N

N

Progress in understanding structure and transport
properties of PEDOT-based materials: a critical review
Magatte N. Gueye, Alexandre Carella, Jérome Faure-Vincent, Renaud

Demadrille, Jean-Pierre Simonato

» To cite this version:

Magatte N. Gueye, Alexandre Carella, Jérome Faure-Vincent, Renaud Demadrille, Jean-Pierre Si-
monato. Progress in understanding structure and transport properties of PEDOT-based materials: a
critical review. Progress in Materials Science, 2020, 108, pp.100616. 10.1016/j.pmatsci.2019.100616 .
hal-03140624

HAL Id: hal-03140624
https://hal.science/hal-03140624

Submitted on 21 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03140624
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0079642519300982
Manuscript_a46adb0al91d99cf775374ea2334¢cace

Progress in understanding structure and transport properties of PEDOT-

based materials: a critical review

1,2,3* 1 7.4 . 3 3 .
Magatte N. Gueye , Alexandre Carella”, Jérome Faure-Vincent”, Renaud Demadrille”, Jean-Pierre

Simonato®’
1. University Grenoble Alpes, CEA/LITEN/DTNM, MINATEC Campus, F-38054 Grenoble, France

2. Institute for Electronics, Microelectronics and Nanotechnology (IEMN), CNRS, University Lille, 59650

Villeneuve d'Ascq, France
3. University Grenoble Alpes, CEA, CNRS, INAC-SYyMMES, F-38054 Grenoble, France

Corresponding Authors:

Magatte Niang Gueye, magatte.gueye@protonmail.com, +33.320 191 817,
Jean-Pierre Simonato, jean-pierre.simonato@cea.fr, +33.438 781 139,

CEA Grenoble, 17 rue des Martyrs, 38054 Grenoble, France.

Abstract

Since the late '80s, a highly stable conductive polymer has been developed, that is poly(3,4-ethylene
dioxythiophene), also known as PEDOT. Its increasing conductivity throughout the years combined with its
intrinsic stability have aroused great attention both in the academic and industrial fields. The growing
importance of PEDOT, can be easily acknowledged through the numerous applications in thermoelectricity,
photovoltaics, lighting, sensing, technical coatings, transparent electrodes, bioelectronics, and so forth.
Although its high electrical conductivity is strongly established in the literature, the wide range of data

shows that disorder, as the limiting factor in charges’ transport, hinders the design of materials with optimal

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0079642519300982
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0079642519300982

performances. The aim of this article is to review and discuss recent progresses dealing with the electrical
conductivity and transport properties in PEDOT materials, with special attention on morphological and
structural features. Particular emphasis is given to the commercial PEDOT:PSS as well as other PEDOT-based
materials stabilized with smaller counter-anions. It appears that the electrical conductivity and the transport
mechanisms are closely related to the fabrication process, the crystallinity of the material and the choice of
the counter-anions. With the tunable electrical properties, new functionalities appear accessible and add up

to the already existing applications that are concisely highlighted.
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Introduction

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 story its fullest insight, we have to go through more than a half century of materials science

research and look towards future applications.

The whole story could be said to have begun 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.[1,2]
They showed that the conductivity of polyacetylene could be tuned over several orders of magnitude. Soon
after their discovery, the materials of their studies, namely electrically conductive polymers, were
considered 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”.[3]

Conducting polymers stand out for the unique combination of their mechanical, electrical, optoelectronic,

thermoelectric, photovoltaic and lighting properties. Among conducting polymers PEDOT has drawn most of



the attention in both academic studies and industrial applications due to its relatively high conductivity and
remarkable stability in ambient conditions compared to other polymers, as well as its potential to be
transparent in the visible spectrum. The importance of PEDOT is striking when assessing the numerous
reviews that have been published over the last two decades, dealing with its synthesis, properties,

conductivity enhancement and different viewpoints of applications.[4-20]

The main property of PEDOT that ensures its unique place among conducting polymers is its high and stable
electrical conductivity. This latter has been increased up to 6259 S cm’™ for thin films and 8797 S cm™ for
single crystals.[21-25] These conductivity values are remarkable since they are only one order of magnitude
lower than the most conductive metals, namely silver and copper. Such large scale gives an overview of the
remarkable advancement performed on the conductivity enhancement, but at the same time, the dispersion
of data found in the literature suggests that there is still room for a better understanding of that material.
Theories aiming at describing the origin of the enhancement observed in PEDOT:PSS in particular, and all
other PEDOT materials in general, are still far from reaching a general consensus. However, the progresses
realized these past years unraveled features that allow a deeper understanding of the role of disorder as the

main limiting factor in the charge transport in these materials.

Since the optimization of the electrical conductivity is highly sought and that the electrical properties are
inherently linked to the transport properties, a deeper understanding of such properties can be highly
beneficial for a better design of materials.[26] Due to the importance of PEDOT, lots of reviews are dealing
with its synthesis, its integration in devices, and various of its applications.[4,5,14-20,6—13] Several
transport mechanisms theories have also been reported but they strongly differ from one PEDOT material to
another. Since the understanding of transport properties is highly important for the design of materials with
desired structure/properties relationship, in this article, we aim to review transport properties and
mechanisms that have been presented and discussed in the literature, taking into account the electrical

properties and the associated physical structures of the material.



For that purpose, we present a brief overview of the transport properties in conducting polymers, and we
emphasize the breakthrough that PEDOT has represented for conducting polymers. Afterwards, the
synthesis of PEDOT materials as well as their general chemical and optical properties are discussed. The
progress in electrical properties related to the transport mechanisms reported for PEDOT materials are
exposed and eventually, description of selected applications is put forward to further point out the

importance of PEDOT materials, be it for current research or future applications.

1. Transport properties in conducting polymers

Conducting polymers are inherently disordered materials. In fact, the material is constituted with polymer
chains with various lengths and defects non-uniformly distributed within the chain. Thus there is a
combination of various conjugation lengths (the effective distance along which the electrons are delocalized

along the chains).

Tt -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.[15,27,28] In such disordered materials, the charge
transport is fast along the chains, moderate between the chains and slow between the lamellar planes
(Figure 2).[28-31] Also, the chains can be randomly oriented through the x, y or z axes. One can easily
understand that transport properties would be optimized in the case of Figure 1a rather than in Figure 1c. It
is commonly admitted that 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- and inter-chain transport are therefore

sought in order to optimize the transport properties in conducting polymers.[32]



J

Figure 1. 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.

[28]. Copyright 2013, Springer Nature.

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.[33] Transport in conducting polymers can therefore be different from that

in metals or classical semiconducting materials depending on the extent of disorder.
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stacking respectively in conducting polymers.[28]. Copyright 2013, Springer Nature.

Transport mechanisms are mainly assessed through the temperature dependence of electrical conductivity
from room temperature down to liquid helium temperature, the temperature dependence of the Seebeck
coefficient, the magnetic dependence of the electrical conductivity or field effect measurements. The
former one has been used predominantly in the literature since it is the most accessible one in order to

identify the various transport regimes and that a first general picture can be easily drawn.[34-36]
The electrical conductivity o of a material is given by Equation 1.

o =nleln (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 states. 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 hinders the charge transport so that the mobility u is decreased, and therefore the mean free path, as
well as the electrical conductivity o (Figure 3d). However the conductivity does not decrease indefinitely and
the minimum metallic conductivity compatible with a minimum free path is called the Mott-loffe-Regel limit

(see Figure 6).
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Figure 3. Temperature dependence of conductivity from a semiconductor to a metal: (a) semiconductor, (b)

& (c) semiconductor or disordered metal with metallic behavior, (d) metal.

A different mechanism is observed in classical semiconductors such as silicon (Figure 3a). At T =0K, the
band gap between the valence band and the 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.



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 increases due to thermal motion and so does
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 wavefunctions.[27,33] 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.[27,37] 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 charges. The

conductivity is given by Equation 2:

ovru(T) = o, exp [— (TT—O)ﬁ] (2)

With o, characteristic of the overall conductivity, T, 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. Hence
n = 3 corresponds to a 3D hopping between localized sites corresponding to polaron/bipolaron
quasiparticles extended over few PEDOT monomer units.[38] When n decreases, some directions are
favored, meaning that a certain order or anisotropy has appeared. However, it is noteworthy thatn=1
could also account for two other transport mechanisms, that is a 3D hopping when electrons-electrons
Coulomb interactions are taken into account at low temperatures; or a tunneling-like model as described in
the following.[39—-43] One should therefore be cautious when interpreting n = 1 in Equation 2 and should

take into account the morphology or additional measurements such as magnetoresistance before being able



to draw a clear picture between 1D-VRH along parallel 1D chains of conducting polymers, 3D-VRH between

localized sites or tunneling between neighboring chains of polaronic clusters.

The hopping model successfully described the behavior of early developed conducting polymers with an
important extent of disorder, 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,
polyaniline or PEDOT.[1,44-48] In 1980, Sheng revisited the hopping model and proposed a model called
fluctuation induced tunneling inspired from his previous work on charging-energy-limited tunneling.[41,42]
The latter 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. The fluctuation induced
tunneling model, given in Equation 3, was able to explain the non-typical semiconducting behavior observed

in polyacetylene.

T
0-Sheng(T) = Og €Xp (_T+’1I‘2) (3)

Where og, T; and T, are constant parameters, and, T, and T, the tunneling temperatures depend on the

barrier geometry and energy.
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Figure 4. Schematic representation of (a) the variable range hopping model vs (b) the tunneling model. 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 of conduction between large conductive

segments.[43] 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,
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hopping can take place between two strongly doped polaronic clusters separated by less doped domains. At
T = 0K, charge carriers stay in the vicinity of the dopants from which they originate. Above zero
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 4). Such model was perfectly described by the fluctuation-induced tunneling in Equation 3. It is
noteworthy that “tunneling” here does not refer to the quantum mechanics phenomenon but rather a

transfer from a cluster to another as explained in Figure 4.
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Figure 5. (a) Typical metallic thermopower in Zr-Ni alloy. (b) Approximately linear thermopower in doped
polyacetylene. (c) Temperature dependence of conductivity in doped polyacetylene. [49]. Copyright 1991

by Elsevier B.V. (copyright review from Elsevier requested).

