high areal power

density was measured with this material, reaching up to 10 000 W m™.

The heating performances were successfully explained with a power model resulting
from an energy balance between the {film + its substrate} system and its surrounding.
We showed that the steady state temperature depends on the applied voltage, the film
resistance, the substrate area and the convective and radiative losses. On the other
hand, the time response, which was always greater than 300 s, depends mainly on the
applied voltage, the film resistance and the substrate physical features (its mass and
specific heat capacity). The substrate is then the main obstacle for a fast response time.
Overall, the performance of PEDOT thin heaters can be modulated through their

resistance, the applied voltage and the substrate’s characteristics.

Subsequently, transparent heaters based on thin films of PEDOT polymers are
demonstrated for the first time, with performances similar to those of the state of the
art THs’ materials. They even surpass them regarding their very low haze factor,

always smaller than 1 %. Thanks to a straightforward deposition process, in particular

104



Chapter 3. Electrical to thermal energy conversion in PEDOT based conducting

polymers: application in flexible transparent heaters

on large and curved surfaces such as a visor, PEDOT transparent thin films can be
integrated into various functional devices, such as thermochromic displays or de-icing

of visors.

After metal oxides, CNTs, graphene, metallic nanowires, metal meshes and hybrids,
conducting polymers stand as the next generation of low cost, easily processable,
flexible transparent heaters. The obtained results rank them at the very best level

when compared to the state of the art materials (Table II1.3).
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Introduction

1. Introduction

In this chapter, we will introduce a thermodynamically reversible thermoelectric
phenomenon, namely the Seebeck effect and particularly in PEDOT films. We will see
how such phenomenon can allow heat harvesting and which properties the material

should have in order to be efficient.

Compared to the resistive Joule heating studied in the last chapter, the Seebeck effect
is far less unknown. Therefore, in the following, we will first present the reason why the
study of such effect is interesting. Thermodynamically reversible thermoelectric effects
will also be presented and the accent will be put on the Seebeck effect. Materials that
depict fair thermoelectric properties will be introduced, as well as the state of the art

thermoelectric properties of PEDOT materials.

After having presented those notions, we will expose the preliminary works about the

thermoelectric properties of our PEDOT materials.

2. Reversible thermoelectric effect in
PEDOT materials

2-1. Context

Around 90 % of the energy produced is converted into heat, most of which being lost
during transportation, in households or during industrial processes.'®"!%® At the same
time, numerous sources of natural heat such as anthropogenic heat, solar and
geothermal energy remain largely unexploited. Given the depletion of fossil energy and
the growing global demand for clean and renewable energy, both new sources and a
more economical use of the produced energy are strongly desired. The latter one could
be realized by harvesting the paramount heat losses, what can be made possible using

thermoelectric devices.

Thermoelectricity refers to any transport of heat combined with electrical energy. In
that respect, Joule heating and thermal conduction phenomena observed in the
previous chapter are thermoelectric effects, but non-reversible ones as they correspond

to energy losses. Howerver, only three reversible thermoelectric effects exist which are
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the Seebeck effect, the Peltier effect and the Thomson effect. These effects are behind
the conversion of heat into electricity, and vice versa, and explain the functioning of

the commonly known thermocouple or Peltier device.

This chapter reports on the thermoelectric properties of PEDOT based materials, their

optimization and give insight in their use in thermoelectric generators.

2-2. Some notions and state of the art

2-2-a. Thermoelectricity: what and what for?

The first reversible thermoelectric effect, the Seebeck effect, was discovered in 1821 by
Thomas Johann Seebeck. He noticed that a compass needle deflects when it is placed in
a closed loop of two dissimilar materials which are jointed and whose junctions are set
at different temperatures, as in Figure IV.1a.'% Such deflection is due to the
apparition of a Seebeck voltage that creates an electric current and then a magnetic
field following Ampere’s law. However, at first, Seebeck accounted the deflection of the
needle to a magnetic force and called the effect “thermomagnetic effect”. Some years
later, Hans Christian Orsted recognized that an electric field is actually created and
corrected it to “thermoelectric effect”.!™ The assembly in Figure IV.la is called a
thermocouple and the produced voltage between the cold side and the hot side is found

proportional to the temperature gradient following Equation IV.1.

109



Reversible thermoelectric effect in PEDOT materials
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Figure IV.1. a) A thermocouple made of two dissimilar materials whose junctions are
set at two different temperatures. b) Illustration of the Seebeck thermoelectric effect in
material A.

Vhot — Veold = Sas- (Thot - Tcold) (Iv'l)

Where Sag = Sp-Sa the Seebeck coefficient or thermopower of the thermocouple and Sa

and Sg the absolute Seebeck coefficient of materials A and B respectively.

In each material in Figure IV.1a, the temperature gradient induces a higher energy of
the charge carriers at the hot side (Figure IV.1b). Subsequently, the charges diffuse
from the hot to the cold size. When charges accumulate at the cold side an electrical
potential is created. Due to the electrical charges of the charge carriers, an electrical
field that drives back the charge carriers is created. At steady state, a constant
potential difference depending only on the temperature gradient remains, namely the
Seebeck voltage. If the Seebeck coefficient of material A is very high compared to B, it
can be directly assessed through Equation IV.1. That is how absolute thermopower of a
material is assessed, by coupling it with a known material which was previously
coupled with a supraconductor (a material with a zero thermopower). If the majority
charge carriers are negative, the voltage given by the voltmeter is negative and so is
the Seebeck coefficient of material A; conversely if the majority charge carriers are

positive. Seebeck coefficient is the entropy per charge carrier in the solid, therefore, its
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study can indicate whether charge carriers move freely or whether they are trapped due

to disorder.'™

Thirteen years after Seebeck’s discovery, Jean Charles Athanase Peltier discovered the
complementary phenomenon, named after him, the Peltier effect. Using the same set-
up as Seebeck, Peltier did not apply a temperature gradient but rather a current was
passed through the loop of the thermocouple, hence causing heating and cooling at the

junctions.'™

The Peltier effect can be described as in Figure IV.2b&c. The heating or cooling of the
junction is dependent on the current flow direction. In Figure IV.2b, as electrons flow
from higher to lower energy levels, they lose energy which is transferred as heat to the

surrounding environment, and conversely in Figure IV.2c.

D, <0
b 2 \ E,
E_o——e _
.
a Ey -
B
p
N-type
|
———

Metal

P-type
N-type

—
Figure IV.2. a) Two different materials A (p-type) and B (n-type) with current
flowing from B to A. b) Illustration of the Peltier thermoelectric effect, reproduced

from ™.

The interdependency between the Seebeck effect and the Peltier effect was stated in
1850 by William Thomson who was studying their thermodynamics. He established the
relationship between the Seebeck and Peltier effects and discovered the third
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thermoelectric effect, the Thomson effect in which a material undergoes reversible
heating and cooling when subjected to both an electrical current flow and a

temperature gradient as in Figure IV.3.17

—
—

v
L

" i

Figure IV.3. Illustration of the Thomson when the temperature gradient and the
current density are in the same (a) or different (b) directions. Reproduced from'™.

Similarly to the Seebeck coefficient, the Peltier and Thomson coefficients are negative
for n-type materials and positive for p-type ones. However, contrarily to the Seebeck

and Peltier effect, the Thomson effect does not hold any practical application.

2-2-b. Thermoelectric devices

While studying thermoelectric effect, Thomson inferred that a thermocouple can act as
a heat engine which could be used for heat harvesting (Seebeck effect) or as heat pump
or refrigerator (Peltier effect).'™ The irreversible phenomena that occurred alongside
the reversible ones induce however too much losses and thermocouples are not efficient.
In 1911, Edmund Altenkirch investigated such device performance and showed that the
efficiency could be improved by increasing the magnitude of the differential Seebeck
coefficient between the two branches of the thermocouple, by increasing their electrical
conductivity and by reducing their thermal conductivity.!” The lack of reasonably
efficient materials at that time was not advantageous for such device implementation.
The suggestion of semiconductors as efficient thermoelectric material in the nineteen

fifties opened the route to Peltier refrigerators and thermoelectric generators.

The aforementioned devices operate following the scheme in Figure IV.4. A

thermoelectric device is constituted of p and n-type legs which are electrically
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connected in series and thermally in parallel. The alteration of n and p type materials
allows to optimize the Seebeck coefficient of the as-formed thermocouple. The system
can be made from as much legs as necessary in order to increase the efficiency of the

system.

metallic
interconnects

thermoelectric
C . clements are
electrically ceramic substrates
isolated

n-type leg

p-type leg

Figure IV.4. a-b) Functioning principle of a thermoelectric generator (a) and a Peltier
device (b). ¢) A thermoelectric module made of p-type and n-type legs reproduced
after ™.

Thermoelectric generators have gained tremendous attention in the past decades. They
have no moving parts and hence require no maintenance, and they can be used in any
environment, all they need being a temperature gradient. Therefore, they were the
effective solution for spacecraft missions. Their main problem remains in their low
efficiency, so that they are only used in niche applications.!™ The efficiency n of such
device is given in Equation V.2 :18176.17

Th-Te (J1+2Tm-1) (IV.2)

. T
Ty (1+sz+ﬁ)

T‘I=

Where Ty, and T. are the temperature at the hot side and cold side respectively, T\, the
mean temperature and zT,, the figure of merit given by Equation IV.3:

(Sp—Sn)*

T,
2im = (R o) /24 (o) V7]

T (IV.3)
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With p and n indices referring to the p- and n-type material respectively, S the Seebeck

coefficient, A the thermal conductivity and p the resistivity.

The figure of merit reflects then directly the efficiency of thermoelectric generators as
given in Figure IV.5. It appears that when the temperature gradient is set at 100 K
and the cold side of the device at room temperature (300 K), the efficiency is barely
5 % if zT, values 1. Despite such low efficiency, the fuel of such devices is lost heat
and the produced voltage is enough to power devices in the growing market of the

internet of things for instance.

0.20- 600K
| 55
0.15- 50
= 1 45
0.10-

0.054

Figure IV.5. Maximum efficiency of a thermoelectric device as function of the hot
temperature and the figure of merit. The cold temperature is set at room temperature
(300 K) and the hot temperature is ascribed near the corresponding curves.

In spite of studying the whole device or the whole thermocouple, dealing with only one
of the materials (one leg) is more convenient for the study of the material. Therefore,

we introduce in practice the figure of merit of a material given by Equation IV .4 :

s? 0.5?2
7T = TpT = TT (IV.4)

With o the electrical conductivity of the considered material.

3. Thermoelectric materials

As inferred previously by Edmund Altenkirch, as one can guess intuitively and also as

proved in Equation IV.4, the efficiency of a thermoelectric material depends on its
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propensity to conduct electricity (its electrical conductivity), its propensity to convert
a temperature gradient into electricity (its Seebeck coefficent) and its propensity to
keep the temperature gradient the longest (its thermal conductivity). In other terms, a
high electrical conductivity, a high Seebeck coefficient and a low thermal conductivity
are required in order to optimize ZT and subsequently the efficiency. A major issue
remains however in the interdependency of these three parameters, which are all

function of the charge carriers’ concentration, as shown in Figure IV.6.
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Figure IV.6. Seebeck coefficient, electrical and thermal conductivity as a function of

free carrier concentration for different classes of materials, after!™.

Table IV.1. Comparison of the thermoelectric properties of metals, semiconductors and

insulators at room temperature, reproduced from'™.

Metals

Semiconductors

Insulators

S~5uV K!

S ~ 200 pV K!

S~1mV K!

0~10% S em!

o~ 10°S em!

o~ 102 S cm

A ~ 10-1000 W m
K

A~ 1-100 W m! K

A~0.1-1 Wm! K!

ZT ~ 107

ZT ~0.1-1.0

ZT ~ 10

As summarized in Table IV.1, metals have high conductivity, but their Seebeck
coefficient is too low to consider them as viable thermoelectric materials. Insulators

possess high Seebeck coefficient, up to some mV K, but their too low conductivity do
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not allow reasonable efficiency. As for semiconductors, they depict a set of properties
letting expect ZT around 1. In fact, thermoelectric materials belong to a special class of
materials described as “phonon glass and electron-crystal” materials.”®™ Such materials
should inhibit the conduction of phonons like a glass, thus resulting in a lessening of
the thermal conductivity, while behaving like crystals for electrons, hence increasing

the electrical conductivity.

In that respect, early researches have focused on the engineering of inorganic
semiconductors in order to optimize the figure of merit and subsequently, the efficiency.
Thermoelectric materials appear to have a temperature range of functioning as depicted
in Figure IV.7. State of the art materials have figure of merit ranging between 1 and
2.6, which, at high temperatures (> 900 K), correspond to efficiencies higher than
20 %.17

a b.
p-Type zT - n-Type zT
12 +
1.0 + PbT
(1960? CoSb3 SiGe
08 F
]
06 +
04 +
0.2t
00 1 1 1 1 00 . g : Z
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure IV.7. P-type and n-type thermoelectric materials at different working
temperature, after?.

Interesting progress in that field have been made, especially for power generation for
space exploration. Radioisotope thermoelectric generators (RTEG) powered NASA
missions such as Voyager 1 and 2, which were launched in 1977 and are still fulfilling

their mission.

However, coming back to earth and the tremendous heat losses in our energy
consumption, around 60 % of the losses are present at temperature below 100 °C,

available, but not harvested.!®"16181 Main efficient materials at such low temperature

2 http://thermoelectrics.matsci.northwestern.edu/thermoelectrics/index.html, last visited in July 2017
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(< 100 °C) and with good thermoelectric properties for practicability (ZT > 1) are
based on tellurium as shown in Figure IV.7, a brittle, rare and toxic material whose

process is expensive. ™17

Alternatives are needed, and organic semiconductors have emerged as satisfactory ones.