With the progress in conducting polymers synthesis and processing, more and more ordered films have
been obtained. Some metallic features became so prominent that neither the VRH nor the tunneling theory
could describe them. The temperature dependence of conductivity of CSA doped PANI or highly doped
polyacetylene had a finite value at zero temperature, and sometimes depicted a negative slope (Figure 3 and
Figure 5).[49-51] The dependence on temperature of their conductivity was relatively weak compared to

less doped or more disordered materials. Their temperature dependence of thermopower showed a linear
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behavior, typical of metals (Figure 5). 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 n-m interactions were strong enough to avoid localization of
charges.[52] On the other hand, some amorphous alloys and some highly disordered metals were shown to
have a much smaller temperature dependence of their conductivity compared to pure metal, and even
sometimes depicted a semiconducting behavior.[53] Due to such behavior, they were said to be driven
through a metal to semiconductor transition (the so-called Metal-Insulator Transition).[54] Doing the
parallel with disordered metals, 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.[3,47,55,56] In such systems, charge transport is similar to that of
disordered metals or “quasilD-metals”.[36] Both metallic transports were inspired from disordered or
amorphous metals in the metal-insulator transition and then applied for conducting polymers. In the first
case, charge carriers wavefunctions overlap so that they can freely diffuse in the polymer matrix but some
strong localization effects due to disorder prevent from a crystalline metallic conduction.[36,57] The latter
one is mostly reported for anisotropic conducting polymers. In such anisotropic systems the transport
properties are exacerbated along the chains direction so that the transport is considered quasi one
dimensional. Following are the conductivity laws of disordered metals in Equation 4 and quasi 1D-metals in

Equation 5.[52,57]
Odisordered metal = 0o T mT/2 + BTP/? (4)

Where gy is the “zero temperature” pure metallic conductivity, the second term reflects electrons-electrons

interactions and the third term is a correction due to localization effects.

— Tm
Oquasi 1D-metal — Om €XP (T) (5)
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Where o, is a constant parameter and T,, represents the energy of the phonons that can backscatter the

charges.[49]
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Figure 6. 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 regimes that can be found around the

critical regime of the insulator to metal transition.

Simply put, as summarized in Figure 4 and Figure 6, in disordered conducting polymers, charges are localized
and transport is facilitated by hopping from a site to another. In conducting polymers in which some local

order can be noticed, polaronic clusters (in crystalline domains or disordered chains) are found and
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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, conducting
polymers also can lay near the metal-insulator transition (in parallel with early works on disordered
metals).[49,50] This metal-insulator transition can be assessed through the reduced activation energy W(T)
in Equation 6, which increases (respectively decreases) in the metallic (respectively insulator) regime, as

illustrated in Figure 6.[44,58]

E(T) _ d[In()]
kT~ d[In(T)]

W(T) = (6)

Where E(T) is the activation energy characteristic of the transport model and k the Boltzmann constant.

In the critical regime, W(T) is constant and the temperature dependence of conductivity follows a power law

as in Equation 7:

o(T) «TF (7)

With 0.3 < B <1 in most cases.

p(0K)
p(300K)

Along with the reduced activation energy the resistivity ratio p, = is a good indicator of the

transport regimes and the degree of disorder. A lower p, corresponds to a more ordered film. Indeed, since
the drop between the room temperature and the near 0 K resistivity is moderate, the temperature
dependence of the resistivity (or the conductivity) is weak meaning that high energy barriers induced by

heavy disorder are not encountered.

Progress made in the field of conducting polymers allowed to unravel the importance of the disorder in the
transport mechanisms. Conducting polymers appear to stand at the metal-insulator transition and several
theories were led in order to shed some light on the different conduction pathways. Even though no
consensus could be reached regarding the transport properties, this can be easily explained by the too

broad performance of the materials and the different chemistries that build them. Recently, Kang and
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Snyder proposed a generalized transport model that takes into account all mechanisms of electronic
conduction from metals to hopping insulators.[59] The charge transport is described by Boltzmann transport
equations characterized by a transport function o, or in other words probability equations relating the
electrical conductivity when mobile carriers have the same energy E to energy states following a Fermi-Dirac
distribution. Their model encounters for a percolation of charge carriers from conducting ordered regions
through poorly conducting disordered regions and is consistent with the reported structure in conducting

polymers.

In the following we will focus on PEDOT, this conducting polymer that aroused, and still does arouse, great

attention among academics and industrials.

2. The breakthrough of PEDOT

Polyacetylene is the first conducting polymer reported with conductivities exceeding 10° S cm™, close to that
of copper, and transport properties similar to that of a metal.[60] This material is however air-sensitive and
not processable, hence not appropriate for industrial applications.[61] Regarding the lack of stability of the
ni-electron system in the doped state, strategies to solve this issue were developed through the addition of
electron donating heteroatoms such as nitrogen (N) or sulfur (S) either in the main chain or as carbon
substituent in heterocycles. Researchers then turned their attention to polyaniline, polypyrrole and
polythiophene.[62,63] These polymers are in general unstable, infusible and most of them are insoluble, but
more stable derivatives have been developed from polythiophenes.[5,64-66] In the search to stable
conducting polymers that are relevant for industrial applications, the German Bayer Central Research
Department has been highly active. [15,67] When their first attempts to stabilize polyacetylene failed and
their works on polypyrrole were aborted, they focused on monoalkoxy and 3,4-dialkoxy substituted
thiophenes to increase the stability, and on bicyclic rings structures in order to decrease the steric

hindrance.[68]
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Figure 7. (a) Methylene dioxythiophene (MDOT), (b) 3,4-ethylene dioxythiophene (EDOT) and

(c) poly(3,4-ethylene dioxythiophene) (PEDOT).

Their first efforts on the synthesis of 3,4-methylenedioxythiophene (MDOT, see Figure 7) was unsuccessful
as they did not manage to isolate a workable amount of the monomer. Subsequently, they focused on
3,4-ethylenedioxythiophene (EDOT), whose success was immediate. After polymerization with an oxidative
reagent, i.e. iron(lll) chloride, the obtained poly(3,4-ethylenedioxythiophene) (PEDOT) appeared as a
breakthrough in conducting polymers, since it was found to be stable in its doped state and depicted
conductivities up to 200 S cm™. [63,68,69] The synthesized PEDOT straightforwardly found applications in
capacitors.[21] 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.[22]

The electrical conductivity of PEDOT and its air and water stability were interesting. 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 desirable. Bayer’s
scientists found it shortly after during a collaboration with chemists from Agfa, who were looking for 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

16



dependence of its conductivity. By 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, which
showed high stability.[4,70] Subsequently, PEDOT:PSS, and PEDOT in general, became highly valuable for

both industrials and academics.

3. Synthesis of PEDOT

The development of PEDOT took advantage of all the expertise already accumulated from the earlier
development on conducting polymers.[44,46,71] The techniques that will be described in the following part
were already used for other polymers. The report we propose herein is limited to the scope of PEDOT for

the sake of conciseness.

PEDOT can be synthesized through three main polymerization reactions:

- Transition metal-mediated coupling of dihalogeno derivatives of EDOT

- Electrochemical polymerization of EDOT-based monomers

- Oxidative chemical polymerization of EDOT-based monomers

These synthesis routes will be briefly introduced. The interested reader can refer to more specialized

articles, reviews or books.[5,15,72]

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

In the synthetic 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 a reaction with a Ni(0) reagent, the scheme is presented

17



in Figure 8.[73] The dark purple product was however not soluble and therefore not amenable for molecular

weight calculations, similarly to other doped PEDOT.

cl—S<__cl S
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Figure 8. Nickel based polycondensation for neutral PEDOT synthesis. [73]

3-2. Electrochemical polymerization of EDOT-based monomers

PEDOT can be electrochemically polymerized in a three-electrode cell containing an electrolyte solution, 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), carbon paper or
Au.[74,75] The reaction is fast and both supported and free-standing films can be obtained. The obtained
product is transparent-blue to dark blue depending on the thickness, with conductivities up to

2074 S cm™.[76-78]

3-3. Oxidative chemical polymerization of EDOT-based monomers

Only routes using the EDOT monomer are presented hereinafter, Roncali et al. having already reviewed

various synthesis methods for EDOT-based systems.[72]
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Figure 9. Proposed mechanism for the synthesis of PEDOT:Tos as reproduced from Mueller and coworkers

work.[79] Copyright 2012, Elsevier Ltd. (copyright review from Elsevier requested).

PEDOT can be polymerized from the monomer EDOT, which is commercially available. Iron (Ill) complexes
proved to be efficient oxidants, the standard redox potential of the cation being high (0.77 V).[80] They also
provide the counter-anion to stabilize the oxidized PEDOT.[81] Iron complexes that can be found in the

literature are mainly:

Iron(lll) chloride (FeCls)

- lIron(lll) para-toluenesulfonate or tosylate (Fe(Tos)3) with Tos = (CH3CgH,S03’)

- lIron(lll) camphor sulfonate (Fe(C;H;0S03)3

- Iron(lll) methanesulfonate or mesylate (Fe(CH3SO03)s)

- lIron(lll) trifluoromethanesulfonate or triflate (Fe(OTf);) with OTf = (CF3SO03)

19



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 9.[79,81]
- (1) Fe(In) oxidizes EDOT and is reduced to Fe(ll)

- (2) Two oxidized EDOT combine into a 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(lll) 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 common one,
introduced with the first synthesis of PEDOT by Bayer AG in 1988, consists in 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 cannot be processed easily. Conductivities of few tens S cm™ were first

reported.[68]
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Figure 10. Chemical structure of PEDOT:PSS.

In 1990 a second processable method was introduced by Bayer AG. EDOT is polymerized in an aqueous
polyelectrolyte solution (typically PSS) in the presence of Na,S,0; 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 10, is processable so that thin (~100 nm) to thick (> 1 um) films can
be obtained. The mechanically robust, transparent (depending on the thickness) and insoluble film has a
high intrinsic conductivity upto 10 S cm™ which, through decades of research, was improved up to

4839 S cm'l.[82] Moreover, it is commercialized so that it was integrated in many devices and several

relevant applications were able to emerge.[83]

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.[84] 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™.[85] This method did however not
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yield reproducible and homogeneous films at first. Later Hohnholz et al. also reported PEDOT grown directly
on glass substrates from two solutions of the monomer EDOT and the oxidant iron(lll) chloride.[86] These

“in-situ” deposition techniques did not grow as much interest as the other ones.

In 2004 Winther-Jensen et al. reported a new oxidative polymerization route with conductivities exceeding
1000 S cm™.[87] That vapor phase polymerization (VPP) consisted of exposing a surface covered with a
mixture of Fe(Tos)s; as the oxidant, pyridine as a base to moderate the strength of the oxidant and EDOT
vapors (Figure 11).[80,88,89]

Winther-Jensen and coworkers noticed that EDOT could participate in an acid initiated polymerization,
whereby a partially conjugated polymer is formed, which leads to short conjugation lengths. The addition of
a base is therefore of interest to prevent unwanted acidic side reactions. As a consequence, better results

were obtained by adding pyridine in the VPP chamber.
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Figure 11. (a) Vapor phase polymerization principle (VPP). (b) VPP chamber, as reproduced from Murphy
and coworkers’ work.[90] (c) Another quite similar principle (chemical vapor deposition, CVD) principle as
reproduced from Gleason and coworker’s work.[88] It is slightly different from VPP. In here, no solvents are
used and the oxidant is heated in the crucible that faces the substrate on which EDOT is adsorbed. Copyright

2010, Elsevier Ltd. (copyright review from Elsevier requested) Copyright 2006, American Chemical Society.

They further developed de Leeuw’s solution-cast polymerization method in 2005.[91] 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
requires high temperature heating (~ 110 °C). Moreover, imidazole, as most other N-H containing chemicals,
coordinates to Fe(lll), resulting in an undesired formation of crystals.[91] By using pyridine instead of
imidazole as a basic inhibitor to control the acidity of the oxidative solution, good film forming properties

were demonstrated and conductivities exceeding 1000 S cm™ were routinely achieved.
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These two new routes, surpassing by far all the previous routes reported so far in terms of conductivity

(> 1000 S cm™), have been dominating the synthesis of PEDOT in the academic field ever since.

In 2006 Gleason and coworkers reported oxidative chemical vapor deposition (0-CVD), a solventless
technique that does not require any pre-treatment nor wetting of the substrate surface.[88] The monomer
EDOT and the oxidant FeCl; were both introduced in a vacuum chamber and PEDOT was grown on glass
slides, silicon wafers, poly(ethylene terephthalate) or paper. The conductivity of PEDOT stabilized with
chloride counter-anions reached 105 S cm™ and conductivities were raised after acidic treatment up to

1620 S cm™ when HBr is employed.[92]

Recently, liquid phase depositional polymerization (LPDP) was reported in order to emancipate from some
drawbacks inherent to VPP and 0-CVD.[93,94] Since these techniques are sensitive to moisture, since the
dimension of the chamber limits the sample’s size and since acidic side reactions take place without addition
of organic bases, LPDP allows to overcome those drawbacks by implementing the polymerization directly
into liquid phase. A substrate coated with the oxidant is suspended in EDOT solution to synthesize PEDOT

coating in situ. Conductivities up to 362 S cm™ are reached.[95]

In the following section of the review, when oxidative chemical polymerization is encountered, vapor phase
polymerization will be referred to as VPP, oxidative chemical vapor deposition as 0-CVD, polymerization on a
substrate from a deposited oxidative solution as solution-cast polymerization and all other polymerization
routes as chemical oxidation. 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. Moreover, while numerous PEDOT-based composites materials are reported in the
literature, we only focus here on PEDOT stabilized with counter-anions and non-hybridized with other

materials. Readers can refer to other reviews for more information on those composite materials.[11]
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4. Chemical properties of PEDOT materials

PEDOT chains are short, only up to few tens of monomer units.[96,97] Scanning tunneling microscopy (STM)
of electro-polymerized PEDOT, high angle annular dark-field (HAADF) scanning tunneling microscopy of
0-CVD PEDOT and transmission electron microscopy (TEM) of solution-cast polymerized PEDOT showed
short PEDOT chains with around 10 to 20 monomer units.[98,99] Neutral PEDOT is in an aromatic state and

undergoes a distortion from aromatic to quinoid form during doping, as schematized in Figure 12.[15,100]

Figure 12. PEDOT in different states: (a) neutral, (b) polaron, (c) bipolaron.

The polymerization results in a polymer whose doping level is approximately 33 % (1 dopant for 3 monomer
units).[100] PEDOT being insoluble in any common solvent, “standard” solution characterization techniques
(such as NMR spectroscopy) cannot be used, and features such as their molecular weight remain often
unraveled. Electronic and vibrational spectroscopies are however possible on thin or thick films and pieces
of information such as their energy gap, their elemental composition, their doping level or their chemical

state can be assessed.

5. Optical properties and doping level in PEDOT materials

In saturated polymers (all carbon atoms are sp3 hybridized), the atomic orbitals merge into molecular ones

and quantum physics predicts the arrangement of the energy levels into o bonding and o* antibonding
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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.[101]

In conjugated polymers, quantum physics also predicts the formation of m bonding and n* 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, the more states are created within these states and the energy gap between the
HOMO and the LUMO decreases (Figure 13). 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 13).[102]
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Figure 13. Band structure building in conjugated polymers. Reproduced after[101].

The optical features of PEDOT at various oxidation levels are schematized in Figure 14A and can be

measured using ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy. Figure 14B gives the evolution of

the optical signatures from a neutral chain to a fully doped film. Neutral PEDOT is dark purple/blue and has

an optical absorption gap around 1.5 eV.[74,103] When oxidized, new energy states are introduced in the

band gap in the NIR region outside the visible range, and PEDOT becomes transparent in the visible range.
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Figure 14. 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 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).[104]

(B) PEDOT chains with different doping states (upper image) and their corresponding UV-Vis-NIR spectra
(lower image), from the most oxidized (i) to the less oxidized state (v).[105]
Copyright 2012, Royal Society of Chemistry (copyright review from Elsevier requested).

Copyright 2014, Royal Society of Chemistry (copyright review from Elsevier requested).

The optical properties of PEDOT find interesting applications in electrochromic devices and transparent
electrodes. In the former case, the good electrochromic properties are controlled electrochemically by
varying the doping level.[74,103,106] In the latter one the thickness of the film plays an important role. The
thinner the film, the more transparent it becomes.[107] Recently Brooke et al. reported highly conductive
and transparent PEDOT:OTf and PEDOT:Sulf comparable to ITO.[108] Their results are in good agreement

with previously reported studies.[107]
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Figure 15. (a) Dependence of the specular transmittance at 550 nm as function of the sheet resistance of

PEDOT:PSS and PEDOT:OTf. (b) Optical properties of PEDOT:Sulf in the visible range.[107]

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) for PEDOT stabilized with small counter-

anions.[96,97]

As can be seen in Figure 16, the sulfur S2p contribution originates from the thiophene rings and the counter-
anion as they have different chemical environments. 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.[96,97] 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 are probably defined by PSS random coils with
PEDOT chains through coulombic interactions, and that the areas between the grains are probably filled

with excess neutral PSSH.[97] Thus the PEDOT to PSS ratio only gives information on the quantity of PSS in
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the films.[77] 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 is
considered to give direct access to the doping level of PEDOT, which was calculated to be between 25 and

35 %.[5,77,109]
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Figure 16. Typical sulfur doublet response of PEDOT:PSS polymer blends probed using XPS. The shift of S2p
doublet between thiophene and PSS is clearly represented. The two figures represent PEDOT:PSS with more
(left) or less (right) excess PSS.[13] Copyright 2001, Elsevier Science B.V. (copyright review from Elsevier

requested).

6. Transport properties in PEDOT films

For all the applications that emerged after the synthesis of PEDOT:PSS, highly stable, processable and
conductive PEDOT films have been the focus of intense research. In that respect, two main routes were
studied, enhancement of the electrical conductivity of the commercially available PEDOT:PSS, and
development of PEDOT based materials stabilized with smaller counter-anions such as chloride, tosylate,

triflate, or sulfate.

31



6-1. PEDOT:PSS

6-1-1. Electrical conductivity through years

At first, commercialized PEDOT:PSS exhibited conductivities from 0.1to 10 S cm™. Conducting polymers such
as polyacetylene or polyaniline were routinely treated with organic solvents in order to increase their
conductivities. MacDiarmid and coworkers introduced the concept of “secondary doping”, that should not
be confused with “primary doping” which takes place during the oxidative polymerization of EDOT.[71] They
stated that “secondary doping is very similar in many respects to primary doping. Phenomenologically,
treatment of a polymer, already doped by a primary dopant, with an apparently 'inert' substance (secondary
dopant) may increase the conductivity of the polymer by several orders of magnitude with concomitant
changes in electronic spectra and, frequently, degree of crystallinity. It differs from primary doping in that
the changes, depending on the primary-secondary dopant combination employed, may frequently persist,
possibly to a reduced extent, upon removal of the secondary dopant”. Based on these works, Kim et al.
added different solvents in an aqueous dispersion of PEDOT:PSS purchased from Bayer AG and increased the
conductivity from 0.8t0 80 S cm™ by adding dimethyl sulfoxide (DMSQ).[110] They did not observe change
in the doping level or in the polymer chain conformation as evidenced by electron paramagnetic resonance
(EPR), XPS and X-Ray diffraction (XRD). Temperature dependence of conductivity measurements showed
that PEDOT:PSS approaches the critical regime of the metal-insulator transition (activation energy W not
temperature dependent, see Figure 6) when an organic solvent is added. The increase in conductivity was
assumed to be due to a screening effect induced by the polar solvent which decreases the coulombic
interactions between the charges on PEDOT and its PSS counter-anion. Jonsson and coworkers also
investigated the chemical and morphological changes induced by the addition of solvents, at the origin of
the increased conductivity. [13,96,97] Their XPS studies revealed an increase in the PEDOT-to-PSS ratio after
mixing with solvents, which they attributed to some segregation of PSS excess from the surface of the grains

and removal from the surface of the films. This was later observed by Crispin et al. as can be seen in the
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atomic force microscopy (AFM) images in Figure 17.[111] This phenomenon induces a better connection

between PEDOT:PSS grains and hence more efficient pathways for charge transport.