4. PEDOT among thermoelectric materials

4-1. Advantages of PEDOT as thermoelectric materials

Due to their ease of processing, abundance, low cost, good mechanical properties and
flexibility, conducting polymers have already proved their efficiency in organic
electronics as shown in the previous chapters. The tuning of their conductivity over
several orders of magnitude through doping and their intrinsically low thermal
conductivity compared to inorganic thermoelectric materials (0.2 ~ 0.6 W m?* K
around one order of magnitude lower) have rendered them viable for thermoelectric
applications. Moreover, they do not seem to thoroughly follow the Wiedemann-Franz
law (stating that the electronic contribution of the thermal conductivity is proportional
to the electrical conductivity and the temperature), what allows them to have a less

constraining dependence between the thermal and electrical conductivity. 1%
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Figure IV.8. State of the art thermoelectric properties of some p-type conducting

polymers. PBTTT = poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene).
FTS = (tridecafluoro-1,1,2,2- tetrahydrooctyl)trichlorosilane

The thermoelectric properties of various conducting polymers have been studied as
shown in Figure IV.8."*¥ Among all conducting polymers, PEDOT has stood out due to
its low thermal conductivity (around 0.37 W m?' K') and its moderate Seebeck
coefficient (around 20 pV K1).!818185 The progress made in this thesis on its electrical
conductivity optimization (up to 5400 S cm™) is an additional feature that can benefit

its thermoelectric study.!*63106

Highly conductive PEDOT are deposited as films. However, the thermal conductivity
of thin films is hard to determine and thick pallets or thick films (sub-millimeter size)
are needed, whereas dense block cannot be synthesized from solution-based or VPP
processes. Due to the inherently low thermal conductivity of PEDOT, but also due to
the difficult characterization of thin films, most studies on the thermoelectric properties
of PEDOT mainly focus on the optimization of the numerator in Equation IV.4,

namely the power factor PF = 052

As seen in Chapter 1, the majority charges carriers in PEDOT are polarons and
bipolarons, and PEDQOT is a p-type conducting polymer so that its Seebeck coefficient
is positive. The Seebeck coefficient and the electrical conductivity are both strongly
dependent on the charge carriers’ density as previously shown in Figure IV.6.
Therefore, they can both be tuned through the charges carriers’ density. With

increasing the charges carriers’ density, the electrical conductivity increases following
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Equation 1.1, while the Seebeck coefficient decreases. Indeed, the Seebeck coefficient is
described as the entropy transported by a charge carrier. In that respect, the more
charges carriers there is, the less entropy will be carried by each carrier as the total
entropy is shared between their increasing number. An optimization of the power factor
(and subsequently the figure of merit) is then possible by charge carrier tuning though

chemical doping, electrochemical doping or electrical gating.'0*172186

With all the progress done in the last decade, PEDOT was reported to exhibit a figure
of merit almost half of the reasonable target for practical applications (i.e. 0.42 as

shown in Figure IV.8).

4-2. State of the art of the thermoelectric properties in
PEDOT materials

Usually, the electrical conductivity and the Seebeck coefficient of PEDOT films are
measured in the plane of the film whereas the thermal conductivity is measured
through the plane, if even measured, due to the difficulty to fabricate dense blocks. On
the other hand, it has been shown that PEDOT films can be highly anisotropic and
therefore, the figure of merit reported in the literature are absolutely not comparable
(while some are deduced from the power factors, others are measured with in-plane
thermal conductivity and other with through plane thermal conductivity).!8%187188
However, due to the lack of maturity of the studies on anisotropy in PEDOT
thermoelectric properties, such anisotropy will not be discussed in this thesis, but
information will be given if the thermal conductivity was estimated, measured in the

plane or through the plane of the sample.

Due to the metallic behavior of PEDOT, its Seebeck coefficient is rather low, typically
below 20 pV K1 Before considering PEDOT as a thermoelectric material, its electrical
conductivity and Seebeck coefficient were both studied for transport purposes
(cf. Figure 1.12). However, with its increasing electrical conductivity, more focus was
given to that field. Not 10 years ago, PEDOT:PSS pellets were reported to have
thermal conductivity around 0.17 W m' K! and a Seebeck coefficient up to
15 uV K118 At first, power factors lower than 10 pW m™ K were reported. But at the
same time, treating PEDOT:PSS with organic solvents was found to increase the
electrical conductivity without being detrimental to the Seebeck coefficient as it
induces only conformational and structural changes in PEDOT:PSS as explained in

Chapter 1, without deterioration nor improvement of the doping level.'® Thus, in 2010,
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after addition of DMSO in PEDOT:PSS dispersion, Zhang and coworkers achieved a

power factor of 47 uW m™ K2 and a figure of merit estimated up to 0.1.'%

In order to optimize the thermoelectric performance of PEDOT:Tos, Crispin and
coworkers tuned the doping level through exposition to
tetrakis(dimethylamino)ethylene (TDAE) vapors. The Seebeck coefficient increased
with the lowered doping level while the electrical conductivity decreased due to their
dependency with the charge carrier density. Both in plane and through plane thermal
conductivities were measured and at an optimized doping level, the in-plane figure of
merit reached 0.25.% Later on, Massonnet et al. studied the influence of different
reducing agents and their redox potential on the thermoelectric properties of
PEDOT:PSS, whose thermopower increased from 18 to 161 uV K™ Always for the
purpose of controlling the doping level, Kim et al. introduced electrochemical doping.
PEDOT:Tos was set as the working electrode of an electrochemical cell and power
factors up to 1270 pW m™ K were reached.'® With such high power factor, the figure

of merit was estimated to be approximately 1.02.

In the other way around, acids improve the electrical properties of PEDOT:PSS by
washing off some excess PSS and/or further doping the material. In that later case, the

electrical conductivity increases while the Seebeck coefficient decreases.'”

Usually, thermopower and the electrical conductivity are interdependent and vary in
opposite ways.®” However, parallel increase of both features has also been reported and
was attributed to different physical phenomena taking place into the material.?%1% In
2013, Pipe and coworkers observed a simultaneous increase of both electrical
conductivity and Seebeck coefficient of PEDOT:PSS after post-treatment with EG and
DMSO. They showed that the transport took place by tunneling due to segregation
after solvent addition, and that the removal of PSS after solvent treatment decreased
the tunneling distances and hence increased the mobility. At the same time, the charge
carrier density was reduced. As the mobility enhancement overwhelms the decrease in
charge carriers, both benefits on electrical conductivity and Seebeck coefficient
respectively were noticed and an in-plane figure of merit of 0.42 was found.'” More
recently, Kumar et al. observed the same phenomenon after treatment with sulfuric

acid.”®

Other ways to improve the thermoelectric performances of PEDOT include the doping
with other counter-anions, the control of the pH of the processing solution and the

hybridization of the material with inorganic semiconductors or carbon
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nanomaterials.!™*? By altering the nature of the counter-anion, Culebras and
coworkers  reported a  figure of merit of 0.06 for PEDOT:BTFMSI
(bis(trifluoromethylsulfonyl)imide), which was further improved up to 0.22 after
reduction with hydrazine.”” Numerous works on the intercalation of inorganic materials
such as Bi,Te;, MoS,, or carbon nanomaterials such as graphene and carbon nanotubes,
into PEDOT were led in order to increase the thermopower of the composite

reSUltS 63,107,193

All these progresses done on the improvement of the figure of merit of PEDOT through

years are summarized in Figure IV.9.
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Figure IV.9. PEDOT films and their thermoelectric properties. The references are
given in Appendix in Table D1.

N-Type conducting polymers are also investigated for thermoelectricity but they are
less numerous than p-type ones. As a matter of fact, electrons are not easily injected in
the LUMO (see Figure 1.3) which is too high for electrons to be efficiently injected.
Strategies developed in the literature include synthesizing polymers with electron-
deficient building blocks, reducing the polymer with strong reducing agents, using n-
type dopants such as (4-(1,3-dimethyl-2 3-dihydro-1H- benzoimidazol-2-yl)phenyl)
dimethylamine (N-DMBI), developing metallo-organic complexes such as nickel-

ethenetetrathiolates, or hybridizing with n-type inorganic materials.!** 1%
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5. Conclusion and strategy

The industrial limit in order to develop viable thermoelectric devices at low
temperatures corresponds to ZT = 1. Since its first introduction as thermoelectric
material less than 10 years ago with ZT valuing 1.75 x 103, tremendous efforts have
been put in order to increase the thermoelectric efficiency of PEDOT. In PEDOT:PSS,
enhanced power factors were obtained while treating with organic solvents since the
increase of electrical conductivity was not accompanied with a deterioration of the

Seebeck coefficient.

Best power factors and figures of merits were nonetheless obtained by optimizing the
power factor while tuning the charge carrier density in PEDOT:Tos. As a matter of
fact, the electrical conductivity increases and the Seebeck coefficient decreases with the
increasing carrier density as shown in Figure IV.6. As synthesized PEDOT being
already very oxidized, the main strategy developed in the literature naturally
corresponds to the reduction of PEDOT in order to find the best set of thermoelectric
properties that optimize the power factor. In that respect, reducing agents,
electrochemical reduction and pH control of the oxidizing solution were all strategies

that have proved their efficiency for enhancing the figure of merit of PEDOT.

The Seebeck coefficient has been less studied than the electrical conductivity in
PEDOT films. It actually has not been studied but just reported and still remains a
quite not understood property in organic materials. It is however clear that it strongly
depends on the charge carrier density, and while failing to tune it separately from the
electrical conductivity, it seems easier to optimize the electrical conductivity before un-
doping the material and hence increasing the Seebeck coeeficient until an optimum
power factor. With PEDOT:OTf and PEDOT:Sulf previously developed in our group
and the conductivity enhancement we managed to achieve during this thesis, the
electrical conductivity of our materials are optimized and we therefore aim to
investigate the thermoelectric performances and enhance the power factor in this

chapter.

From the two post-deposition electronic reduction strategies that have been developed
in the literature, reducing agents do not allow a precise control of the doping level since

the reduction after exposure to TDAE or hydrazine is quite instantaneous.
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Consequently, we will address here the electrochemical reduction of PEDOT:OTf and
PEDOT:Sulf for the optimization of their power factor after having reported their
thermoelectric performances. Considering the results that will be reported here, further

enhancement strategies will be enunciated.

6. Optimization of the thermoelectric

properties of our PEDOT materials

6-1. Thermoelectric properties of PEDOT:0OTf and
PEDOT:Sulf

PEDOT:OTf and PEDOT:Sulf were synthesized by solution-cast polymerization as
presented in Materials & Methods and deposited on 2.5 cm x 2.5 cm glass substrates.
7.75 wt. % NMP was added in the oxidative solution in order to optimize the electrical
conductivity as reported in Chapter 1. The electrical conductivity was 3270 and
5240 S cm! respectively. Without the addition of NMP, the electrical conductivity was
1270 and 2270 S cm™ respectively.

The Seebeck coefficient was measured with a dedicated apparatus, the Ulvac-RIKO
ZEM-3, whose functioning is explained in Materials and methods. The setup is
illustrated in Figure IV.10. The sample is placed in a thermostatic chamber under
helium atmosphere. It is placed between two metallic blocks, one being set at room
temperature and the other with a temperature made to vary thanks to a Joule heating
resistance. Two drops of silver paints are deposited on the PEDOT films in order to
allow a better contact between the thermocouples and the PEDOT. Those two
thermocouples measure both the temperature gradient and the induced voltage for
several temperature gradients. The absolute Seebeck coefficient of PEDOT is then
deduced for those measurements after a calibration taking into account the Seebeck
coefficient of the thermocouples. The as measured Seebeck coefficient is given with an

uncertainty of 10 %.
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Substrat

Figure IV.10. Thermopower measurements using ZEM-3. a) Schema of the

experimental setup showing the sample, the metal blocks for temperature gradient
(Tf = cold temperature and Tc = hot temperature) and the thermocouples for
temperature and voltage measurements. b) Drops of silver paints for electrical contacts.
¢) Magnified image of a drop of silver paint. d) Experimental setup. Reproduced from®.

Table IV.2. Thermoelectric properties of PEDOT:OTf and PEDOT:Sulf with and
without the addition of NMP.

Electrical Seebeck Power factor
NMP Materials conductivity | coefficient s
S cm!] v k] | BV EY
No PEDOT:OTf 1218 17 35
PEDOT:Sulf 2273 13 38
Yos PEDOT:OTf 3278 23 177
PEDOT:Sulf 5247 17 160

With such a setup, Seebeck coefficient of commercial PEDOT:PSS (Clevios PH1000) is
measured at 19 uV K as reported by Massonnet et al.'® Without the addition of NMP,
the Seebeck coefficient of PEDOT:OTf and PEDOT:Sulf is found to be 17 and
13 £10 % uV K respectiveley. These values stay in the same order of magnitude than
commercial PEDOT:PSS (PH1000). The decrease of the Seebeck coefficient after
sulfuric acid treatment (in the case of PEDOT:Sulf then) is consistent with the increase
of doping level that has been reported in Chapter 2. After the addition of NMP, the
Seebeck coefficient of PEDOT:OTf and PEDOT:Sulf is respectively 23 and
17 £ 10 % pV K. The results are summarized in Table IV.2. The same trend is
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observed after acid treatment, always correlated with the increase of the doping level as
calculated with XPS in Chapter 1. With the addition of NMP however, the Seebeck
coefficient is slightly higher. We did not investigate the origin of such light
enhancement given the too high uncertainty of the measurement, but if the change is
real, it could be attributed to the semi-metallic nature of the polymer. Crispin and
coworkers attributed the simultaneous increase of the electrical conductivity and the
Seebeck coefficient in PEDOT:Tos to its semi-metallic nature. In a first approximation,
the slope of the density of state near the Fermi level is associated to the Seebeck
coefficient. At the same time, semi-metallic polymers have a low density of states
around the Fermi level. Therefore, a small variation on the density of states can induce
a huge variation in the Seebeck coefficient and sometimes, parallel increase of both
electrical conductivity and thermopower. This hypothesis is yet to be confirmed in our

measurements.

The power factor is calculated from the thermoelectric measurements and is given in
Table IV.2 for all four materials. Due to their better electrical properties, PEDOT:OTf
and PEDOT:Sulf obtained after the addition of NMP depict the best results, namely
177 and 160 pW m™ K2 respectively. The benefit in electrical conductivity after acid
treatment is however lost due to the concomitant decrease of the Seebeck coefficient,
which results in a slightly lower power factor. These first results appear highly
promising and the power factor could be optimized if the Seebeck coefficient was
exceedingly enhanced compared to the decrease of electrical conductivity after

reduction.

Regarding these first promising results then, electrochemical reduction for the
optimization of the thermoelectric properties of our PEDOT films is very appealing. In
the following, only the materials obtained after the addition of 7.75 wt. % NMP are
studied.

6-2. Power factor optimization

6-2-1. Cyclic voltammetry (CV) on PEDOT:OTf and PEDOT:Sulf

For electrochemical reduction, PEDOT coated on a glass substrate was used as the
working electrode in a three electrode cell. Since PEDOT was conductive enough, no
conductive substrate was necessary. Information on the experimental setup can be
found in Materials & Methods. The electrolyte and setup was calibrated with the
couple ferrocene/ferrocenium (Fc/Fc*). Cyclic voltammograms of both PEDOT:OTf
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and PEDOT:Sulf can be found in Figure IV.11. CV was carried out in order to verify
the oxido-reduction window of both PEDOT:OTf and PEDOT:Sulf. For each material,
three CV were realized at a scan rate of 20 mV s* in order to verify the reversibility of
the oxydo-reduction process. The reduction peak of PEDOT:OTf is found at -1 V and
that of PEDOT:Sulf at -1.13 V. The oxidation peaks were found at -0.50 V and -0.55 V
for PEDOT:OTf and PEDOT:Sulf respectively. The oxidation window of PEDOT:Sulf
is slightly bigger than that of PEDOT:OTf and the charges’ accumulation seems
greater in the case of PEDOT:0OTf. We however did not investigate those
electrochemical considerations and were mainly interested in the working window for

controlling the oxidation of our PEDOT materials.

Given the results, we decided to sweep the potential between -1.25 and -0.25 V using

chrono-amperometry and applied the specific voltage for 20 s.
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Figure IV.11. CV of PEDOT:OTf and PEDOT:Sulf.

6-2-2. Electrochemical reduction of PEDOT:0OTf and PEDOT:Sulf

Each of the sample was made to undergo chrono-amperometry for 20 s at a specified
voltage. Due to the electrochromic properties of PEDOT, the color of both
PEDOT:OTf and PEDOT:Sulf changes from transparent blue to a darker blue color
after reduction as shown in Figure IV.12a. The corresponding UV-Vis-NIR spectra are
given in Figure IV.12b.
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Figure IV.12. a) PEDOT:OTY before (left) and after (right) reduction at -1.15 V.
b) UV-Vis-NIR of PEDOT:OTf before reduction, after reduction at -1.15 V and after
the measurement of the Seebeck coefficient (the measurement took around 3 h).

We can see the decrease of bipolarons to the detriment of polarons and neutral chains,
which shows that the film has been reduced. However, the reduction is not stable as
can be seen in Figure IV.12b. As a matter of fact, UV-Vis-NIR experiments were
repeated on the reduced sample after all thermoelectric measurements (roughly around
3 h after the electrochemical reduction). The absorbance of the polaronic chains
remained slightly constant while that of the neutral chains decreased and that of the
bipolarons increased. This is an indication that the polymer film regains more and more
its original doping state. This instability has also been shown by Massonnet et al. who
studied the stability of the reduction when exposed to sodium sulfite. They showed a
rapid decrease of the neutral chains and increase of the polarons and bipolarons in the
first five hours, with PEDOT:PSS films in the 10-12 pm thickness range. Given the fact
that our materials are far thinner (less than 50 nm), such instability of the reduction is

not surprising.
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Figure IV.13. a) PEDOT:Sulf at different oxidation states when the applied bias in
chronoamperometry is made to vary. b) Differences in the UV-Vis-NIR spectra of

PEDOT:OTf before and after dipping in the electrolyte with any potential application.

Figure IV.13a depicts the UV-Vis-NIR spectra of PEDOT:Sulf at different oxidation
states. Such curves were obtained by sweeping the working potential between -1.25 and
-0.25 V (hence covering the oxido-reduction window). The pristine PEDOT:Sulf before
dipping in the electrolyte was also displayed. It appears that the lower the potential is
(going from the oxidation peak to the reduction one), the less bipolarons there is and
the more neutral chains appear, coherent with a reduction process. The number of
polarons however first increases before decreasing. This can be explained by the
competition between more polarons originated from the bipolarons and less polarons

due to their transition into neutral chains.

We can also note that at -0.25 V| the film is not at least as oxidized as its pristine form
as one could guess regarding Figure IV.11 (oxidation peak at -0.55 V). This is probably
due to an inherent reduction induced by the dipping into the electrolyte. As a matter
of fact, when investigating the reduction state of PEDOT:OTf when dipped in the
electrolyte without any potential application (Figure IV.13b), we note the

disappearance of bipolarons to the detriment of polarons, sign of a less oxidized sample.

6-2-3. Thermoelectric properties of PEDOT at different oxidation levels

Having successfully reduced the films on several different oxidation levels, we now

interest ourselves into their thermoelectric properties.

Samples of PEDOT:OTY (same for PEDOT:Sulf) were deposited on a glass substrate.

Each sample was reduced at a different oxidation state. Due to the time consuming

128



Chapter 4. Thermal to electrical energy conversion: thermoelectricity

nature of the experiments, the Seebeck coefficient was only measured once for each
oxidation state. The thermoelectric properties of pristine PEDOT:OTf and
PEDOT:Sulf are given in Table IV.3.

Table IV.3. Thermoelectric properties of pristine PEDOT materials.

Sheet ) Electrical Seebeck
) i Thickness o o Power factor
Materials resistance conductivity | coefficient
[nm]| W m* K7
[©2 sq] [S cm'] [V K]
PEDOT:OTf 188.5 48 1396 15 31
PEDOT:Sulf 109.8 51 1788 8 12

A first surprising fact is the low electrical conductivities of PEDOT:OTf and
PEDOT:Sulf compared to those enunciated in Chapter 2 or even in this chapter. All
along the thesis, we have noticed a strong dependence of the electrical properties of our
materials with the season. Winter samples depicted very good performances contrary to
summer samples. The performances of autumn and spring samples were slightly
random (or at least depended on the closest season). We do not have a scientific

explanation of this bizarre observation yet.

The second striking fact is the lower Seebeck coefficients compared to those enunciated
hereinbefore. These values were measured with a homemade apparatus since the
ZEM-3 broke down. That setup was developed by another PhD student working on
thermoelectric generators made of PEDOT.'™ The sample is maintained between two
copper plates, one being cooled with tap water and the other being heated thanks to a
heating block. The temperature gradient is measured with two K-type thermocouples
and the voltage measured with a Keithley generator. Even though such setup was
efficient in measuring the power generated by a thermoelectric generator, it is not
assembled for absolute Seebeck coefficient measurement. As a matter of fact, the
Seebeck coefficient of the thermocouples and wires is included in the measurement.
Besides, the temperature gradient and the voltage are not measured at the exact same
points as in ZEM-3. Moreover, the experiment is long (around 3h compared to 15 min
for the ZEM-3), and as seen previously, the reduction state can be partially lost after
3 h. This technique is however enough to give an order of magnitude of the Seebeck

coefficient and detect potential variations.

After being dipped in the electrolyte, the electrical conductivity of PEDOT:Sulf (in

Table IV.3) is found to decrease down to 860 S cm™, its Seebeck coefficient to increase
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up to 17 pV K and its power factor up to 25 pW m? K2 These variations are
coherent with the fact that the electrolyte already un-dope the PEDOT films.
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Figure IV.14. Thermoelectric properties of PEDOT:OTf and PEDOT:Sulf.

The thermoelectric performances of PEDOT:OTf and PEDOT:Sulf are given in
Figure IV.14. For PEDOT:OTf and PEDOT:Sulf, the electrical conductivity decreases
with the decreasing oxidation level until around -1 V, at the reduction peak. When the
oxidation level increases however, the electrical conductivity does not surpass its
pristine value. This might be due to the already un-doped state of the material when it

is dipped in the electrolyte.

Around the oxidation peak, the Seebeck coefficient does not approach nor go under its
pristine values, always correlated with the less oxidized material after dipping in the
electrolyte. As the working electrode potential decreases, the Seebeck coefficient
generally increases as expected, until the reduction peak at around -1 V, before being
either stable for PEDOT:OTf, or decreasing for PEDOT:Sulf. The decrease of
conductivity is however not accompanied with a subsequent increase of the Seebeck

coefficient, so that the power factor is not optimized at all, but rather decreases.

7. Conclusion

Due to its good electrical conductivity, its moderate Seebeck coefficient and its
theoretically low thermal conductivity, PEDOT has been investigated as a viable

thermoelectric material. In this chapter, we have shown that the highly conductive

130



Chapter 4. Thermal to electrical energy conversion: thermoelectricity

PEDOT films synthesized within our group have power factors reaching up to
177 pW m? K2 Such good thermoelectric property is slightly deteriorated after acid
treatment since the increase in electrical conductivity is made to the detriment of the

Seebeck coefficient.

Regarding the thermoelectric properties measured, we controlled the oxidation level in
an electrochemical cell in order to optimize the power factor. The decrease of the
electrical conductivity with the decreasing oxidation (due to a lower charge carrier
density) is however not circumvented with a sufficient increase of the Seebeck
coefficient so that the power factor is not optimized, reaching only 35 pW m™ K2 at its
best. Moreover, several other problems were encountered, mainly the lack of an
efficient characterization technique for thermopower measurement and the non-
reproducibility of our results in summer. Besides, several questions still remain. What
causes the non-reproducibility of the electrical conductivity around summer? How does
the electrolyte un-dope our materials? A study of the Seebeck coefficient and the
thermal conductivity is also still lacking. All these are questions to be dealt with for a
proper understanding of the thermoelectric properties in PEDOT materials, and are

ongoing works.

Though we did not succeed to prove the efficiency of PEDOT:OTf and PEDOT:Sulf as
viable thermoelectric materials in this chapter, PEDOT:OTf-based thermoelectric
generators were investigated by a PhD colleague and his interesting results can be read

in his thesis soon online.'™
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Introduction

1. Introduction

One of the reasons behind the breakthrough of PEDOT is its stability.*** Thanks to
that advantage, several applications emerged and intensive studies dealt with the
optimization and a better understanding of its properties, this thesis being one of them.
When one describes PEDOT as stable, it usually means under a given repeated stress
(such as the thermal cycles in Figure II1.9) or that a drastic decrease of some properties
(mostly the electrical conductivity) is not observed over time. However, several studies
have shown that under some particular stresses, films of PEDOT do degrade. A
decrease of the electrical conductivity in air, under thermal ageing, under light
exposure and under humidity has been observed both in PEDOT:PSS and in PEDOT
synthesized through electropolymerization.?? 2  Thermal ageing of PEDOT,
electropolymerized and stabilized with FeCls, induced the oxidation of both the
counter-ion and the sulfur of the backbone (shown by X-Ray photoelectron
spectroscopy (XPS) and X-Ray absorption mnear edge structure spectroscopy
(XANES)), hence leading to irreversible conductivity degradation.?™ In the case of
PEDOT:PSS, thermal ageing induced phase segregation between PEDOT and PSS as
inferred from transport measurements.”® Under UV light exposure, XPS on
PEDOT:PFs synthesized through electro-polymerization showed that the polymer
reacts in air and forms sulfone groups in the thiophene units of PEDOT due to photo-
oxidation.? PEDOT:PSS is also said to undergo photo-oxidation, a mechanism
generally observed in conducting polymers since the carbenium is reactive with respect
to oxygen.” The conjugation lengths are supposed to be shortened, hence leading to a

decrease of the electrical conductivity.

The ageing of PEDOT films and the mechanisms remain however relatively unexplored
particularly for the recently synthesized PEDOT films through vapor phase
polymerization or solution-cast polymerization.”? Recently Metsik et al. reported an
interesting study of the degradation in VPP PEDOT:Tos under different atmospheres
and at different temperatures.!’® They however could not correlate their experimental
observations of the electrical conductivity degradation to any changes on the chemistry
or structure of their material. Therefore, until now, a comprehensive study of the
degradation mechanisms and their influence on the electronic transport properties is

still lacking.
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In that context this last chapter aims to study the degradation mechanisms and their
impact on our PEDOT:OTf and PEDOT:Sulf materials and under different
environmental stresses, namely under high humidity and under illumination equivalent
of one sun exposure (AM 1.5 solar simulator, 1000 W m™). They will also be compared
to commercial PEDOT:PSS materials. Degradation is a long process and ageing
experiments should be carried out over several weeks. In that respect, experiments are
still ongoing and only preliminary results are presented hereinafter. We will first
observe the influence of different ageing conditions on the electrical conductivity of our
materials and then we will investigate the chemical and structural changes that have
taken place into the films and their influence on the electronic transport properties. A
complete understanding of the degradation mechanisms cannot be proposed at that

stage.

2. Degradation of the electrical conductivity

PEDOT:OTf and PEDOT:Sulf were synthesized by solution-cast polymerization and
deposited on 2.5 cm x 2.5 cm glass substrate. NMP was added at 7 wt. % in the
oxidative solution. Commercial PEDOT:PSS (Clevios PH1000) was also deposited by
spin coating PEDOT:PSS dispersion and PEDOT:PSS-EG was afterward obtained by
dipping PEDOT:PSS into ethylene glycol (EG). Details can be found in Materials &
Methods in the appendix. In order to be comparable between the materials, multilayers
were deposited until their specular transparence reached roughly 85 - 90 % at 550 nm.
This is obtained for a bilayer or tri-layer deposition of each material and the electrical

performances are similar to those in Chapter 3.

Figure V.1 displays the stability of PEDOT:PSS, PEDOT:PSS-EG, PEDOT:OTf and
PEDOT:Sulf stored in the dark in a drawer at room temperature (RT) and ambient
relative humidity (RH). In Figure V.1b, their sheet resistance Rs is normalized to its
value at time t = 0 in order to compare the materials. Overall, the four materials are
quite stable. After one month in a drawer, the degradation was only about 10 %.
PEDOT:PSS and PEDOT:PSS-EG are more stable with only 4 and 7 % degradation of
their electrical conductivity after 652 h. PEDOT:OTf and PEDOT:Sulf have a more
pronounced degradation of about 10 % after 652 h.
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Figure V.1. Ageing in a drawer at room temperature and ambient humidity. The
sheet resistance is displayed in a) while the ratio between the sheet resistance and its
zero value is displayed in b) for the sake of comparison (normalized). In this figure
and in the following ones, lines are drawn as a guide for the eyes.