From that point onwards, various organic solvents were experimented such as dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), 1-methyl-2-pyrrolidone (NMP), glycerol, sorbitol, methanol, ethanol,
isopropanol, ethylene glycol (EG), and so forth. Ouyang et al. showed that the treatment with EG induces a
change from coil to linear or expanded coil structure.[112] Moreover, the conductivity enhancement
strongly depends on the chemical structure of the solvent. Compounds with two or more polar groups are
expected to be more efficient since the interaction between the dipoles of the solvents and the dipoles or

charges of the polymer chains are thought to be at the origin of the conformational changes.
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Figure 17. AFM topography images (A, C) and phase images (B, D) of PEDOT: PSS without solvent addition. In
the phase images, darker areas correspond to softer zones. The sharp contrast suggests two phases, one
PEDOT-rich (the brighter zones) and one PSS-rich (the darker zones). Therefore, PEDOT:PSS particles are
surrounded by excess PSS.[111]

AFM topography images (E, G) and phase images (F, H) of PEDOT: PSS after DEG addition. PSS rich regions
are swollen after the solvent addition so that PEDOT-rich regions are more interconnected.[111] Copyright

2006, American Chemical Society.

Crispin and coworker’s completed their previous works (from Jonsson et al.) and showed that all three
proposed mechanisms were not contradictory.[111] They suggested that the PEDOT:PSS blends correspond
to a dispersion of PEDOT:PSS particles in the water-PSSH solution. Without additional solvent, a film is
deposited with PEDOT:PSS particles surrounded by excess PSS (Figure 17). When adding diethylene glycol
(DEG) to PEDOT:PSS emulsion, the high boiling point of DEG, compared to that of water, induces a much
more slower evaporation of the solvent which swells the PSS-rich regions (Figure 17) and induces screening

effects between the polymer and its dopant. This leads macroscopically to a better connection between
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PEDOT rich grains and at the microscopic level to the change from coil to linear conformation that Ouyang

suggested.

Using AFM and transport measurements, Nardes et al. confirmed that the increase in conductivity happens
under thermal annealing due to the presence of high boiling solvent and that the aggregation of PEDOT rich

grains is accompanied with their broadening.[113,114]

By optimizing the solvent and thermal post-treatments after the addition of EG in the PEDOT:PSS dispersion,
Muller-Meskamp and co-workers reported a conductivity of 1418 S em™, explained by the removal of PSS
excess, together with the reordering and conformational changes reported previously, and supported by the
decrease of thickness and a constant transmittance.[115] From that point onward, post-treatment was
always combined with the addition of organic solvents and conductivities up to 1647 S cm™ were reported,
and even of up to 4600 S cm™ after further shearing .[116,117] Even though the efficiency of the addition of,
or post-treatment with, organic solvents is commonly admitted (Figure 18), the real mechanisms behind

such enhancement are still subjected to debate and intensive studies are going on.[114,118,119]
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Figure 18. Upper scheme: illustration of the phase separation when a high boiling point solvent is added in

the PEDOT dispersion. That illustration is accompanied with an optical proof of such phase segregation

(lower figure).[120] Copyright 2015, American Chemical Society.

Apart from polar and high boiling point solvents (pre- and post-treatments), ionic liquids, anionic surfactants
and salts were also added with some success in the aqueous PEDOT:PSS dispersion before deposition.[121—
127] lonic liquids such as 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) help to increase the
electrical conductivity up to 2084 S em™.[121,122] The mechanisms responsible for the conductivity increase
are similar to the ones proposed in the case of high boiling point organic solvents, namely “secondary

doping” and the phase separation between PEDOT-rich and PSS-rich domains. [127]

In the case of anionic surfactants and salts, the proposed mechanisms behind the conductivity enhancement
are different as schematized in Figure 19. As a matter of fact, PEDOT positive charges are stabilized by PSS
negative charges via coulombic interactions. The excess PSS anions are solvated with water, hence
explaining the good dispersion. The PSS adopts a coil conformation that the PEDOT follows. However, the

repeating PEDOT unit being shorter than the PSS one, distortion occurs and charges are localized so that the
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conduction pathways are not optimized. That could partly explain the VRH transport model relevant in
PEDOT:PSS, compared to treated ones or PEDOT with small counter-anions (explanations are provided
hereinafter). After addition of anionic surfactants (Figure 19A), the negatively charged surfactants stabilize
the PEDOT positive charges which free themselves from the PSS ones, so that the distortion disappears. The
optimization of the conduction pathways results in an increase of conductivity from 0.16 to 80 S cm™. When
adding salts (Figure 19B), they induce charge screening and conformation changes in PEDOT:PSS. The cation
of the salt binds some PSS which is further washed of the film while the anion replaces some of the PSS as
counter-anion of PEDOT charges. The conductivity increases from 0.2 to 140 S cm™. Even though some ions
still remain in the film, it was shown that ionic conduction is not responsible for the conductivity

enhancement.
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Figure 19. (A) Schematic structure of a PEDOT segment and a PSS segment in water (a) without and (b) with
the addition of anionic surfactant.[123] (B) Schematic structures of PEDOT:PSS before and after CuCl,

treatment.[124] Copyrights 2008 and 2009, American Chemical Society.
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Pre- and post-treatments with organic solvents or salts in order to increase the conductivity of PEDOT:PSS
have been extensively proposed in the literature. Thanks to the increasing reported values of conductivity,
new applications have emerged. Especially, PEDOT has appeared as a promising thermoelectric material
owing to its good flexibility, processability, low cost, thermal stability and thermoelectric properties that add
to the electrical ones.[128] Moreover, with conductivities exceeding 1000 S cm'l, PEDOT:PSS has
approached ITO performances and has been thought as a relevant alternative to advantageously replace
ITO in several applications.[6,8,100,115] Figure 21b summarizes the main state of the art of PEDOT:PSS

conductivities obtained from the so-called “secondary doping”.

Figure 20. (a) Conductivity enhancement after post-treatment with various acids. (b) SEM images of
PEDOT:PSS films treated with 8 M propionic acid (upper) and 6 M butyric acid (lower). The particles are PSSH
particles which segregate after acid treatment and can easily be washed off.[129] Copyright 2010, American

Chemical Society.
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Besides that “secondary doping”, Ouyang proposed in 2010 a new post-treatment using organic and
inorganic acids such as acetic acid, propionic acid, butyric acid, oxalic acid, sulfurous acid and hydrochloric
acid on PEDOT:PSS samples.[129] The conductivity increased from 0.2 to more than 200 S cm™ as shown in
Figure 20a, and that improvement was attributed to acid-assisted PSSH loss from the PSS as explained in

Figure 20b, and to conformational changes of the PEDOT chains.[96]

Thanks to acid treatments, the conductivity has drastically increased through the years up to

4839 S cm™.[82,130-135]. Compared to secondary doping, the mechanisms behind the conductivity
improvement were less controverted and mostly attributed to the washing-off of the PSS excess
accompanied with some conformational modifications. Xia et al. explained that upon acid treatment, some
PSS ions get neutralized by the protons of the acids (H,SO, in their study). Given the fact that the pKa of
H,S0, (-6.4) is higher than that of PSSH (-2.8), PSS are protonated during acid treatment and some of the
original counter-anions are replaced by hydrogenosulfate.[130] Such assumptions were also more recently
acknowledged by Kumar et al.[135] However this was not observed by other groups, who showed that no
ions derived from the acids were present at the end.[132,133] In any case, phase separation occurs due to
the non-coulombic interaction with neutral PSSH chains and the remaining PEDOT chains are elongated for

enhanced transport performances (Figure 23).

One can wonder where the practicability lies when using harsh sulfuric acid treatments, which are not
compatible with plastic substrates. Actually, a transfer printing process has been developed so that the
treated PEDOT film can be transferred from glass to a plastic substrate. That technique requires yet fine
control of the adhesion and the yield of large and uniform films can be rather low.[133] Other weaker acids,
such as phosphoric acid, lead to conductivities as high as 1460 S cm™. This value is not as high as in sulfuric
acid treatment, but it was shown that the sheet resistance was similar. The lower conductivity is accounted

to a higher thickness due to less PSS removal after phosphoric acid treatment.[134]

Figure 21 outlines the main advances in terms of acid-treated PEDOT:PSS.
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Figure 21. (a) Timeline of conductivity values for PEDOT:PSS.[19] Copyright 2015, John Wiley and Sons. (b)

Conductivity enhancement of PEDOT:PSS through years. References are given in Table 1.

6-1-2. Structure

The research on conductivity improvement of PEDOT-based materials was systematically carried out with
special care to investigate the morphology and the structure of the deposited films. By synthesizing more
ordered structures, the mobility, and hence the electrical conductivity, is expected to increase.[32] The
morphology and structure of the films were then very often scrutinized in order to understand the

conductivity enhancement and the inherent transport mechanisms.

For PEDOT:PSS, a core-shell structure was inferred as early as 1999.[96] It consists of a highly hydrophobic

PEDOT-rich core surrounded by highly hydrophilic PSS-rich shell. A PEDOT:PSS core of around 10~100 nm

was demonstrated through years using various techniques (XPS, AFM, STM-based spectroscopy, TEM), with

the actual size being highly dependent on the filtering processes during manufacturing .[13,96,109,136,137]
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Diffraction measurements of the PEDOT:PSS dispersion confirmed the presence of aggregates composed of

PSS micelles whereby a PEDOT core stands.[138-140]

SAXS and GIWAXS were both used to study the effect of secondary doping, organic solvent post-treatment
and sulfuric acid treatment. It is found that addition of organic solvents in the PEDOT:PSS dispersion
increases the crystallinity by interconnecting the PEDOT nanocrystals due to the swelling of the PSS
domains. This increases the carrier mobility.[138,141] At the same time, the post-treatment reduces the PSS
content of the films which increases the carrier density.[82,142] In both cases, a stronger inter-chain was
observed as well as an evolution from face-on to edge-on configuration (Figure 22).[143] AFM
measurements before and after anionic surfactant treatment suggested that the morphology is changed and
the main hypothesis was the disappearance of some PSS chains that surround the PEDOT:PSS globules.[123]
In the case of inorganic salts post treatment, AFM measurements showed the appearance of big domains.
The authors then suggested that the surface morphological change after salt treatment on PEDOT:PSS is

similar to that after high boiling point solvent.[124]
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Figure 22. Schematic model of the kinetic processes during film formation of (a) pure, (b) EG-doped, and (c)

EG-post-treated PEDOT:PSS.[143] Copyright 2015, John Wiley and Sons.