PEDOT materials seem stable, but they are not meant to be stored in a drawer.
Rather, applications such as transparent -electrodes, deicing, or thermoelectric
generators are targeted, applications in which they are likely to withstand harsh
environmental conditions. We therefore investigated the materials under a high
humidity exposure and a strong sun illumination. Ageing conditions can be found in
Table V.1 and Figure V.2 summarizes the degradation of the electrical conductivity of

our materials under those different ageing conditions studied.

Table V.1. Ageing conditions.

Conditions Atmosphere Temperature Relative humidity
RT (bet 20 °C | Bet 20 d
Ambient (dark) Air (between etween 20 % an
and 25 °C) 30 %
A loveb
Inert rgon (glovebox) RT H,O < 0.1 ppm
0, < 0.1 ppm
Dry air Dry air (desiccator) RT H,O < some ppm
1 sun Air 45 °C 15 %
Dry air (82 % N, 20
1 sun - H,O ry air (82 % N, 45 °C H>O < some ppm
% O,)
1 sun — H,O -0, Inert (N») 45 °C H,O < some ppm
Dry dark 50 °C Air (furnace) 50 °C 5 %
Dark humid Air + deionized water 38 °C 90 %
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Figure V.2. Summary of the degradation of the sheet resistance (and hence electrical
conductivity) of each PEDOT:PSS (a), PEDOT:PSS-EG(b), PEDOT:OTY (c¢) and
PEDOT:Sulf (d) under different ageing conditions.

Overall, the materials are quite stable when stored in the dark at ambient temperature
and ambient relative humidity, losing only up to 10 % of their conductivity after 800 h.
In the case of PEDOT:PSS and PEDOT:PSS-EG, the electrical degradation is also not
important when they are stored in a desiccator under dry air or in a glovebox under
argon. Under high humidity and always in the dark, the electrical conductivity of
PEDOT:PSS is highly increased (+ 65 %) in the first 100 hours before being stable,
probably due to ionic conductivity. This is due to the well-known hydrophilic nature of
PEDOT:PSS which retains water after a certain extent of water exposure.?™2% In the
case of PEDOT:PSS-EG, the electrical conductivity is slightly enhanced (+ 8 %) in the
first 45 h before decreasing slightly following the same trend than when it is stored in a
desiccator. The lower increase of the ionic conductivity compared to PEDOT:PSS
could be explained by a reduced amount of excess PSSH.?? A huge degradation of the
conductivity is observed when the samples are illuminated under one sun at ambient
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conditions (-2250 % and -709 % after 865 h for PEDOT:PSS and PEDOT:PSS-EG
respectively). The same huge degradation is also observed after illumination under dry
air, but not at all under an inert atmosphere. The degradation observed under the inert
atmosphere seems to be due to the increase of temperature during the sun illumination
as suggested by thermal ageing in the dark and at a temperature similar to the one
under the solar simulator (50 °C). Hence, for PEDOT:PSS and PEDOT:PSS-EG, the
high temperature and the combination of illumination and oxygen seem to be the main

causes of electrical degradation.

In the case of PEDOT:OTf and PEDOT:Sulf, the electrical conductivity is also stable
when they are stored in the dark in ambient atmosphere, in a desiccator under dry air
or in a glovebox under argon (-10 % after 652 h).The degradation is however higher for
PEDOT:OTY in the desiccator (-40 % after 855 h) and PEDOT:Sulf in the glovebox
(-27 %). This can be due to the pumping, combined with either the presence or the
absence of oxygen. The electrical conductivity is deteriorated under humidity exposure
(-58 % and -68 % after 865 h for PEDOT:OTf and PEDOT:Sulf respectively) and after
thermal ageing (-68 % and 205 % respectively). Here too, the degradation is more
pronounced under one sun illumination. While the illumination under a dry
environment highly preserves PEDOT:Sulf, PEDOT:OTf is only slighty protected.
Here, the main causes of degradation seem to be high humidity, the high temperature
and the combination of illumination and humidity. The illumination seems however to
be more detrimental to PEDOT:OTY.

The ageing experiments under different conditions showed us that humidity, thermal
ageing and particularly sun exposure are the most detrimental conditions for all
materials. The reasons behind the electrical degradations could be either chemical or
structural. In the following then, we will investigate the influence of humidity and sun
exposure on the chemistry and structure of PEDOT:PSS-EG, PEDOT:OTf and
PEDOT:Sulf. The thermal ageing will not be studied, and PEDOT:PSS, whose
chemistry and structure is similar to PEDOT:PSS-EG, except for the excess PSSH, will

not be studied here either.

3. Chemical changes

In the following, two layers of each material are deposited and all samples have been
aged for three weeks in a humid climatic chamber (38 °C, 90 % RH) or under one sun

138



Chapter 5. Stability and ageing mechanisms in PEDOT thin films

illumination (AM 1.5, 1000 W m?, 45 °C, 15 % RH). The aforementioned studies
allowed us to state that most changes that appear after humidity ageing are due to the
presence of water for all samples, and that most changes that appear after sun exposure
are due to the heating and the combination of the illumination and ambient humidity
in the case of PEDOT:OTf and PEDOT:Sulf, and the combination of the illumination
and oxygen in the case of PEDOT:PSS-EG. The degradation could also be due to
oxygen species adsorbed at the surface of the materials. The presence of oxygen will

therefore not be totally ignored.

3-1. Doping level variations

The UV-Vis-NIR spectra of PEDOT:0OTf, PEDOT:Sulf and PEDOT:PSS-EG can be
found in Figure V.3. It is striking that the charge carriers were strongly impacted in
both environments. After humidity ageing, the quantity of bipolarons decreases, some
neutral chains appear while the quantity of polarons stays roughly constant in the case
of PEDOT:OTY, or increases in the case of PEDOT:Sulf and PEDOT:PSS-EG.
Comparing these observations to what has already been seen after electrochemical
reduction in Chapter 4, one plausible cause is the competition between the conversion
of bipolarons into polarons and neutral chains, and the disappearance of polarons that

form neutral chains.

After sun exposure, neutral chains do not seem to have been formed in any sample and
both polarons and bipolarons decrease, except for PEDOT:PSS-EG where they both
increase. Thus all materials seem to undergo un-doping or disappearance of charge
carriers after sun or humidity exposure, except for PEDOT:PSS-EG aged under

illumination.
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Figure V.3. UV-Vis-NIR spectra of PEDOT:OTf (a), PEDOT:Sulf (b) and
PEDOT:PSS (c).

Raman measurements were recorded in order to better assess the changes in charges
carriers that are noticed. For each sample, several measurements at different points on
the samples were recorded in order to assess the uniformity, and then averaged since a
good uniformity was confirmed. Figure V.4 displays the Raman spectra of
PEDOT:OTf, PEDOT:Sulf and PEDOT:PSS-EG before ageing. The silicon substrate
was detected (521 cm™), which means that the samples were investigated in their whole

depth.?” The attribution of Raman shifts in PEDOT can be found in Table V. 2.
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Table V. 2. Raman shift in PEDOT materials.?6:204208-212

R. hift
et SH Vibration
[cm!]
Deformation and bending of
215 to 1096 .
oxyethylene ring mostly
701 C-S-C deformation
1258 Co-Cq (interring) stretching
1421 symmetric C,=Cg stretching
1413 neutral Cq=Cp symmetric stretching
1444 oxidized Ca:CB' symmetric
stretching
1511 to 1557 asymmetric Cq=Cp stretching
Deformation & bending
: C=C
(mostly oxyethylene ring) )
stretching
C-C CH, stretching
stretching (not shown 2800-3000 cm™?)
< > € > € > «—>
200{ ——reootoT §‘
—_— PEDOT:Sulf
3' —— PEDOT:PSS-EG
© / v
— O " O
:‘ﬁ
g J
= S
0

500 1000 1500
Raman shift [cm ]

Figure V.4. Raman spectra of PEDOT:OTf, PEDOT:Sulf and PEDOT:PSS-EG before
ageing. The Raman shifts induced by the different vibrations in the silicon substrate
and in the PEDOT materials are attributed. PEDOT structure is also displayed for the
sake of clarity of the different stretchings.

Figure V.5 gives the low resolution Raman spectra of PEDOT:OTf, PEDOT:Sulf and
PEDOT:PSS-EG before and after ageing. Only few modifications are noticed after
humidity ageing while sun exposure seems to have more impact. In the range 100 —
1100 cm™, a slightly higher intensity is noticed for PEDOT:OTf and PEDOT:PSS-EG
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after sun exposure at 701 cm (corresponding to C-S-C deformation). Except for that,
no obvious notification is noticed in the range 100 — 1100 S cm™. This suggests that the
structure of the rings is not highly perturbed. More impact of the ageing is however

noticed in the C=C stretching region, especially for sun-aged samples.
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Figure V.5. Low resolution Raman spectra of PEDOT:OTf (a), PEDOT:Sulf (b) and
PEDOT:PSS-EG (c) before and after ageing.

Figure V.6 depicts a typical high resolution spectra of PEDOT in the range
1100 — 1700 cm™. The C-C peaks are unchanged upon doping but the C=C ones are
known to shift. As a matter of fact, neutral Cq=Cpg symmetric stretching (benzenoid
form in Figure V.6) is found at 1413 cm™ while oxidized Co=Cp symmetric stretching
(quinoid form in Figure V.6) appears at 1444 cm™.?" If the deconvolution of both
contribution is well done, one could assess a doping level (ratio quinoid/benzenoid
contribution). The deconvolution is however not straightforward and it is easier to deal
with the shift of the main C=C symmetric stretching toward 1413 cm™ (neutral chains)

or 1444 cm (oxidized chains). Therefore, a blue shift (to higher wavenumbers) is
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associated with higher doping of PEDOT, oxidation, and a shift from benzenoid to

quinoid form. 209,211
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=
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Figure V.6. Deconvolution of C=C stretching Raman shift. The black curve represents
experimental values for non-aged PEDOT:OTf. The green curves are the
deconvolutions of the different contributions and the red curve represents the fit which
sums all green curves. Associated Raman shifts and PEDOT structure are also

represented.

Figure V.7 displays the shift of the peak of the symmetric Cq=Cg position before and
after ageing. When comparing only reference samples, it appears that the PEDOT:Sulf
is the most doped sample and PEDOT:OTf the less doped one. This is coherent with
the doping levels that we have measured at 38 % and more for PEDOT:OTf and
PEDOT:Sulf respectively. The comparison with PEDOT:PSS-EG is more difficult due
to the presence of excess PSS.*%% After ageing, the red shift noticed in Figure V.7
corresponds to a systematic de-doping of PEDOT:Sulf and PEDOT:PSS-EG both
under humidity and sun exposure, with however a more pronounced impact on
humidity-aged samples. This red shift is in accordance with the decrease of charge
carriers as shown with UV-Vis-NIR in Figure V.3. In PEDOT:OTf however, only a
slight de-doping is observed after ageing under humidity and a strong doping after
ageing under one sun. Two contradictions remain between Raman and UV-Vis-NIR
measurements, the blue shift (and hence oxidation) observed in sun-aged PEDOT:OTf

(Figure V.7) compared to the decrease of charge carriers (and hence reduction)
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suggested by UV-Vis-NIR (Figure V.3), and the red shift (and hence reduction)
observed in sun-aged PEDOT:PSS-EG (Figure V.7) compared to the increase of charge
carriers (and hence oxidation) suggested by UV-Vis-NIR (Figure V.3).
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Figure V.7. Peak position of the symmetric C=C stretching in PEDOT materials
before and after ageing.

3-2. Chemical variations

Changes in the chemical structure of PEDOT materials were assessed through X-Ray
photoelectron spectroscopy (XPS). The survey spectra of PEDOT:OTf, PEDOT:Sulf
and PEDOT:PSS-EG can be found in Figure V.8. XPS spectrum of PEDOT:PSS-EG
was not recorded before ageing. As expected, fluorine is present in PEDOT:OTf and is
absent in PEDOT:Sulf and PEDOT:PSS-EG. The humidity-aged PEDOT:Sulf sample
displays however a quite intense fluorine peak, but also a comparatively higher
intensity of oxygen or sulfur compared to other samples. This difference is then a scale
artefact. Sodium is present in all sun-aged samples and in humidity-aged
PEDOT:PSS-EG. Since sodium is not detected in non-aged sample, even for
PEDOT:PSS-EG as previously reported by Massonnet, this is attributed to a

contamination.®
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Figure V.8. XPS survey spectra of PEDOT:OTf (a), PEDOT:Sulf(b) and
PEDOT:PSS-EG (c) before and after ageing.

3-2-1. PEDOT:OTf
Figure V.9 displays the high resolution spectra of some elements in PEDOT:OTI,

namely sulfur, carbon and oxygen. Corresponding fits are also given in the lower

curves.
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Figure V.9. S2p, Cls and Ols XPS spectra of PEDOT:OTf. Corresponding fits are
given in the lower curves as a guide for the eyes.

In the S2p XPS spectrum of non-aged PEDOT:OTf in Figure V.9, the peaks at
163.6 eV and 164.7 €V are attributed to the thiophene ring while the peaks at 167.9 eV
and 169.2 eV are attributed to sulfonates in the triflate counter-anions.!*** The same
peaks are still present after ageing, but the contribution of the sulfonates is highly
reduced. The ratio sulfonate/thiophene decreases from 38 % for non-aged PEDOT:OTf
to 18 % for humidity-aged PEDOT:OTf and 17 % for sun-aged PEDOT:OTHY.
Moreover, a new sulfur contribution appears at 168.8 eV and 170.0 eV after sun ageing.
It corresponds to a more oxidized state of sulfur that we attribute to sulfates. This new
peak accounts for 78 % of the total sulfur contribution. In humidity-aged PEDOT:OTH,
the decreased ratio indicates a decreased oxidation level after humidity ageing as also
suggested by UV-Vis-NIR and Raman spectroscopy. In the case of sun-aged sample,
the origin and role of the sulfates that have appeared are yet to be confirmed. They
could act both as a counter-anions, hence increasing the doping level, or another phase,

hence reducing the doping level.
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The peak related to carbonyl or carboxyl groups appears around 288.0 eV in the Cls
spectra and is present in all samples, aged or not, so that it cannot be correlated to
ageing mechanisms. In the Ols spectra, the oxygen peak seems slightly shifted toward
lower energies. This shift could be attributed to oxygen in a less oxidized state that in

C-0O-C, sulfates for example.
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Figure V.10. S2p, Cls and O1ls XPS spectra of PEDOT:Sulf. Corresponding fits are
given in the lower curves as a guide for the eyes.

In S2p spectra of PEDOT:Sulf in Figure V.10, thiophene and sulfonate and hydrogeno-
sulfates contribution are distinguishable. Under humidity ageing however, the counter-
anion contribution seems to be highly lessened, decreasing from 62 % to 8%. Moreover,
a new doublet appears around 166.2 and 167.4 eV, which we attribute to sulfoxides.
After sun exposure, the contribution of sulfonate is highly reduced while that of

sulfates is strongly increased.
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In Figure V.10, the higher atomic concentration of oxygen in sun-aged PEDOT:Sulf,
50 % compared to 32 % for non-aged PEDOT:Sulf and 26 % for humidity aged
PEDQOT:Sulf, comforts the apparition of sulfates in sun-aged PEDOT:Sulf similarly to

PEDOT:OTHf.
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Figure V.11. S2p, Cls and O1s XPS spectra of PEDOT:PSS-EG. Corresponding fits

are given in the lower curves as a guide for the eyes.

In Figure V.11, the absence of non-aged sample data for PEDOT:PSS-EG hinders a
comparison between samples. Here too, the strong contribution of carbonyl or carboxyl
groups in the Cls spectra in both ageing conditions does not allow to attribute their
presence to a specific ageing condition. In the S2p spectrum however, the relatively low
thiophene concentration in the sun-aged sample suggests the apparition of highly
oxidized sulfur. In the literature, sulfone groups appear upon UV exposure (R-SO2-R’),
as well as carbonyl and carboxyl groups.?*?'* Since such groups appear at lower energy

than sulfonates and since we rather observe a shift to higher energies, we then attribute
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the more oxidized sulfur observed to sulfates similarly to sun-aged PEDOT:OTf and
PEDOT:Sulf.

3-3. Discussion

Under humidity ageing, we notice a disappearance of the counter-anions in all samples
which is consistent with the decrease of charge carriers suggested by UV-Vis-NIR, and
the transformation from quinoid to benzenoid conformation proved by Raman
spectroscopy. This might suggest that the counter-anions are washed off the films as
suggested by their disappearance in XPS spectra. However such phenomenon cannot be

explained yet regarding the experimental procedure.

After ageing under one sun, sulfates are detected in all samples. The origin of sulfates
and their role is yet to be determined. Given the presence of sodium in the survey
spectra of sun-aged PEDOT in Figure V.8, we could expect a salt between sodium and

sulfates.

4. Structural Changes

GIWAXS measurements were led on PEDOT:OTf, PEDOT:Sulf and PEDOT:PSS-EG,
both before and after ageing. In-plane and out-of-plane measurements were recorded as
explained in Chapter 2 and in Materials & Methods. In-plane and out-of-plane
GIWAXS measurements are displayed in Figure V.12 for humidity ageing and in
Figure V.13 for sun ageing.

Indexation of all peaks can be found in Chapter 2 and an explanation of the data
treatment in Appendix. Under humidity ageing (Figure V.12), no changes appear in
the diffraction patterns of PEDOT:OTf (both in-plane and out-of-plane) which means
that both the m-m stacking and the lamellar stacking are preserved. In the case of
PEDOT:Sulf, the m-mt stacking is preserved while the lamellar stacking is strongly
impacted. The intensity decrease of the diffraction peaks upon increasing 20 traduces a
higher degree of strain in the crystalline lattice. In PEDOT:PSS-EG also the m-n
stacking seems preserved. The peaks in the out-of-plane diffraction patterns are too
broad to give any quantitative information. The decrease of intensity and the broader
peaks after ageing in humidity suggest a softer structure perpendicularly to the plane of

the film.
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Figure V.12. GIWAXS measurements on PEDOT materials before (black curves) and
after humidity (blue curves) ageing. In-plane diffraction patterns of PEDOT:OTT (a),
PEDOT:Sulf (¢) and PEDOT:PSS-EG (e). Out-of-plane diffraction patterns of
PEDOT:OTf (b), PEDOT:Sulf (d) and PEDOT:PSS-EG (f). In the diffraction
patterns of PEDOT:Sulf aged under humidity (c,d), new coherent structures are

detected. The inset in those figures depicts the peaks of that new structure.
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Under sun exposure (Figure V.13), the lamellar order of PEDOT:OTY is preserved but
a strong decrease of the m -m stacking peak intensity is observed. This traduces the loss
of the coherence in this ordering. In sun-aged PEDOT:Sulf, similar observations can be
made regarding the m-mt stacking. Concerning the lamellar stacking, the intensity of the
peak decreases upon increasing 20 similarly to humidity-aged PEDOT:Sulf but less
pronounced. The m-nt stacking of sun-aged PEDOT:PSS-EG is also strongly impacted

but no remarkable changes are noticeable in the out-of-plane diffraction patterns.

For all PEDOT:OTf and PEDOT:Sulf samples, the crystallite size associated to the
lamellar order is of the order of 9 nm and the degree of stain varies from 5% up to
10%.

New diffraction peaks appear in humidity-aged PEDOT:Sulf and after sun exposure in
all samples. They are present at 20 = 16.9 °, 20.3 °, 23.1 ° and 31.7 ° as shown in the
insets in Figure V.13c,d. This indicates the presence of a new crystalline phase which
developed under sun exposure and in the case of humidity-aged PEDOT:Sulf.
Regarding the chemical elements as well as the sulfate groups detected by XPS, a
probable candidate is NaHSO,. Ongoing works will help us define better the structure.

In summary, after ageing under humidity, changes on PEDOT:OTf are not remarkable,
PEDOT:PSS-EG becomes softer and a new isotropic crystalline phase appears in
PEDOT:Sulf, whose structure is slightly destroyed in the lamellar direction.

After ageing under one sun, that new isotropic crystalline phase appears in all samples.
Moreover the m-mt stacking and the lamellar stacking are unchanged but the overall
coherence of the structure is lost, probably due to disorder induced by the apparition of

the new crystalline phase.
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Figure V.13. GIWAXS measurements on PEDOT materials before (black curves) and
after one sun ageing (red curves). In-plane diffraction patterns of PEDOT:OTY (a),
PEDOT:Sulf (c) and PEDOT:PSS-EG (e). Out-of-plane diffraction patterns of
PEDOT:OTf (b), PEDOT:Sulf (d) and PEDOT:PSS-EG (f). Similarly to PEDOT:Sulf
aged under humidity, a new coherent structure is detected, whose signature appears
around 20 = 20.6 in-pane and around 16.9 °; 20.3 °, 23.1 ° and 31.7 ° out-of-plane.
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5. Influence on the electronic transport

properties

Information on the disorder and the electronic transport in PEDOT materials can be
assessed through the temperature dependence of conductivity as explained in
Chapter 1&2.

Figure V.15 depicts the temperature dependence of the conductivity of all three
materials before and after the different ageing conditions as well as the associated
first humidity-aged PEDOT:OTf and
PEDOT:Sulf in Figure V.15a,c behave the same way as their treated counterparts, the

reduced activation energy. At glance,
drop of the electrical conductivity between room-temperature and near 0 K being less
than one order of magnitude. The drop of conductivity after sun-ageing is more
consistent and is characteristic of a classical semi-conductor behavior just like
PEDOT:PSS-EG in Figure V.15e.

The resistivity ratio p(0 K)/p(300 K) in Table V.3 informs about the disorder in the
polymers films as explained in Chapter 2. The disorder increases moderately for
PEDOT:OTf and PEDOT:Sulf after humidity ageing and drastically after sun-ageing.
For PEDOT:PSS-EG the increase is more severe.

Table V.3. Resistivity ratio of PEDOT:OTf, PEDOT:Sulf and PEDOT:PSS-EG before
and after ageing.

PEDOT:OTE | PEDOT:Sulf | | DO TS5
EG
Prisitine 1.6 1.3 49.0
Humidity-aged 2.2 1.6 2277
Sun-aged 13.0 19.0 8.10°

This electronic disorder can be correlated with the structural disorder observed after
humidity- and sun-ageing in the previous section. The mn-m stacking was not
deteriorated after humidity ageing while the coherence of the m-m stacking was lost after
sun-ageing and mostly for PEDOT:Sulf and PEDOT:PSS-EG.
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Figure V.14. Temperature dependence of conductivity of PEDOT:OTT (a),
PEDOT:Sulf (¢) and PEDOT:PSS-EG (e) as well as their associated reduced activation
energy (b, d, and f). The legend displayed in a. is respected in each figure.

The reduced activation energy, W =

Figure V.15b,d,e for all materials before and after ageing. As demonstrated in
Chapter 2, the electronic transport model in PEDOT:0Tf and PEDOT:Sulf is
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Chapter 5. Stability and ageing mechanisms in PEDOT thin films

explained by a heterogeneous conduction model with a metallic transport in the
crystallites and a disordered metallic transport combined with a tunneling transport
outside the crystallites. The signature of the metallic transport is still present after
ageing under humidity as confirmed by the positive slope of the reduced activation
energy, the non-null conductivity near 0 K and the inflection near room temperature.
Such metallic signature however completely disappears after exposure under one sun. In
the case of PEDOT:PSS-EG, the dominant transport mechanism is the variable range
hopping (VRH).®®32All PEDOT:PSS-EG samples depict a signature typical of
semiconductors on the insulating side of the metal-insulator transition, namely a
negative slope of the reduced activation energy and a strong decrease of the electrical

conductivity when the temperature decreases.

We wondered how each component of the transport properties was affected after ageing
and therefore developed a model for each material. The results are depicted in
Figure V.16.

After humidity-ageing, the metallic transport in the crystallites and in the amorphous
regions is still present in PEDOT:OTT as suggested by the reduced activation energy in
Figure V.15b. However the transport via tunneling (model first stated by Sheng) in
which transport mechanisms take place between highly conductive domains separated
by less conductive ones is not encountered anymore. Instead, 3D-VRH (n was found to
be 3 in Equation I-3) takes place. This is in accordance with the increase of disorder as
reported in Table V.3 and the decrease of doping level as suggested previously. The
detailed contribution of each transport mechanisms as deduced from the fitting
parameters in Figure V.16a are given in Table V.4. It appears that the electrical
conductivity is highly reduced both in the crystallites and in the amorphous regions.
Apart from the disorder, un-doping observed with Raman and UV-Vis-NIR
spectroscopy could explain such decrease. After sun exposure, even though both the m-m
stacking and the lamellar one are not particularly disturbed, no metallic transport
occurs and charges flow throughout the film only through 3D-VRH. This could be
explained by the too high disorder after sun exposure as suggested by the resistivity
ratio in Table V.3, the loss of charge carriers as suggested by UV-Vis-NIR in
Figure V.7a and the creation of sulfate groups that might hinder the conduction

mechanisms.
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Figure V.15. Transport mechanisms models of PEDOT:OTf (a), PEDOT:Sulf (b) and
PEDOT:PSS-EG (c) before ageing (black symbols), after humidity-ageing (blue
symbols) and after sun-ageing (red symbols). Symbols represent experimental data
while black solid lines represent the model.

Table V.4. PEDOT:OTY: detailed conduction contributions deduced from fitting
parameters. The values are given for 300 K.

) o ) Amorphous region [S cm™]
Ageing Metallicity Quasi 1D metal
. . Tunneling or Disordered
conditions [%] [S cm]
VRH metal
. 1840
Pristine 3 87040 ) 842
(tunneling)
Humidity 1 33465 996 (VRH) 630
Sun - - 492 (VRH) -
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Chapter 5. Stability and ageing mechanisms in PEDOT thin films

In the case of PEDOT:Sulf, humidity ageing was less destructive since tunneling is still
encountered. Moreover, as shown in Table V.5, the metallic transport in the crystallites
is almost unchanged though the disordered metallic transport suffered the most from
the humidity ageing. Here too, the highest loss was imposed by ageing under 1 sun
exposure. Similarly to PEDOT:OTf, the high disorder, the loss of charge carriers, and
the apparition of a new coherent structure added to the loss of structural coherence as
shown by GIWAXS diffraction patterns in Figure V.14c,d could explain the 3D-VRH

electronic transport.

Table V.5. PEDOT:Sulf: detailed conduction contributions deduced from fitting
parameters. The values are given for 300 K.

A h i S cm™
Ageing Metallicity Quasi 1D metal morphous region [S cm]
. 4 Tunneling or Disordered
conditions (%] [S em]
VRH metal
o 1362
Pristine 5 81993 . 3384
(tunneling)
1276
Humidity 2 82596 i 539
(tunneling)
Sun - - 692 (VRH) -

The transport mechanisms in pristine PEDOT:PSS-EG was not previously studied in
this thesis. Since VRH was mostly reported for PEDOT:PSS materials, we did not
expect to find metallic transport model as shown in Figure V.16¢.™% This metallic
transport could possibly be explained as long as PEDOT crystallites are found, which
is the case as shown by GIWAXS diffraction patterns in Figure V.13e and
Figure V.14e. A metallic behavior in the crystallites in series with a 1D-VRH transport
in the amorphous regions was found (n was found to be 1.7 for pristine
PEDOT:PSS-EG). After humidity and sun ageing the metallic contribution completely
extinguished and only 1D-VRH takes place as shown in Table V.6.
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Table V.6. PEDOT:PSS-EG: detailed conduction contributions deduced from fitting
parameters. The values are given for 300 K.

Ag(.ﬂ?g Metallicity [%] Quasi 1D metal [$ e VRH [S cm!]
conditions 1]
Pristine ) 14418 726
Humidity -- -- 522
Sun - - 293

6. Discussion and conclusions

We showed that PEDOT materials developed by our group, namely PEDOT:OTf and
PEDOT:Sulf, together with EG-treated commercial PEDOT:PSS, namely
PEDOT:PSS-EG, are quite stable when they are stored under the dark and under
moderate temperature and relative humidity up to the ambient ones. In these
conditions, we showed that oxygen does not accelerate the ageing since the small
degradation of the materials was similar when they were stored in an inert

atmosphere.!¢

We also showed that when the storage conditions are harsher degradation takes place
and we managed to identify the main degradation factors which are high humidity,
heating, and the combination of illumination and oxygen in the case of PEDOT:PSS
and PEDOT:PSS-EG, or illumination and humidity in the case of PEDOT:OTf and
PEDOT:Sulf.