On the other hand, after sulfuric acid treatment, a morphological change from a grain-like to a fibrous

structure has been demonstrated as illustrated in Figure 23.[132,133,135]
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Figure 23. (a) HAAD-STEM images of PEDOT:PSS treated with different sulfuric acid concentrations. (b) A
mechanism is proposed for the structural rearrangement of PEDOT:PSS after acid treatment. Sulfuric acid
undergoes auto-pyrolysis leading to HSO, and H3S0,", helping segregation of the negatively charged PSS and
the positively charged PEDOT. Thanks to strong -t interactions between PEDOT chains, the amorphous
PEDOQT:PSS grains (left) are reformed into crystalline PEDOT:PSS nanofibrils (right).[132] Copyright 2013,

John Wiley and Sons.

6-1-3. Transport

Changes on the mobility, carriers’ density, conformation and structure after organic solvent or acid
treatments highly impact the transport mechanisms in PEDOT:PSS films. The transport properties are mostly

assessed through the temperature variation of the electrical conductivity from room temperature down to
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Helium boiling point temperature, and even lower, as explained previously. The conduction mechanisms
proposed for PEDOT systems benefited from earlier works on conducting polymers and disordered metallic
systems.[49,144] The first comprehensive study on the transport mechanisms in PEDOT:PSS was given by
Aleshin et al.[145] From their temperature dependence of conductivity down to 6 K, they inferred a strong
dependence to the temperature with characteristic resistivity ratios p, > 10°, sign of a highly disordered
system with a strong temperature dependence of its conductivity. Moreover, the conductivity variations
followed Equation 2 with n = 1. Knowing that there is no strong agreement on the relevant model to be used
to describe such behavior, they eliminated the 3D VRH theory with predominant electrons-electrons
interactions since such dependence should not be the case in the whole temperature range, which they
observed. The non-dependence of the pre-exponential factor to the temperature swept away the quasi-1D
VRH model. On the other hand, since microscopy techniques such as SEM revealed heterogeneous
structure, the model of tunneling between polaronic clusters imbedded in an insulating matrix seemed more

appropriate.

Upon “secondary doping” or post-treatment with an organic solvent, a systematic improvement of the
transport properties has been observed. Kim et al. showed that pristine PEDOT:PSS follows the same
temperature dependence of their conductivity as Aleshin et al. and attributed it to a 1D-VRH model.[110]
Upon addition of organic solvent, treated films approached the critical regime of the metal/insulator
transition as evidenced by the zero-slope of the reduced activation energy and also by the power law
characteristic of the temperature dependence of conductivity of materials near the critical regime. Ouyang
et al., Ashizawa et al. and more recently Xiong et al. also reported a 1D-VRH and a decrease of the energy
barrier between PEDOT chains (decrease of Ty in Equation 2) which was interpreted as a longer localization
length of the charges consistent with better coupling of PEDOT chains.[112,146,147] Nardes et al. linked the
morphology they observed after sorbitol addition with the transport mechanism. After the addition of

sorbitol PEDOT-rich, particles observed using scanning tunneling microscopy (STM) arrange along lines,
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hence inducing a transition from 3D VRH to quasi-1D VRH.[114] In all cases, lower resistivity ratios after the

different treatments show that disorder is highly attenuated in those films.
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Figure 24. Temperature dependence of the conductivity for (a) pristine PEDOT:PSS sample and (b)
PEDOT:PSS samples treated with (A) 2.5 wt%, (0) 5 wt% and (o) 10 wt% of sorbitol concentration added to
the aqueous dispersion used for spin-coating of the films. Straight lines are fits to Equation (2) to the data in
the main panel plotted versus a=1/n+1. The vertical dashed line represents a = % in (a) and % in (b). Lower
left inset of (b): evolution of Ty and o at 300 K as a function of sorbitol concentration, the dashed lines serve

to guide the eye.[114] Copyright 2008, John Wiley and Sons.

The transport properties of PEDOT:PSS after acid treatment were less studied. Xia et al. reported a 1D VRH
transport mechanism but resistivity measurements were carried out only down to 110 K which is not
sufficient to draw a clear conclusion.[129] More recently Kumar et al. suggested that after acid treatment,
the conductivity is enhanced thanks to the elongation of PEDOT chains and the reduction in density of PSS
regions.[135] Therefore, they modeled the electronic conduction as a heterogeneous model with higher
conductivity PEDOT-rich regions connected in series with lower conductivity PSS-rich regions. In the first

regions transport was said to be through quasi-1D metallic conduction (Equation 5) while a temperature
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assisted tunneling takes place through the other ones (Equation 3). Even though their model fitted their
experimental data, it should be noted that temperature dependence conductivity measurements were only
carried out from 300 K to 500 K and all samples depicted a negative slope that the authors attributed to a

metallic behavior.

6-1-4. Conclusion

Mechanisms behind conductivity enhancement in PEDOT:PSS after addition of specific organic solvents in
PEDOT:PSS dispersion or after post-treatment is still subjected to debate.[19] Recently computational
studies including density functional theory calculations and molecular dynamics simulations investigated the
mechanisms behind the addition of DMSO in PEDOT:PSS.[148] It appears that DMSO dissolves the PSS shell
so that PEDOT in the core can be released and self-aggregates, which leads to phase separation of PEDOT

and PSS, as experimentally observed.

Post-treatment with organic solvents washes off the excess PSS while post-treatment with acids also favors
the washing-off of excess PSS and sometimes the introduction of some counter-anions from the conjugate
bases of the acids. Whatever the treatment is, the structure is improved and PEDOT-rich domains are better

interconnected.

In as-deposited films, PEDOT chains organize in a more or less ordered structure. In disordered PEDOT films
such as untreated PEDOT:PSS the high disorder induces the localization of the charges as known as
Anderson localization. In such systems, hopping between localized states was proposed as the main
electronic conduction mechanism following Equation 2.[19,129] In PEDOT:PSS however, VRH was always
reported with n = 1 and most of the time attributed to quasi-1D VRH. It should be noted that the
temperature dependence of conductivity measurements was rarely achieved down to very low
temperatures, and that at least three conduction models are reported to fit Equation 2 (3D VRH with strong
electrons-electrons interaction, quasi 1D VRH and tunneling between neighboring chains of polaronic

clusters).[112,129] Nonetheless after organic solvent or acid treatment, the systematic decrease of T and

46



the systematic decrease of the slope of W are all indicative of a reduced disordered and enhanced charge

transport mechanisms.

6-2. PEDOT with small counter-anions other than Tosylate, Triflate and Sulfate

6-2-1. Electrical conductivity and structure

First PEDOT materials were synthesized directly in solution by adding the monomer and the oxidant (mostly
FeCls) in a solution (mostly acetonitrile or benzonitrile) or through electrochemical polymerization as
reported previously.[21,68,69] In the first case, electrical conductivities barely reached 30 S cm™ while they
went up to 200 S cm™ for electrochemically polymerized PEDOT materials. The synthesis and
commercialization of PEDOT:PSS soon evinced chemical oxidation, and even though electrochemical
polymerization requires conductive substrate, the polymerization is fast, the technique scalable and the

synthesized materials more conductive than PEDOT:PSS at that time.

In late 1990’s Aleshin and coworkers published a series of articles with PEDOT films prepared by anodic
oxidation of EDOT. The electrochemical cell contained the monomer EDOT, the electrolyte propylene
carbonate and various salts which were tetrabutylammonium hexafluorophosphate, tetrafluoroborate or
trifluoromethanesulfonate. The obtained PEDOT:PFs;, PEDOT:BF, and PEDOT:OTf had conductivities around

200-300 S cm™.[75,145,149,149-152]

Culebras et al. also reported PEDOT materials synthesized via electrochemical deposition with several
counter-anions. The authors expected the change of the counter-anion to modify the conducting properties
of PEDOT. They hence achieved PEDOT:CIO, at 753 S cm'l, PEDOT:PFg at 1000 S cm™ and PEDOT:BTFMSI
(bis(trifluoromethylsulfonyl)imide) at 2074 S cm™.[78] The increase of the conductivity was tentatively
correlated with the size of the counter-anion. Bigger ones were supposed to modify the conformation from

coil to linear and hence to improve electronic transport properties as shown in Figure 25.
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Figure 25. PEDOT conformation in the presence of different counter-anions.[78] Copyright 2014, Royal

Society of Chemistry (copyright review from Elsevier requested).

The works on VPP opened routes to highly conductive PEDOT materials stabilized with small counter-
anions.[153] For instance, Kim et al. reported VPP PEDOT with either FeCl; or Fe(Tos); as oxidant and
conductivities reaching 2000 and 4500 S cm™ respectively.[89] More recently Wang et al. reported o-CVD
PEDOT polymerized with FeCl; as oxidant and further treated with HBr water solution. By optimizing the
deposition time and temperature they manage to control the crystallization and morphology and reach
electrical conductivities up to 6259 S cm™, the highest value reported up to now.[25] Such enhancement was
attributed to an increase mobility while the charge carrier density remained roughly constant as evidenced
by Seebeck coefficient and work function measurements. A higher mobility was obtained because face-on
arrangement was preferred to edge-on one at higher deposition temperatures and that energy barrier of

the inter-crystallite carrier transport was much lower in the face-on films.

One can also cite the remarkable work of Cho et al. who synthesized single crystals PEDOT nanowires with

conductivities ranging from 7619 to 8797 S cm™.[24] Such single crystals were grown from EDOT monomers
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that were self-assembled and crystallized during VPP within nanoscale channels of a mold having FeCl;
catalysts. Fe was efficiently removed by methanol washing but the CI" counter-anions remained in the

PEDOT crystals so as to serve as a major dopant.

The morphology and the structure of PEDOT films, and subsequently the electrical conductivity, depend on
the deposition technique to a large extent. While electrochemical polymerization leads to an amorphous
structure and a granular aspect, VPP and 0-CVD enables more ordered structures and even single crystals as
discussed above.[25,89,151,154,155] The very ordered structure in the case of VPP is attributed to the
bottom-up process and can be controlled through base additives. In the case of 0-CVD the structure can be
greatly enhanced by grafting PEDOT to the substrate.[156] Ugur et al. showed that grafted PEDOT:Br
polymerized in a face-on structure, while both face-on and edge-on structure were observed in ungrafted
PEDOT:Br (Figure 26).[99] As shown later on by Wang et al., the face-on orientation leads to higher mobility
and hence in their case, to higher electrical conductivity.[25] This assertion was also comforted by
theoretical calculations of Gonzales et al. who reported that good crystallinity and high edge on content
were not sufficient for a high mobility in PEDOT films.[157] It is noteworthy that in the case of PEDOT:PSS

preferred edge-on orientation was shown to favor a better electrical conduction.[143]
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Figure 26. The HAADF STEM image of cross sections of the interfaces of grafted PEDOT films grown at (a)
100 °C and (b) 200 °C. The top halves of both images are color-enhanced to clearly elucidate the
crystalline domains surrounded by an amorphous matrix. High-resolution images for the film synthesized
at 200 °C are shown in (c) and enlarged in (d), providing a direct evidence on the well-organized large
crystallites. (e) Histogram of statistical domain size distribution obtained from images (a) and (b), showing
the broader distribution and larger crystallite size for the film grown at high temperature (200 °C).[99]

Copyright 2015, John Wiley and Sons.