We then investigated the chemical and structural causes behind these degradations.
UV-Vis-NIR and Raman spectroscopy showed us that de-doping systematically
occurred under humidity exposure; and XPS showed us a decrease of the counter-
anions quantity in the films. Under sun ageing, the doping level was also found altered
and sulfate groups were detected in all materials. These chemical modifications were
also accompanied by structural ones. While only slight changes in the structure are
noticed after humidity exposure, the coherence of the m-m stacking is completely
destroyed under illumination. Moreover a new coherent structure crystallizes in
humidity-aged PEDOT:Sulf and all sun-aged samples. Given the presence of sodium
and sulfate groups in these materials, we expect a salt between sodium and sulfate, but

complementary experiments are necessary.
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Chapter 5. Stability and ageing mechanisms in PEDOT thin films

Given all these chemical and structural degradations, the electronic transport
mechanism are strongly altered and particularly under sun exposure where only VRH

conduction takes place.

This preliminary study allowed us to identify deteriorating factors in PEDOT ageing
and to establish the degradations that occurred on the oxidation state, the chemistry
and the structure of the materials as well as their influence on the transport
mechanism. We observe modifications that cannot be explained yet regarding our
experiments and therefore complementary works are needed in order to separate the
degradation of the polymer and its counter-anion in each ageing condition and propose

a degradation mechanism.
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In this thesis we developed highly conductive PEDOT materials and studied their
electrical, optoelectronic, thermoelectric, structural and transport properties and their

ageing mechanisms.

We began our study with a literature review that showed the importance of PEDOT in
the growing market of organic electronics. Commercial PEDOT:PSS is easily
processable on large substrates and has an electrical conductivity spreading over several
orders of magnitude (from 0.1 to 4840 S cm™) depending on the treatment it undergoes.
Its counter-anion PSS which stabilizes its charge carriers is however in excess in the
films and is insulating. On the other hand, PEDOT can also be stabilized with small
counter-anions such as tosylate (Tos). PEDOT:Tos shows better electrical properties
due to a better crystallinity induced by the absence of sterically hindering PSS. In that
context and through a previous thesis, our group turned its attention to PEDOT
stabilized with triflate (OTf) and synthesized through solution-cast polymerization.**7™
Very high conductivities up to 1218 cm™ were obtained for PEDOT:OTf and no
insulating phase remained after the polymer was rinsed. When it was treated with

sulfuric acid, the conductivity increased up to 2273 S cm™.

Following these research, one of my first objective was to increase the electrical
conductivity of PEDOT:OTf so that we reach the current state of the art. For that
purpose, our attention has turned toward aprotic polar solvents. PEDOT:OTf is
synthesized by spin-coating a solution containing the solvent ethanol, the oxidant
iron(Ill) triflate, the monomer EDOT and the copolymer PEG-PPG-PEG. Since it is
known that polar aprotic solvents such as NMP, DMSO, or DMF coordinate with
Fe(IIl), our idea was to add them as co-solvent in the oxidative solution in order to
benefit from their coordinating properties. The result was drastic and the addition of
7 — 8 wt. % NMP increases the electrical conductivity up to 3600 S cm. By treating
the obtained PEDOT:OTf with diluted sulfuric acid, we increase the electrical
conductivity up to 5400 S cm, which is currently the state of the art of electrical

conductivity in PEDOT films.

Afterwards, we thoroughly investigated the causes of such conductivity enhancement as
well as the electronic transport properties that arouse from them. The addition of
coordinating solvents leads to longer polymerization reactions as shown by UV-Vis-
NIR. As a result, the structure is semi-crystalline with bigger crystallites surrounded by
amorphous regions as proved by GIWAXS and TEM. The transport mechanisms are

enhanced both in the crystallites and in the less well ordered domains. Upon sulfuric
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acid treatment, hydrogeno-sulfonate ions from the acid interact preferentially with the
amorphous regions and replace thereby the original triflate ions. As a result, the
transport mechanisms are mainly improved in the disordered regions. We succeeded in
explaining the electronic transport mechanisms in our polymer films with a
heterogeneous transport model, a model in which metallic conduction along the chains
and inside the crystallites compete with a tunneling transport typical of
semiconducting materials with localized highly conductive domains. PEDOT:OTf and
PEDOT:Sulf that we synthesized stand near the critical regime of the metal/insulator

transition and clearly behave like glassy metals.

With the highly conductive PEDOT films synthesized, another objective was to study
both its Joule heating ability and Seebeck effect, two thermoelectric effects that are of
prime importance for heating and waste heat harvesting applications respectively. Thus
in the third chapter we studied the conversion from electrical to thermal energy using
PEDOT films. As a matter of fact, just like every other conductive material, PEDOT
materials produce heat when an electrical current flows through them. We showed that
our PEDOT materials showed outstanding performances and reached temperature up
to 200 °C under 20 V bias. The heating performances were successfully explained by a
power model which helped us determine the parameters necessary for good heating
performances. It appeared that while the steady state temperature depends mainly on
the applied voltage and the active material (its electrical resistance, its thermal
resistance and its area), the response time depends mainly on the substrate which
accounts for a very high thermal inertia (its mass and its specific heat capacity).
Moreover, the good electrical properties are accompanied with interesting optical
properties (57 € sq*t at 87.8 % transmittance for PEDOT:Sulf and 68 € sq! at 89.6 %
transmittance for PEDOT :PSS-EG). Regarding these optoelectronic properties, we
proposed the first application of transparent heaters solely made of polymeric materials

and demonstrated an application as a visor deicer.

In the fourth chapter, we investigated thermoelectric properties of PEDOT:OTf and
PEDOT:Sulf for waste heat harvesting using the Seebeck effect. As a matter of fact,
when a semiconductor is kept in a temperature gradient, charge carriers diffuse from
the hot to the cold size and then from the cold to the hot size, at a smaller extent, due
to the created electrical potential. At steady state, a constant potential difference
proportional to the temperature gradient remains, namely the Seebeck voltage. A good
electrical conductivity, a good Seebeck coefficient (for inducing a higher Seebeck

voltage) and a low thermal conductivity (for keeping the temperature gradient) are all
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features that allow a high power conversion efficiency. Thermal conductivity being
naturally low in polymers, we mainly focus on the power factor (S?c) in order to assess
the efficiency of thermoelectric materials. We found that the highly conductive PEDOT
materials that we synthesized have good power factors up to 177 puW m* K? for
PEDOT:OTf, not enough for practical applications (at least several hundred are
needed) but promising anyway. We then wanted to improve the power factor and after
a brief literature review, our choice was electrochemical reduction in order to decrease
the charge carriers and hence decrease the electrical conductivity while increasing the
Seebeck coefficient so that an optimum is found for the power factor. These preliminary
results were however not conclusive because of a high seasonal dependence of the

electrical conductivity and a large variation for Seebeck coefficient measurements.

Regarding the promising results obtained during this thesis, applications such as
transparent electrodes, heaters, transparent heaters or thermoelectric generators are
targeted. For such applications, materials with stable functioning are required. We
have shown that our materials were stable after multiple cycling at 50 °C and after
several bending cycles in the third chapter. We also showed that they are stable when
they are stored in the dark at ambient temperature and humidity conditions in the last
chapter. We however also noticed a strong degradation of the electrical conductivity
under high humidity exposure (up to 60 % after 800 h for PEDOT:OTf and
PEDOT:Sulf) and under one sun illumination (up to 800 %). Ageing under different
conditions suggested that deteriorating factors were the combination of heating,
humidity and illumination and that oxygen does not accelerate the ageing. We also
compared the ageing of our materials to that of treated commercial PEDOT:PSS and
showed that almost similar mechanisms were observed, but rather than water, oxygen

was the main deteriorating factor under sun exposure.

In summary, during these past three years, we managed to develop highly conductive
PEDOT and unraveled their structure and transport mechanism. We also
demonstrated their good heating properties which, combined to their good
optoelectronic ones, render them viable flexible transparent heaters materials. We also
showed that they could be interesting thermoelectric materials and regarding all the
applications that are proposed for PEDOT materials, we showed their stability under
mild conditions and their degradation under harsh atmospheres. Future works are still
needed for a better understanding and then a better use of PEDOT materials. Some
research should focus on both the Seebeck coefficient and the thermal conductivity.

Even though their characterization is problematic in organic materials, their
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understanding is a key factor for the development of interesting PEDOT-based
thermoelectric materials. The influence of the temperature on the ageing of
PEDOT:OTf and PEDOT:Sulf and the enhancement of their stability should also be
investigated. This latter one could be realized through encapsulation with flexible
transparent films barriers and optically clear adhesives in order to preserve their

electrical conductivity, their transparency and their flexibility.
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A. Materials & Methods

A-1. Deposition techniques

Whether for the study of the materials described all along this thesis or for the
different applications highlighted hereinbefore, two deposition techniques were used:
spin coating, spray-coating and drop-casting. Examples of samples deposited by spin-
coating, spray coating and drop casting can be found in Figure Al. Samples were
deposited on glass, polyethylene terephthalate (PET), poly-carbonate (PC) or
polyethylene imine (PEI) substrates.

Figure A1l. PEDOT:PSS deposited via a) spin-coating on a 10 cm x 100 cm glass

substrate, b) spray-coating on a flexible polyethylene imine (PEI) substrate and
patterned, and c) drop-casting on a curved motorcycle visor.

A-1-1. Spin-coating

The spin-coating technique uses the centrifugal force of a rotating substrate in order to

deposit a uniform coating on a flat surface, as illustrated in Figure A2.
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a) b)

>V

c) d o
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Figure A2. Scheme summarizing a film deposition using the spin-coating technique?®.
a) Dispensation. b) Acceleration. ¢) Rotation (flow dominated). d) Evaporation.

Samples were deposited on glass, polyethylene terephthalate (PET) or poly carbonate
(PC) substrates.

For the deposition of PEDOT:PSS based materials, glass substrates were dipped
10 min in a piranha solution (1/3 vol. % hydrogen peroxide 3. Wt. % in water (H2O,)
+ 2/3 vol. % concentrated sulfuric acid (H2SO.)) before being thoroughly washed with
deionized water. Such piranha treatment ensures the formation of hydroxyl groups at

the surface of the substrate which then becomes hydrophilic.

For the deposition of PEDOT:OTf based materials, the glass substrates were cleaned in
an ultrasonic bath (a Kudor),successively dipped in deionized water, acetone, isopropyl

alcohol and ethanol for 10 min each.

For the deposition on PET, the substrate was used without further cleaning. In order
to not bend the substrate with the spin-coater vacuum, it was adhered onto a glass

substrate thanks to toluene drops.

For the deposition on PC, the substrate was cleaned with an O, plasma treatment.

3 Reproduced from « Basic Models of Spin Coating », S. Hellstrom, Stanford University,
http://large.stanford.edu/courses/2007/ph210/hellstrom1/
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Table Al summarizes the deposition conditions. The process was repeated for a

multilayer deposition and allowed to have thicknesses below 100 nm.

Table Al. Spin coating conditions for both PEDOT:PSS and PEDOT:OTf based

materials.
PEDOT:PSS and PEDOT:OTf and
derivatives derivatives
Acceleration 1000 rpm s 1200 rpm s
Rotation speed 1000 rpm 4500 rpm
Rotation time 30 s 30 s
) Before the machine is Once the machine is
Drop of the solution on
started, after total started and the steady
the substrate )
coverage of the substrate state speed is reached
Annealing 10 min at 120 °C 10 min at 120 °C

A-1-2. Spray coating

The spray-coating technique is suitable when thick homogeneous films, large area films
and in particular patterned films are needed. Glass substrates were thoroughly washed
with ethanol before being used. PEI substrates were used without further cleaning. In
this technique, the solution is stored in a small container and a spray nozzle directs it
on a substrate which is heated at 90 °C for PEDOT:PSS based materials and 70 °C for
PEDOT:OTf based materials. Such technique allowed to deposit films with thicknesses

from ~200 nm 2 pm.
A-1-3. Drop casting

This technique is used when thin homogeneous films on large and curved substrates are
needed. The solution is drop casted on the substrate, let drained and the obtained film
is annealed in the same conditions as in the spin-coating techniques. Such deposition
technique gave films with thicknesses below 100 nm, hence similar to spin-coating, but

on non-flat surfaces.

A-2. Materials’ synthesis

Materials presented in this manuscript were deposited with spin-coating technique

unless stated otherwise.
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The polymer PEDOT:PSS Clevios PH1000 was purchased from H.C. Starck, anhydrous
ethanol from CARLO ERBAS Reagents, isopropyl alcohol from Honeywell Riedel de
Haén and ethylene glycol from Fluka. The monomer ethylene dioxythiophenee
(EDOT), the oxidant iron trifluoromethanesulfonate (Fe(OTf)s), the solvent N-methyl-
2-pyrrolidone (NMP), and polyethylene glycol— polypropylene glycol—polyethylene
glycol (PEG-PPG—PEG) Mw = 5800 were obtained from Sigma-Aldrich. The
thermochromic ink was purchased from Gem innov and is constituted of a blue slurry

of micro-capsules whose color switching temperature is 43 °C.

When relevant, an OIKE encapsulating film was used. It is constituted of a film barrier
sandwiched between two PEN (polyethylene naphthalate), whose total thickness is
225 pm. Its WVTR (water vapor transmission rate) is given at 5.10° g m? d! at 40 °C
and 90 % RH. The film barrier adhered to the transparent film heater through an

optically clear adhesive from 3M™.

A-2-1. PEDOT:PSS and derivatives

Commercial PEDOT:PSS PH1000 was purchased and blended with IPA (50 vol. %
IPA for spin-coating and 75 vol. % IPA for spray-coating). The obtained material is
named PEDOT:PSS. This material can be further dipped 30 min in an ethylene glycol
(EG) bath and thoroughly rinsed with ethanol before being annealed at 120 °C for
30 min. This material is named PEDOT:PSS-EG.

A-2-2. PEDOT:0OTf and derivatives

PEDOT films were prepared by spin-coating an oxidative solution onto a glass, PC or

PET substrate. These following steps have been followed:
o Solution preparation
o Substrate preparation
o Film deposition
o Multilayer deposition (when relevant)
A-2-2-a. Solution preparation

The oxidative solution containing the solvent (ethanol), the co-solvent (NMP, DMSO
or DMF), the polymerization rate controller (PEG-PPG-PEG), the monomer (EDOT)

and the oxidant (Fe(OTf);) was prepared as followed. First, a solution containing
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20 wt. % PEG-PPG-PEG and 80 wt. % ethanol was prepared. It was named
solution EtOH. Then, a solution named solution cosolv with 20 wt. %
PEG-PPG-PEG and 80 wt. % co-solvent was prepared. For the synthesis of
PEDOT:OTf, only the solution EtOH was used. For PEDOT:OTf-cosolv and
PEDOT:Sulf-cosolv, the desired amount of solution EtOH was added to an amount of
solution cosolv. For example, in order to obtain x wt. % of co-solvent in the final
solution, (0.8-x)/x*m of solution EtOH was added to a weighted amount m of
solution_ cosolv. The obtained solution was named solution mix. Finally 126 mg of
Fe(OTf); was dissolved in 1 mL of solution_mix or in solution_EtOH. The obtained

oxidative solution, named solution_ox, was sonicated for 2 h before being used.
A-2-2-b. Substrate preparation

The PEDOT films were deposited onto glass substrates (either Corning Eagle XG or
microscope slides, 2.5 cm x 2.5 cm & 1.1 mm thick or 10 cm x 10 cm & 1.1 mm thick),

which were washed with ethanol before use.
A-2-2-c. Film deposition

The PEDOT films were deposited by spin-coating. An amount of 0.25 mL of
solution ox was mixed with 5 pL. of EDOT during 30 s, sonicated during 10 s before
being spin-coated on a glass substrate rotating at 4500 rpm. The resulting film was
heated on a hot plate at 70 °C, rinsed twice with ethanol and dried. The obtained film
was named PEDOT:0OTf or PEDOT:OTf-co-solvent when a co-solvent was added.

A-2-2-d. Multilayer deposition

When relevant, after the film was dried, another layer of polymer was deposited on the

first layers.

A-2-3. Acid treatment

Sulfuric acid was diluted in deionized water to obtain 0.1 M solution. The synthesized
PEDOT films were dipped into that sulfuric acid solution for 30 min before being dried
on a hot plate at 120 °C for 20 min. The obtained film was named PEDOT:Sulf

(PEDOT:Sulf-cosolv when a co-solvent was used).

A-3. Electrochemical reduction

For the control of the oxidation level in PEDOT, this latter one was used as the

working electrode in a three electrode electrochemical cell. PEDOT was coated on a
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glass substrate and since it was conductive enough, no conductive substrate was
necessary. A platinum electrode was used as the counter-electrode and Ag/Ag" in
3.5 M KCI as the reference electrode. The supporting electrolyte contained 0.1 M
tetrabuthylammoniun hexa-fluorophosphate in propylene carbonate. Such electrolyte
was used for its large oxido-reduction window in order not to be limited by the
oxidation or reduction of the electrolyte. Argon was flowed in the electrolyte for 10 min

before the experiment. Thereafter, an argon bed was kept during the whole experiment.

The setup was verified and calibrated using the couple ferrocene/ferrocenium. Cyclic
voltammetry on PEDOT allowed to determine the oxido-reduction window of PEDOT.
The voltage bias applied for different oxidation level is to be correlated to those cyclic

voltammograms and to the calibration with the couple ferrocene/ferrocenium (Fc/Fc').

A-4. Characterization techniques

A-4-1. Electrical resistance

For the electrical measurements, two silver contacts were painted on the opposing
edges of the samples as can be seen in Figure III-1. Resistance measurements are
achieved with an ohm-meter ISO-TECH IDM19. The measurement of the resistance is
mostly given for transparent heater applications. Most of the time, the sheet resistance

is given as this value is more relevant for characterizing the films.

Sheet resistance is a special case of resistivity for thin film with uniform thickness.
Equation A.1 gives the resistance of a wire as function of its resistivity , its length L

and its cross section A.

R=p (A.1)

L
A
For uniform films the cross section A can be split into the thickness t and the width W
of the film.

R=p

-+ |

L L
oW Psw (A.2)
The sheet resistance (Rs) is more convenient to use for two main reasons. First, the
resistance of a material is dependent of its shape whereas the resistivity (and hence the

conductivity o =%= %) is only material dependent. The sheet resistance and the
Ps

conductivity can then be used to compare the electrical properties of materials which

are dissimilar in size. Second, the sheet resistance is directly measured with a four-point
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probe measurement, which allows to directly access the conductivity upon knowing the

thickness of the film.

The sheet resistance has here been measured with a Loresta four-point probe
apparatus. The current flows through the two outer probes while the voltage is read
between the two inner probes. Such geometry has in addition the advantage to set the

system free from voltage drops at the contacts and then from contact resistances.

A-4-2. Atomic force microscopy (AFM)

The thickness of the films were measured with an AFM Inova from Brucker™. AFM is
a high resolution (nanometer scale) scanning probe microscopy technique used to
investigate the topography of a surface. In tapping mode a tip is let to vibrate at its
resonance frequency on the surface of the sample and its deflection is monitored and
correlated to the read topography. For thickness measurements, the film is scratched
and the AFM tip dragged on both sides of that scratch. An example of thickness
measurement with this method can be found in Figure A3. The data were analyzed

using Gwyddion software.

2,4 pm
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Figure A3. Thickness measurement using AFM. a) Scratched samples for AFM
analyses. b) 3D topography image of scratched area. ¢) Thickness measurement around
the scratched area.
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We recorded two main data, the topography and the phase as summarized in
Figure A4. The topography is the map of the surface of the sample. It was used to
extract thickness measurement. The phase on the other hand gives chemical
information of the film. Indeed, while oscillating at a driven force, the surrounding
regions with different composition can alter the phase signal of the response (different
interaction). Phase shifts are then registered as brighter or darker regions and give
information on the surface stiffness/softness or a different chemical structure. In other
word, uniform color distribution along the probed area implies uniform distribution of

the same material.

a. b.

17,3 deg

+ 17 nm 14,3 deg

-15nm

Figure A4. a) Topography and b) phase images of a PEDOT based material.

A-4-3. Electrical conductivity
A-4-3-a. Room temperature (RT)

The room temperature electrical conductivity is deduced from the sheet resistance
(obtained with a four-point probe) and the thickness (obtained with an AFM) using
Equation A.3.

6=-=c- (A-3)

A-4-3-b. Temperature dependence of conductivity

Low temperature conductivities are measured with a four-point probe setup and
monitored from 3 K to RT using a He flow cryostat CF 1200 D from Oxford
Instruments. Gold contacts are evaporated on the surface of the material which is then
placed under the four-point setup and introduced in the cryostat (see Figure A5). The

chamber was pumped a whole night at RT, the temperature was further set to liquid
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He temperature (4 K), slightly pumped to fall below 4 K and finally the temperature

was increased from 3 K to RT and the resistance monitored at each plateau.

Figure A5. Sample preparation for temperature dependence of conductivity
measurement.

A-4-4. Ultraviolet-Visible-Near infrared (UV-Vis-NIR) spectroscopy

UV-Vis-NIR spectra are recorded on a Varian Cary 5000 between 300 nm and
2500 nm. UV-Vis-NIR spectroscopy can give absorbance and specular transmission
spectra, but also the diffused and reflective part of the light when an integrating sphere

is used.

A-4-5. Raman Spectrometry

Raman spectra are recorded from 3200 to 100 cm™ using a 633 nm excitation line with

a low power density on the sample (< 50 pW/ m?).

Two sets of measurement per sample were led, one standard measurement between
100 and 3200 cm™ and a high resolution (<1 cm™) measurement of the main region of
interest between 1100 and 1700 cm™. For each sample, several measurements at
different points on the samples were recorded to assess the uniformity, and averaged in

case of good uniformity.

A-4-6. X-Ray photoelectron (XPS) spectrometry

XPS is a surface analysis spectroscopic technique that measures the elemental
composition of a sample. The XPS surface analysis was performed with a
VERSAPROBE-II equipment. The samples are irradiated with an X-Rays beam and
the energy and number of photoelectrons that escaped are detected. A take-off angle of
45 ° allowed a depth analysis of 5 nm. In order to determine the material composition,

we proceeded to the deconvolution of the sulfur XPS peak using the software Multipak.
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A sulfur atom will give rise to a spin-split doublet, Ss, 12 and Sap 32, in the Sy, core level
spectrum. The energy splitting is about 1.2 eV, the respective intensities have a ratio of
1:2 and the two components are expected to have the same FWHM and shape. The
sulfur in PEDOT films originates from two different sources which are the thiophene
rings in the polymer PEDOT chain, or the counter-anion (such as PSS or tosylate).
When the chemical environment of an element is changed, its binding energy is altered.
The more that element is reduced, the more its binding energy is shifted to lower
binding energies. To the contrary the more it is oxidized, the more its binding energy is
shifted towards higher values. The S2p doublet of the thiophene units which appears
around 163.3 eV is then well distinguished from the one of the sulfonate units in PSS
around 167.8 eV.% Therefore, using XPS surface elemental analysis technique, one
can have access to the ratio PEDOT to counter-anion and in case of non-excess

counter-anion, to the oxidation level.

The deconvolution in Figure 2 in the main article are carried out with the software
Multipak 9.5, which calculated the ratios between the curves’ areas of thiophenes’ S2p
doublet and the others S2p doublets (from OTf and HSO4-), to extract the oxidation

levels.
A-4-7. X-Ray diffraction (XRD)

XRD is a technique that reveals the structure of a crystalline material, through which
X-Rays are irradiated and whose atoms diffract the beam. The diffraction angles can be
correlated to characteristic distances of the materials and the obtained spectra

enlighten their structure.

Grazing-incidence wide-angle X-Ray scattering is a structural technique, derived from
XRD and suitable for thin films with small structural distances, typically molecular
length scales. Indeed the beam explore the surface sample in grazing incidence, hence
allowing to collect information from a larger volume. Moreover, wide scattered angles

are collected, corresponding to small distances.

GIWAXS measurements are obtained both with a synchrotron radiation using the
beamline BM 32 of ESRF, Grenoble, and the laboratory Rigaku Smartlab
diffractometer equipped with a copper rotating anode at CEA-INAC. The energy beam
used at the ESRF is 18 keV, the incident angle w = 0.1 °. In our Smartlab laboratory
equipment, the parameters are 8 keV and 0.1 ° respectively. GIWAXS data are

processed using Igor software and macros developed in our laboratory. When varying
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the detector position, both in-plane and out-of-plane information are obtained

(Figure A6).

. - )
time after printing
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== distance __

Figure A6. Illustration of the functionning of in-plane and out of plane GIWAXS,

reproduced from

Information concerning the sample microstructure can be obtained from the analysis of
the peak shape. The widths of the diffraction peaks measured in theta / two theta
configuration is thus related to crystallite size and strain due to lattice parameter

gradient by Equation A4:

KA
L cosO

FW,4(8) = €tanb + (A4)

Where FWag is the full width at half maximum of the peak corrected from resolution
effect, the wavelength, K the Scherrer shape factor the value of which is close to 1,

L the crystallite size along the direction of the diffusion vector and € the strain
(6= 4 <d-<d»
T <a>

). Scherrer formula is nothing else but the second term. One therefore
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has to keep in mind that when applying Scherrer formula one makes the assumption

that strain contribution is negligible.

The fit of several peaks corresponding to different orders of diffraction allows the
determination of both size and strain contributions. When only one peak is present the
use of Scherrer formula gives a minimum value of the perpendicular crystallite size as

the whole broadening is attributed to size effect.

Correlation lengths along the m-mt stacking direction were calculated using the Scherrer
formula. Average crystallite’ sizes along the a-direction were calculated using

Equation A4.

500 —
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Figure A7. Theta / two-theta in-plane scan measured on PEDOT:OT{-NMP. The solid

line corresponds to the result of the peak fitting with the sum of a pseudo-Voigt shape

function and a linear background contribution. All the fits were performed keeping the
value of the € shape parameter of the pseudo-Voigt function constant at n = 0,7.

A-4-8. High resolution transmission electron microscopy HRTEM

Images of the structure of the PEDOT films are given by transmission electron
microscopy (TEM). TEM is a microscopy technique in which an image is formed from
the interaction of a beam of electrons transmitted through a thin sample. High

resolution TEM is a TEM technique that can image in the atomic scale.

HRTEM is performed using a double Cs corrected TEM (FEI Titan3 ultimate)
operating at 80 kV. The PEDOT thin film was prepared by spin-coating the oxidative
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solution on chemical vapor deposition (CVD) grown monolayer graphene transferred on

Cu grid with carbon membrane with holes. The signal of graphene was negligible.

A-4-9. Seebeck coefficient

The Seebeck coefficient or thermopower is measured using a Ulvac-RIKO ZEM-3. The

functioning principle is given in Figure AS.

Substrat

Figure A8. Thermopower measurements using ZEM-3. a) Scheme of the experimental

setup showing the sample, the metal blocks for temperature gradient (Tf = cold
temperature and Tc = hot temperature) and the thermocouples for temperature and
voltage measurements. b) Drops of silver paints for electrical contacts. ¢) Magnified
image of a drop of silver paint. d) Experimental setup. Reproduced from'®

The sample is placed in a thermostatic chamber under helium atmosphere. It is placed
between two metallic blocks, one being set at room temperature and the other with a
temperature made to vary thanks to a Joule heating resistance. Two drops of silver
paints are deposited on the PEDOT films in order to allow a better contact between
the thermocouples and the PEDOT. Those two thermocouples (type R, Pt-Rh
(13 %) /Pt couple) measure both the temperature gradient and the induced voltage for

several temperature gradients.

An analysis program deduce the absolute Seebeck coefficient of PEDOT after a
calibration taking into account the Seebeck coefficient of the thermocouples. The as

measured Seebeck coefficient is given with an uncertainty of 10 %.

During the thesis, the ZEM-3 was not always available and the Seebeck coefficient was

then measured using a setup developed by another PhD student working on
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thermoelectric generators made of PEDOT. The sample is maintained between two
copper plates, one being cooled with tap water and the other being heated thanks to a
heating block. The temperature gradient is measured with two K-type thermocouples

(Nickel-Chromium / Nickel-Alumel) and the voltage measured with a Keithley
generator.