7-2-3. Transport

Aleshin and coworkers gave a first insight of charge transport properties in general and metallic conduction
in particular in PEDOT films synthesized through electrochemical polymerization and stabilized with small
counter-anions, together with their work on PEDOT:PSS.[75,145,149] The electrical conductivity of
electrochemically polymerized PEDOT:PFs, PEDOT:BF, and PEDOT:OTf was studied from room temperature
down to 1.4 K, along with their magneto-conductivity. For all samples very weak temperature dependence
of their resistivity is reported with a resistivity ratio p, = 1.5-2.8. The conductivity decreases from 300 K

down to 10 K and a positive temperature coefficient of resistivity is observed below 10 K for the most
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metallic samples (p, < 2.1). The conductivity response typically followed that of disordered metals in
Equation 4 and supplementary magneto-conductance measurements further enlightened that strong
electron — electron interactions took place at low temperature hence enhancing the metallic behavior while

weak localization effects occurred at higher T hence limiting the metallic signature.[75,149,149,150]

Gleason and co-workers also investigated the transport mechanisms in PEDOT:Br through temperature
dependence of conductivity from room temperature down to 10 K.[99] PEDOT:Br was synthesized through
0-CVD of PEDOT and FeCl; and rinsing of the deposited film with HBr. Contrarily to Aleshin and co-workers’
findings, no strong metallic response was observed, but similarly to them, the temperature dependence of
the resistivity was very weak and extrapolated 0 K values of the resistivity were non-null. Due to the
structure observed with HAADF-STEM presented in Figure 26, the authors described the transport
mechanisms as a “coarse grained” VRH model. As a matter of fact, the authors reported a broad distribution
of crystalline domains size which swell with increasing polymerization temperature. They suggested that due
to the structure, hopping takes place between crystallites hence following a 3D Mott VRH Model (Equation 2
with n = 3). As the crystalline domains broaden, their wavefunctions overlap and inter-crystallites Coulomb
interactions become predominant so that transport is controlled by 3D Efros-Shklovskii VRH (Equation 2
with n = 1). “Coarse grained” VRH model is therefore a hopping mechanism taking into account both the
electrons-electrons interactions between crystallites as well as the lack of those interactions when the
crystallites get too far apart and not broad enough. In their later work where they reported the record
conductivity 6259 S cm’™, a clear metallic behavior is however observed.[25] The reduced activation energy
showed a positive slope in the whole range of temperature. Theoretical charge carriers’ density deduced
from the Drude model and the experimental one measured by Hall effect both gave the charge carriers’
density in the range of metallic polymers. Moreover, they fabricated PEDOT-Si Schottky diode arrays for
radio frequency identification, hence validating the observed metallic nature of the PEDOT films. To better

understand the transport properties, they used the model developed by Kang and Snyder reported
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hereinbefore. Such model validated the increase of the charge carriers’ mobility in the face-on orientation as

they experimentally observed.
6-2-3. Conclusions

PEDOT stabilized with small counter-anions other than tosylate, triflate and sulfate have been far less
studied than PEDOT:PSS mostly because the performances are similar to those of PEDOT:PSS and that this
latter one is more easily processable. Recently however, Gleason and coworkers developed o-CVD with FeCls
and by finely engineering the crystallinity and configuration of PEDOT thin films post treated with HBr they

reported a record high electrical conductivity of 6259 S ccm™ and a remarkably high carrier mobility.

The structure of PEDOT thin films highly depends on the processing method (VPP, o-CVD or electrochemical
polymerization) and the nature and size of the counter-anions. In most reports a metallic behavior was
observed and the temperature dependence of the conductivity was less pronounced than in the case of

PEDOT:PSS.

6-3. PEDOT:Tos

6-3-1. Electrical conductivity

In 2004, Winther-Jensen’s works on VPP demonstrated conductivities exceeding 1000 S cm™, hence arousing
great interest among researchers.[87,88,158] PEDOT:PSS is processable, but conductivities were barely
reaching 200 S cm™ at that time.[112] PSS, the stabilizer counter-anion which allows dispersion in water, is
insulating and in excess, thus hindering the conduction mechanisms. PEDOT stabilized with smaller counter-
anions were deposited either using oxidative chemical polymerization or electro-polymerization. While the
former one led to non-uniform barely processable material, the later one required conductive substrate for
the deposition.[5] The new method proposed by Winther-Jensen et al. allowed not only to have highly

conductive films, but also to deposit on any substrate, insulator or not.
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Apart from the acidic side reactions which hampered PEDOT chains’ growth and which were readily taken
care of by adding a base (typically pyridine), the water uptake aroused as another issue for good film
forming properties. As a matter of fact, the two more common oxidants for VPP are FeCl; and Fe(Tos)s.
These salts show a good water affinity, thus leading to the formation of hydrate crystallites which are
detrimental to the conduction properties (see Figure 27). 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, therefore
allowing polymerization to occur (see Figure 9).[159,160] Murphy and coworkers introduced a smart
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 crystallization of the oxidant hydrate. The surfactants
used in their work were 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.[159,160] These
surfactants, besides suppressing the crystallization of the oxidant (Figure 27), also moderate the
polymerization rate as proved by quartz crystal microbalance measurements (QCM), so that a base is ho
longer necessary.[90,160] They further demonstrated that the glycol-based surfactant complexes the
oxidant in order to control the reaction rate.[79,161] Conductivities up to 3400 S cm™ were achieved, a
performance associated to the increased molecular ordering within the PEDOT film, and to the semi-metallic

behavior of such materials.[89,162—-165]
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Figure 27. Crystallization of the oxidant. PEDOT:Tos film post-polymerization (VPP) and prior to ethanol
wash. (a) No PEG-ran—PPG, (b) 5wt. % PEG-ran-PPG, (c) 10 wt. % PEG-ran-PPG, (d) 15 wt. % PEG-ran-PPG.

Image reproduced from Murphy and coworkers’ article.[159] Copyright 2008, John Wiley and Sons.

Following the example of PEDOT:PSS, VPP PEDOT:Tos was also treated with sulfuric acid. A strong increase
in conductivity was noticed, from 944 to 1750 S cm™. Such treatment was shown to increase the doping
level as evidenced by shifts in Raman spectroscopy, to wash some of the remaining PEG-PPG-PEG in the film
after deposition, and to replace some tosylate counter-anions as inferred from the shifts of energy

measured by XPS.[166]

Figure 28 depicts the state of the art conductivity using VPP, and other comparable techniques such as

vacuum-VPP and o-CVD methods.
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Figure 28. Conductivity enhancement through years. PEDOT:Tos materials are represented with spheres,

PEDOT stabilized with other counter-anions with stars. The corresponding counter-anions are displayed

accordingly. References are given in Table 1.

No long after Winther-Jensen pioneering works on VPP, the same group also reported solution-cast

polymerization of PEDOT:Tos with conductivities exceeding 1000 S cm™ using the same reactants, but

deposited by spin-coating.[91] 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
generate 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.[84,91,167] Only few reports dealing with conductivity

enhancement using solution-cast polymerization were published.[47,168]
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6-3-2. Structure

Inganas and coworkers carried out the first comprehensive study of the structural characteristics of PEDOT
in general, and of PEDOT:Tos in particular.[167] They studied solution-cast polymerized PEDOT:Tos using
grazing incidence wide angle X-Ray scattering (GIWAXS) with synchrotron radiation. 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 29. The lattice
parameters in the orthorhombic structure as depicted in Figure 29 were calculated to be a = 14.0 A,

b =6.8 Aand c = 7.8 A. A metallic behavior was found in the plane and a dielectric behavior out of the plane
of the films.[167] Such structure for PEDOT was further proved though years and remained the same for all
PEDOT films, whatever the counter-anions.[24,47,138,139] The lattice 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 sometimes from a sample to another.
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Figure 29. Structure model of PEDOT:Tos. The substrate is normal to the a-axis.[167] Copyright 1999,

Elsevier B.V. (copyright review from Elsevier requested).

Comparisons between VPP PEDOT, chemically oxidized PEDOT, electro-polymerized PEDOT and PEDOT:PSS
(non-acid treated) prove that VPP PEDOT exhibits the highest conductivity and optical transmission,
attributed to increased molecular ordering and smoother morphology as confirmed by XRD, SEM and
AFM.[169] A highly crystalline structure similar to that of VPP PEDOT can be obtained in the case of

PEDOT:PSS only after post-treatment with sulfuric acid.[132,133]

The importance of engineering a fine structure on the conductivity of PEDOT was evidenced by Cho et

al.[24] Given the fact that disorder in PEDOT films highly affects chains alignment which hinders the inter-
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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, whose lattice parameters (a=11.01 A, b = 4.64 A and c = 7.91 A) inferred a tighter

packed structure than those reported for films of PEDOT:PSS (a = 14 A, b =7 A) or PEDOT:Tos (a = 14.0 A,

b =6.8 Aand c=7.8 A.) (the lattice parameters a, b and c are defined as in Figure 29).
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Figure 30. Single crystal PEDOT nanowires as synthesized by Cho et al.[24] (a) TEM images of a PEDOT
nanowire and the corresponding SAED patterns taken at three different areas. (b) XRD pattern of a PEDOT

nanowire. (c) lllustration of the crystal structure of the single-crystal PEDOT nanowire along the nanowire

direction. Copyright 2014, American Chemical Society.