Heating block

[

~
|l
|

L

|’l
oll'

& A

: .
. (//
Thermocouples (3

!

» . .

Thermoelectric legs

..-,._,
TR

L

-

Figure A11. a) Sample prepared for thermoelectric measurements. b) Experimental

setup for thermoelectric power measurement.

A-4-10. Transparent heater’s characterizations

Blue thermochromik ink (activation temperature at 41 °C) was deposited by spray

coating on an encapsulating barrier which was made to adhere to the film. IR images
were recorded with a Fluke TT 32 camera.

Bending cycles were performed with a homemade apparatus. The sample was kept
between two clamps. Those clamps were connected to a Keithley generator which
delivered the voltage and measured the current and the resistance of the sample. One
clamp was affixed on a stand while the other was let to slide back and forth at a given

frequency (one cycle every 2 seconds). The real time electrical changes were then
measured.
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B. State of the art of conductivity in
PEDOT materials

Table B1. State of the art of conductivity in PEDOT films.

Conductivit
Year Material Treatment ORAUEVILY References
[S cm
1992 PEDOT electrod?emi.cal a1 Heywa’ng et
polymerization al.®®
1092 PEDOT electroclr%emi.cal 900 Heywa’ng et
polymerization al.®®
De L
1994 PEDOT SCP 550 ¢ ele;jw ot
al.
1005 PEDOT electroclTemi.cal 730 Granstrom et
polymerization al.”
Electrochemical
1997 PEDOT comroeTemiea 300 Aleshin et al 2%
polymerization
2002 PEDOT:PSS | Organic solvent 80 Kim et al.*®
Electrochemical
2003 PEDOT peRToCRereA 650 Zotti et al.®
polymerization
2004 PEDOT:PSS | Organic solvent 200 Ouyang et al.®®
Winther-J
2004 PEDOT:Tos VPP 1025 HHRET I CHSen
et al.®
Winther-J
2005 PEDOT: Tos SCP 1000 HHRETICnSEn
et al.™
2006 PEDOT: Tos VPP 1000 Lindel et al.?'
2006 PEDOT: Tos CVD 105 Lock et al.%
2007 PEDOT: Tos CVD 4500 Kim et al.®
Débbelin et
2007 PEDOT:PSS | Tonic liquids 136 e
al.
Anionic
2008 PEDOT:PSS 80 Fan et al.®?
surfactants
2008 PEDOT: Tos VPP 761 Zuber et al.t®
2009 PEDOT:PSS Salt 140 Xia et al.®
) Pyshkina et
2010 PEDOT:PSS Heating 2000 218
al.
2010 PEDOT:PSS Acid 200 Xia et al.®
2010 PEDOT:Tos VPP 669 Fabretto et al.%
2011 PEDOT:PSS Organic pre- 1418 Kim et al.®
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and post-
treatment
2011 PEDOT:Tos VPP 575 Madl et al.™
Fabretto et
2011 PEDOT:Tos VPP 1487 A rlemo ¢
al.
Bub t
2011 PEDOT:Tos VPP 300 " Iiolgvf ¢
al.
F
2012 PEDOT:Tos VPP 1500 abr‘ftﬁ?’ et
al.
2012 PEDOT:PSS Ionic liquid 2084 Badre et al.®!
Fabretto et
2012 PEDOT:Tos VPP 3400 A rle 0
al.
2012 PEDOT:PSS Acid 3065 Xia et al.!?
2013 PEDOT:PSS | Organic solvent 900 Kim et al.'®
2013 PEDOT:Tos SCP 1500 Yu et al.®
0 .
2013 PEDOT:PSS reamie 830 Wei et al.”
solvents
2013 PEDOT:Tos SCP 1355 Park et al.'®
2013 PEDOT:Tos SCP 2120 Park et al.'®
VPP i Hojati-Talemi
2013 PEDOT:Tos + organic 3305 ojati-talem
solvent et al.t?
2014 PEDOT:PSS | Organic solvent 1647 Lee et al.?
Mukherijee et
2014 PEDOT:PSS Acid 3500 ! 1611";]366 ’
al.
2014 PEDOT:PSS 944 Tsai et al.??
2014 PEDOT:PSS Acid 1750 Wang et al.?*®
PEDOT VPP, Singl
2014 ) DIETE 8797 Cho et al.”!
(FeCls) crystal
2014 PEDOT:PSS Acid 4380 Kim et al.
2015 PEDOT:PSS Acid 1460 Meng et al.®
M t et
2015 PEDOT:OTf SCP 1218 assoln;le ¢
al.
M t et
2015 PEDOT:Sulf | SCP + acid 9973 assoln;;e ¢
al.
2015 PEDOT:PSS Shearing 4600 Worfolk et al.®
2015 PEDO:PSS Organic solvent 1500 Xiong et al.”
Mengisti
2015 PEDOT:PSS Acid 1900 engllifole ot
al.
2016 PEDOT:PSS Acid 2600 Kumar et al.”®
2016 PEDOT:Tos Organic 640 Petsagkourakis

183




State of the art of conductivity in PEDOT materials

solvents + acid et al.?0
2016 PEDOT:PSS Acid 4840 Bae et al.®®
SCP i
2017 PEDOT:Tos - oreaic 2200 Lee et al.!
solvent
SCP i
2017 PEDOT:Tos - oreanic 1250 Lee et al. !
solvent
2017 PEDOT:Sulf VPP 4050 Farka et al.®
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C. PEDOT as transparent electrode

Table C1. Optoelectronic properties of PEDOT materials.

Sheet Transparence @ | Figure
Years Material resistance 550 nm of References
[ sql] %] merit
CVD PEDOT
2006 (Fe(ITN)CL) 952 84 2.1 Lock et al.?
2011 PEDOT:PSS + EG 285 89.5 11.6 | Kim et al.*
2011 VPP PEDOT:Tos - 94 - Madl et al.”*
2012 | PEDOT:PSS +1L 31 96 294.9 Ba;r; o
2012 | VPP PEDOT:Tos 45 80 35.5 Fab;f to et
2012 | PEDOT:PSS + Acid 39 80 40.9 | Xia et al.!3
Hojati-
2013 VPP PEDOT:Tos 25 68 35.5 Talemi et
a1‘112
2014 | PEDOT:PSS+DMSO -- 88.3 - Lee et al.?*
9014 PEDOT:P'SS + Tos . 04 6.9 Mukherjee
acid et al.!®#
2014 PEDOT:PSS +acid 46 90 75.8 | Kim et al.'"!
PEDOT:PSS Worfolk et
2015 . 17 97.2 775.3
+shearing al.®
PEDOT:PSS+ Fallahzadeh
2016 . 95 90 36.7
sulfuric acid et al.”
2016 PEDOT:OTf 81 88.4 36.6 | This work!
2016 PEDOT:PSS-EG 68 89.6 49.1 This work!
2016 PEDOT:Sulf 57 87.8 49.2 | This work!!
9017 PEDOT:Sulfate o- N 87 Farka et
CVD al.
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D. Thermoelectric properties of PEDOT

materials

Table D1. Thermoelectric properties of PEDOT materials.

Power
Conductivity | Thermopower factor
Y 7T Ref
ear S e v K] W m-1 K- eference
’
Jiang et
2008 - - - 0.00175 AL
Zhang et
2010 945 22 47 0.1
a1‘191
Bubnova et
2011 800 200 324 0.25
a1‘184
2013 -- -- -- 0.28 Kim et al.!%
2013 -- -- 469 0.42 Kim et al.!%
2013 1250 95 1270 1.02 Park et al.!®
Bubnova et
2014 1100 40 150 0.22
al.?
Mengistie et
2015 -- 55 453 --
aLlQ()
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E. Material selection for thermo-electric

applications: Ashby plots

Regarding the possible applications’ routes that were enlightened during this thesis, it
can be interesting to compare our materials with those already existing for different
applications. In particular, they are very interesting for their thermal and electronic
properties. Figure E1 displays an Ashby plot of different materials regarding both their
electrical resistivity and their thermal conductivity. Such plots are primarily interesting
for the classification of materials regarding two or more properties so that, depending

on the required properties, a precise selection of interesting materials can be done.

10004 5
\ Metals T-Conductivity-resistivity
Cu alloys. Boron  Silicon SiC
I Tungsten carbide : Al nitride
Alalioys | carbide : i Technical
Zn alloys t ceramics
1004 - 3
o W alloys '
X Mg alloys =
e Steels
E Lead alloys \
e Stainless \ ) \ ! ALO3
T 104 steeis % \ N Ng ,
2 Ti alloys Glasses
S i 3 Soda ilass
© > ceramic
o v St Zr0p glass
-8 . ne - Silica glass
= \ CFRP : \O
8 14 e, Concrete {
© é Polymers & d
- ;omposites gjastomers
(] . e
= Wood S= ‘
- PEDOT Lot~ - ‘
0.1 materials ( —
Natural \ .
materials PMMA
Cork 2 Neoprene
rubber Rigid i Flexible
polymer foams Foams polymer foams
0.01; : = % - < . : s : y ; . ' 'WA, 07 ;
16 20 1 024 1 028
1 10 108 10" 10 10

Electrical resistivity, pg (u€2.cm)

Figure E1. Our PEDOT materials compared to other materials according to their
electrical resistivity and their thermal conductivity. The electrical resistivity is
deduced from electrical conductivities found during this work (between 3000 and
5000 S cm™) while the thermal conductivity is inferred from theoretical values of the
literature (between 0.35 and 1 W m™ K'). Reproduced after *

* http://slideplayer.com/slide/8993568 /, Microstructure - Properties — Thermal transport properties.
Mast visited on 24™ January, 2018
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PEDOT is displayed in Figure E1 for the sake of comparison with other thermo-electric

materials and also to stir the curiosity of the interested reader.
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Avec la demande sans cesse renouvelée de matériaux éco-compatibles pour 1’électronique de demain, les polymeres
conducteurs se sont imposés comme une alternative intéressante aux matériaux déja existants. Ils doivent leur
popularité principalement a leurs propriétés électriques, optoélectroniques, thermo-chromiques, luminescentes et
mécaniques, couplées a leur bonne processabilité et leur faible impact environnemental. Parmi eux, le
poly(3,4-ethylenedioxythiophene) (PEDOT) est certainement le plus connu est le plus utilisé. De nombreuses
études se sont focalisées sur l'optimisation de sa conductivité électrique et des progres remarquables ont été
réalisés. Cependant, la compréhension fine de la relation structure/propriétés de ce matériau reste a élucider. C’est
ainsi que dans le cadre de cette thése nous avons décidé de plusieurs objectifs qui sont (1) la synthese de PEDOT
hautement conducteurs & structure contrdlée et optimisée, (2) I’étude des propriétés électriques, structurales et de
transport électroniques dans ces PEDOT, (3) 1’étude de leurs propriétés thermoélectriques et (4) 1’étude de leur
stabilité sous différentes conditions afin de valider leurs potentielles applications. Ainsi, aprés une revue de la
littérature sur le PEDOT, nous étudions l'amélioration de la conductivité électrique du PEDOT:OTf et du
PEDOT:Sulf, qui atteint dorénavant des valeurs a hauteur de 5400 S cm™. Différentes techniques de caractérisation
nous ont permis de mener une étude exhaustive de leurs propriétés électriques et structurales ainsi que des
mécanismes de transport électronique qui en découlent. Nous nous sommes ensuite intéressés a deux de leurs
propriétés thermoélectriques, 'effet Joule et l'effet Seebeck, le premier pour des applications en chauffage et le
deuxiéme pour la récupération d’énergie. L’utilisation pour la premiere fois du PEDOT comme film chauffant
flexible transparent est d’ailleurs présentée. On démontre par exemple que PEDOT:Sulf présente une résistance
carrée de 57 Q sq! pour 87.8 % de transparence et qu'une température de 138 °C peut étre atteinte lorsqu’on
applique 12 V. Cette these se conclut sur 1’'étude de la stabilité de nos matériaux de PEDOT sous différentes

atmospheres ainsi que 1’étude des mécanismes de dégradation.

With the rising demand of flexible, low cost and environmentally friendly materials for future technologies, organic
materials are becoming an interesting alternative to already existing inorganic ones. Organic photovoltaics, organic
light emitting diodes, organic field effect transistors, organic thermoelectricity, organic transparent electrodes are
all evidences of how organic materials are sought for tomorrow. Materials which can fulfill the requirements
specifications of future technologies are conducting polymers, which owe their popularity to their outstanding
electrical, optoelectronic, thermochromic, lighting and mechanical properties. Moreover, they exhibit good
processability even on flexible substrates and low environmental impact. Poly(3,4-ethylenedioxythiophene)
(PEDOT) is certainly the most known and most used conducting polymer because it is commercially available and
shows great potential for organic electronics. Studies dedicated to PEDOT films have led to high conductivity
enhancements. However, an exhaustive understanding of the mechanisms governing such enhancement is still
lacking, hindered by the semi-crystalline nature of the material itself. In such a context, this thesis has four
objectives which are (1) the synthesis of PEDOT materials with an optimized and controlled structure to enhance
the electrical properties, (2) the thorough characterization of the as-synthesized PEDOT in order to understand
the charge transport mechanisms, (3) the study of their thermoelectric properties and (4) the study of their
stability under different environments and stresses. Thus, after a literature review on PEDOT materials, we
present the enhancement of the electrical conductivity of PEDOT:OTf and PEDOT:Sulf up to 5400 S ecm via a
structure and dopant engineering, and then thoroughly study their electrical and electronic transport properties.
Subsequently, two thermoelectric properties of PEDOT are investigated, namely its resistive Joule heating ability
and its Seebeck effect, for both heating and energy harvesting applications. A novel application of PEDOT as
flexible transparent heater is demonstrated in the first case. PEDOT:Sulf for example exhibited a sheet resistance
of 57 Q sq! at 87.8 % transmittance and reached a steady state temperature of 138 °C under 12 V bias. Finally,
this thesis is concluded with the ageing and stability of our PEDOT based materials under different environmental
stresses. While PEDOT is stable under mild conditions, heavy degradations can occur under harsh conditions. The
degradation mechanisms are then investigated in this last part.