6-3-3. Transport

Compared to PEDOT:PSS, charge transport in PEDOT:Tos was less studied. However PEDOT:Tos together

with organic solvent, ionic liquid or acid treated PEDOT:PSS nowadays routinely exhibit conductivities above
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1500 S cm™ so that they are readily described to depict a metallic behavior.[122,130,161-163] Bubnova and
coworkers showed that PEDOT:Tos displayed a metallic behavior from 77 K to 370 K with an increasing
electrical conductivity when the temperature decreases.[163] Simultaneously DEG-treated PEDOT:PSS
showed a transition from semiconducting to metallic behavior with only a slight dependence on the
temperature and non-treated PEDOT:PSS exhibited a typical semiconducting behavior although the

temperature dependence was weak (Figure 31).
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Figure 31. Temperature dependence of the electrical conductivity (normalized to 300K) for various

PEDOT:Tos and PEDOT:PSS samples.[163] Copyright 2013, Springer Nature.

Such large variations in the transport properties in various PEDOT samples have been explained in terms of
the nature of the majority charge carriers and the content of disordered.[163] In highly disordered
materials, charges are distributed and do not form a continuous band. From an energetics 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. A fermi glass is therefore obtained as illustrated by

Bubnova et al. (Figure 32). That is a material in which charges are localized at the Fermi level and whose

59



wave functions do not possess any long range interaction. In such systems, the transport is described to take

place mostly by hopping, following Mott VRH model in Equation 2 (Figure 4).[163]

Single chain Chains in the solid phase

a b Decreasing disorder <

In N(E)

Conduction

Polaron ; £,

Valence band

Polaron

(3 Fermi glass Metal (polaron network)

Decreasing disorder

In NCE)

Conduction
band

Bipolaron

Bipolaron

Fermi glass Semi-metal (bipolaron network)

Figure 32. 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.[163] Copyright 2013, Springer Nature.
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With increasing order, polymer chains are better stacked and the charges are more delocalized. In polymers
where polarons are the majority charges’ carriers, wavefunctions overlap over several chains, 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 32 and observed in other conducting polymers such as the polyaniline.[36,46,49]

PEDOT is known to hold bipolarons charge carriers rather than polarons ones as evidenced by EPR.[163] In
highly disordered PEDOT films (such as non-treated PEDOT:PSS), bipolarons are localized as in the case of
polarons and the materials is a Fermi glass. In that respect, several studies reported VRH transport
properties in PEDOT:PSS films.[113,114,170] In highly ordered PEDOT films (such as PEDOT:Tos or
PEDOT:OTf reported by Murphy’s, Crispin’s, Hadziioannou or Simonato’s groups), inter-chains transport is
favored as well, but the bipolaronic band and the valence one slightly overlap, and the Fermi level lies within
the interface.[47,162,163,171] Such 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.[142,163] With an intermediary degree of order (intermediary
meaning a state in which the chains’ alignment is good enough to allow some delocalization of the charges,
but not good enough for the Fermi level to lie within a full band), a transition from 3 D VRH to a more
anisotropic 1 D VRH or quasi-metallic transport can be encountered. That is the case for solvent-treated
PEDOT:PSS in which such transitions were previously reported.[110,113,114] Such explanation was validated
by Munoz et al. through computational calculations.[172] The modeling of the density of states in PEDOT
based on its morphology and electronic structure allowed them to observe this insulator to semi-metallic

transition.

6-3-4. Conclusion

PEDOT:Tos, mostly deposited by vapor phase polymerization and sometimes by solution-cast polymerization
is far more ordered and conductive than PEDOT:PSS. This is mainly due to the absence of insulating PSSH

and the presence of smaller non-hindering tosylate counter-anions.
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Transport properties in these materials were less studied than in the case of PEDOT:PSS. Main studies
showed semi-metallic or metallic features in PEDOT:Tos which is subsequently described as a semi-metal, a
material in which metallic and hopping transport compete and where the leading mechanism is governed by
the degree of disorder. Parallel to these experimental observations of the highly ordered structure and
metallic features in PEDOT:Tos, Zozoulenko and colleagues reported comprehensive work on the structure,
morphology and transport properties in these materials using computational calculations and simulations.
[38,157,172-174] Their results were discussed in light of literature data and highlighted the influence of the
oxidation level, the solvent and water content, the type of counter-anion and the nature of the substrate on
the chain length, the crystallization, the morphology and the transport properties. From their works, it
mainly appeared that PEDOT crystallites are made of a stack of 3 to 6 chains whose length has no
tremendous impact neither on the morphology nor on the mobility. This latter one is rather enhanced by
the percolation paths made from effectively connected m-it stacked chains that link the crystallites
embedded in an amorphous matrix.[173] Tos counter-anions are located either on the top of the chains or
on the sides of the crystallites with no apparent periodic arrangement.[173,174] Moreover the nature of the
substrate has a strong effect on the molecular packing and molecular mobility. Face-on arrangement of the
chains is mainly observed on ordered substrates such as graphite whereas amorphous substrates such as
SiO, promote edge-on arrangement. A highly ordered structure and a high degree of edge-on are however
not sufficient for a high mobility. Indeed, a high mobility is mainly function of an efficient network of m-mt
stacked chains.[157,175] This is consistent with experiment works from Ugur et al. and Wang et al. on o-CVD
PEDOT oxidized with FeCl3[25,99] The counter-anion also plays an important role in the structure of the films
and the transport properties. Both its nature (small) and its concentration (doping level higher than 50 %)

can lead to a semi-metallic transition.
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6-4. PEDOT:OTf and PEDOT:Sulf

6-4-1. Electrical conductivity vs structure

Researches have put tremendous efforts on increasing, if not optimizing and even maximizing, the electrical
conductivity of PEDOT as illustrated in Table 1. PEDOT:PSS, although commercially available and easily
solution-processable, retains however an excess insulating polystyrene sulfonic acid (PSSH) which hinders its
conductivity. PEDOT with small counter-anions, such as tosylate, genuinely show better electrical properties
due to the absence of the sterically hindering polymeric counter-anion, which allows the formation of a
more crystalline structure.[162] PEDOT:Tos is mainly deposited through VPP. However, due to the
processing technique itself (growth of the PEDOT film from the top surface of the EDOT-copolymer layer
down to the substrate), the glycol copolymer can remain in the film, leading to the same problem
encountered for PEDOT:PSS, in other words, the undesirable presence of an insulating phase might be found
within the film. This is yet not the case for solution cast process in which the bottom-up polymerization
process allows an easy rinsing of the copolymer.[160] In that context Simonato’s group developed solution-
cast PEDOT:OT(f using the oxidant iron (ll1) trifluoromethane sulfonate (iron(lll) triflate or Fe(OTf);3).[47] The
obtained films exhibit conductivities up to 1218 S cm™. Later on, given that aprotic polar solvents may easily
coordinate with Fe(lll), addition of NMP, DMSO and DMF in the procedure allowed to raise up conductivities
up to 3600 S cm'l.[23] The PEDOT:OT( films were further treated with diluted sulfuric acid. Such treatment
was shown not only to enhance the oxidation level but also to replace most triflate counter-anions by
hydrogeno-sulfate ones. Conductivities up to 5400 S cm™ were measured for these optimized materials.

[23,47]

More recently, Farka et al. demonstrated both PEDOT:OTf and PEDOT:Sulf synthesized through other
means. PEDOT:OTf was obtained by treating commercial PEDOT:PSS films deposited by spin-coating with an
aqueous triflic solution. Conductivities of to 2100 S cm™ were obtained.[48,176] They also considered that
the synthesis of the polymer itself hinders the engineering of an ordered system. Despite having a van-der-

Waals crystal, the oxidation with metallic ions disturbs the structure and the introduction of counter-anions
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leads to the formation of a disordered salt. They used therefore o-CVD whereby they introduced both the
EDOT monomer and the sulfuric acid oxidant. The authors achieved highly conductive PEDOT:Sulf films

reaching 4050 S cm™.[48,108]
6-4-2. Structure

The structure of PEDOT:OTf was thoroughly studied as shown in Figure 33. GIWAXS with synchrotron
radiation, SAXS and WAXS measurements revealed a highly oriented structure for PEDOT:OTf compared to
pristine PEDOT:PSS. Crystalline domains are present in the films, whose average characteristic size (around
5 nm wide and 7 to 9 nm high) is confirmed both by GIWAXS and HR-TEM. Chains in those crystalline
domains are found to be oriented edge-on while both edge-on and face-on could be observed for
PEDOT:PSS. The structure of PEDOT becomes better packed after the addition of aprotic polar solvent and

the crystalline domains broader.[23,47]

After treatment of PEDOT:OTf with sulfuric acid or direct growth of PEDOT:Sulf using 0-CVD, the obtained
PEDOT:Sulf films are also very well ordered, surpassing the orders in structures observed for PEDOT:OTf and

commercial PEDOT:PSS.[23,47,48,176,177]

64



a. In plane b. . Out-of plane

= R o i ) pd % PEDOT PSS
) : = © : . T
®, [PEDOT OTF = \J\_M PEDOT-OTF
o R — e I = : ; amar :
%; ‘EED{:’T “'TM 2 NL.\ PEDOT OT{-NMP
g i, } e 2 t f ‘:~H‘.r“
£ REDOT-Sul-NMP Sl = \./LM\ PEDOT:-Sulf-NMP
125 150 175 200 225 0.50 100 150 2.00
A q[A7]
q[AT]
c
1.50x10"
1.25x10"F 3|o‘
5 1.00x10'} ?’0‘
& | &
2‘7,50110’
2
: .
= 5.00x10°+
250x10" -
000

025 080 075 1.00 125 150 175
gl A’

Figure 33. Structural characteristics of the PEDOT materials. (a) In-plane and (b) out-of plane synchrotron
GIWAXS diffractograms of PEDOT:PSS, PEDOT:OTf, PEDOT:OTf-NMP, and PEDOT:Sulf-NMP.

(c) SAXS/WAXS intensity profile of PEDOT:PSS (green line), PEDOT:OTTf in the pristine state (red line), and
PEDOT:Sulf (black line). Top inset shows the intensity in the small angles domain.[47] (d) Scheme of stacking
in the crystallites. (e) HRTEM image of PEDOT:OTf-NMP. Inset image is a magnification of the outlined
square.[23] Copyright 2015, Royal Society of Chemistry (copyright review from Elsevier requested).

Copyright 2016, American Chemical Society.

65



6-4-3. Transport

The transport mechanisms of PEDOT:OTf and PEDOT:Sulf were thoroughly studied along the
characterization of the materials. Apart from the PEDOT:PSS-derived PEDOT:OTTf, all materials depicted a
very weak temperature dependence of their resistivity with a resistivity ratio p, found to be smaller than
1.5.[23,48,177] This was attributed to a highly ordered structure and materials in the metallic side of the
metal insulator transition. Thanks to their structure observed both with GIWAXS and TEM and their metallic
features suggested by temperature dependence of conductivity measurements down to 3 K, Gueye et al.
derived a heterogeneous conduction model that explains the transport mechanisms in these highly
conductive films. In such model (see Figure 34) a quasi 1D-metallic conduction takes part in the crystalline
domains (Equation 5), a disordered metallic one in the disordered regions (1* order of Equation 4) while a
tunneling like conduction is allowed to take part between two crystalline regions close enough for that

conduction model to take place (Equation 3).[23]
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Figure 34. Transport properties of PEDOT based materials. (a) Log—log plot of the temperature dependence
of conductivity of: (left Y axis) PEDOT:OTf (red squares) and PEDOT:Sulf (black circles); (right Y axis)
PEDOT:PSS (green triangles). The top inset represents the corresponding reduced activation energy W as in
Equation 6. W is found negative in the [3 K; 5.5 K] range for PEDOT:Sulf, demonstrating metallic behavior.
The bottom inset represents the magnified electrical conductivity of PEDOT:Sulf in the

[3 K; 20 K] range. [47]. (b) Temperature dependence of electrical conductivity (symbols) and calculated
heterogeneous model of conduction (solid lines), (c) Low temperature dependence of electrical conductivity
and (d) Reduced activation energy (W) of PEDOT materials vs In(T). [23] Copyright 2015, Royal Society of

Chemistry (copyright review from Elsevier requested). Copyright 2016, American Chemical Society.

With both temperature dependence of resistivity down to 1.8 K and magneto-conductance measurements,
Farka et al. described PEDOT:Sulf as standing at the metallic side of the metal-insulator transition and as a
glassy metal approaching the Mott-loffe-Regel limit as explained in Figure 6 and evidenced in Figure 35, limit

by which the material can be considered as a metal.[48] They also demonstrated a minimum conductivity at
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4 K, which could be shifted upwards to 10 K by increasing the pressure, hence allowing a metallic behavior

on a longer temperature range.[177]
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Figure 35. (a) Scheme of the 0-CVD technique accompanied with a proposed reaction mechanism of the
synthesis. (b) AFM topography of o-CVD grown PEDOT:sulfate thin film with an RMS roughness of 4.5 nm. (c)
pT-plot highlighting the flat T-profile of PEDOT:sulfate in particular at low temperatures. (d) Comparison
between O-CVD PEDOT:sulfate compared and the solution processed PEDOT:PSS, PEDOT:PSS* (treated with
DMSO0), and PEDOT:triflate which exhibit lower performances. The role of disorder on 6T->0 is schematized.

(e) The Mott-loffe-Regel limit, as described in Figure 6, describes a critical resistivity (typically 150 pQ cm), at
which the sign of the temperature coefficient of resistivity j—‘; in a metal changes (glassy to crystalline). In this

article, the authors showed that PEDOT:sulfate behaves like glassy metal alloys such as Al;3Tigy.[48]
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6-4-4. Conclusion

PEDOT:OTf and PEDOT:Sulf are recently developed materials. As a result of progress done on PEDOT:PSS and
PEDOT:Tos, these materials are far more ordered with conductivities at the state of the art. Similarly to
PEDOT:Tos and PEDOT:Br strong metallic features are observed and contrarily to PEDOT:Tos and PEDOT:PSS,
transport properties were systematically studied down to liquid helium temperature or even lower.
Particularly they are shown to stand near the limit of pure metallic conduction, limit that seems not to have

been crossed mainly due to the inherently remaining disorder in PEDOT materials.

7. Rising importance of PEDOT in applications

The importance of PEDOT can truly be appreciated while acknowledging the numerous applications that are
being commercialized or investigated.[6,178,179] We do not aim here to give an exhaustive overview of the
applications for PEDOT materials, which would require a whole new report, but rather to give a quick grasp
on the importance this material has gained across the years and in the different applications it is used for.
The interested reader can refer to more exhaustive reviews dealing with PEDOT related applications.

[6,7,9,14,18,20,180-183]

Early electro-polymerized PEDOT was readily described as counter-electrode for capacitors.[21] As a matter
of fact, the counter-electrode used at that time, namely manganese dioxide, was less conductive than
PEDOT and in addition, reduced the safety of the device during operation due to its strong redox couple with
the metal electrode.[14] The use of a conducting polymer as counter-electrode settled both issues. Later on,
PEDOT:PSS was developed as an antistatic coating for photographic films and was first introduced as an

industrial product.[4,70] Soon after, PEDOT:PSS was proposed as an antistatic coater for cathode ray tubes
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and up to now, this product is found in several antistatic applications where moderate conductivities from

10” to 10 S per square are generally required.

The high electrical conductivity of PEDOT materials combined to a great optical transparency in visible light
range, a good film forming ability, a compatibility with various deposition techniques and a relatively good
stability make them valuable materials for the development of low-cost, flexible, high performance
electronic devices with applications in various domains. The development of various grades of PEDOT:PSS
and PEDOT based formulations over the last two decades opened the doors for applications in a wide range
of fields spanning from antistatic coatings to energy conversion and energy storage devices.[20,184-186]
Nowadays PEDOT-based materials are still studied and developed with potential applications in new
domains such as thin film transparent heaters, thermoelectricity or bioelectronics to name a few.[107,187—-

189]

One of the first application of PEDOT in optoelectronic was related to the fabrication of transparent and
conductive electrode for organic solar cells or light emitting diodes.[190] The main motivation behind the
use of PEDOT was to get rid of Indium tin oxide (ITO) which is too expensive and rigid despite showing a
good combination of transparency and conductivity. PEDOT:PSS owing to its easy processability and physical

properties appears quickly as a good material for use as transparent electrode.[191]

As the reported conductivities exceeded 1000 S cm™, the conductivity of PEDOT became comparable to that
of ITO and applications such as transparent electrodes for organic photovoltaics and organic light emitting

diodes and organic transistors for sensors have been widely developed. [7,10,16,20,115,192-197]

The replacement of ITO by PEDOT:PSS opens up the door for the fabrication of flexible solar cells and the
use of printing techniques such as slot die coating, gravure printing and flexography were employed to

manufacture PEDOT-based electrodes with a roll-to-roll process.[198,199]

Dye-sensitized solar cells also benefit from the unique properties of PEDOT:PSS. Indeed, PEDOT has been

investigated as a low cost alternative of Pt that is commonly employed as the counter electrode material in
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DSSCs. Interestingly PEDOT demonstrates a higher conductivity and a good electro-catalytic activity with
respect to Pt counter electrodes. Consequently, comparable efficiencies can be achieved using PEDOT-based

materials instead of Pt.[200]

Apart from solar cells applications, PEDOT appears useful in the development of electrochemical energy
storage devices such as supercapacitors or batteries.[201,202] PEDOT possesses a low oxidation potential
and a high charge mobility that permit fast electrochemical kinetics particularly interesting for this
application. In addition PEDOT has a relatively wide electrochemical window of 1.2-1.5 V. However, its poor
stability caused by over-oxidation process is often a limitation. Its low mechanical stability upon cycling is
certainly another drawback but the development of PEDOT based composites is expected to circumvent this

problem.[203]

More recently, organic materials have emerged in the field of thermoelectricity and PEDOT-based materials
are certainly going to play a main role in the development of future thermoelectric generators for low
temperature energy conversion. Organic thermoelectric generators (OTEGs) exploit the Seebeck effect for
heat-to-electricity production. Thermoelectric materials can convert heat to electricity when they are placed
in between hot and cold sources. When a temperature gradient is applied to these materials, more
energetic electrons flow from the hot side to the cold side. At steady-state, the electron concentration
gradient is balanced by the resulting internal electric field. Organic materials are nowadays attracting a huge
interest for such applications not only because they exhibit low thermal conductivity, but also because they
reveal intrinsic advantages such as low toxicity, light-weight, good mechanical properties, and they can be
processed from solutions which is a tremendous advantage compared to expensive, and often toxic,

inorganic metallic alloys.

In that field, PEDOT-based materials and composites quickly showed encouraging ZT values.[204] More
interestingly, some outstanding ZT figures of 1.02 and 2.0 were reported at room temperature, which are

competing with the best inorganic semiconductor (i.e. BiosSbisTes ZT = 1.86 at 47°C).[205—-207]
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These recent developments render organic thermoelectrics the next-generation wearable and flexible

energy harvesting system and active cooling system.[208]

PEDOT materials are however not only characterized by their electrical conductivity, but also their
electroactive, electrochromic, thermoelectric properties and thermal stability.[209,210] In that respect,
PEDOT was demonstrated as an actuator that contracts or expands when subjected to a biasand in a
relatively humid atmosphere, or as the active material of thermochromic and electrochromic devices. [106]
They were also showed to depict power factors and figures of merit barely one order of magnitude lower
than their inorganic counterparts for thermoelectricity. [9,31,105,205,211] Thanks to the conductivity
improvement of PEDOT materials, new applications are now possible. For instance, it was recently
demonstrated for the first time that 100 % polymeric thin films proved very efficient for the fabrication or

transparent flexible film heaters.[107]

Another great feature of PEDOT is its compatibility with biologic systems and flexible devices combined with
its electronic properties. These properties have allowed the emergence of organic bioelectronics as a major
and fast developing application field.[10] Since a biochemical reaction may change the doping state of
PEDOT materials and that an electronic signal from a device may simulate a biological event, applications
such as biosensors, drug delivery systems or health monitoring devices are also taking advantage of the
unique properties of PEDOT-based materials.[181] While it is commonly used in flexible devices, PEDOT in
general, and PEDOT:PSS in particular is recently highly studied as a stretchable conductive material for
applications in wearable and implantable electronics. [212,213] Stretchable conductive materials require to
be stretched past some defined engineering strain, typically 10%. PEDOT being not intrinsically stretchable
to that extent, strategies to increase the stretchability include the addition of plasticizers, the blending with
soft materials, ionic liquids or polymers, the deposition on elastomers or the engineering of 1D structures of
PEDOT:PSS. Interesting applications such as soft robotics, human machine interfaces and electronic skins

with organic materials are hence emerging and new challenges including the mechanical, thermal and
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chemical stability for compatibility with the targeted electronic device, mainly biologic systems, are to

overcome.

As shown hereinbefore, the progress achieved through all these years has rendered all these applications
possible and is still opening new possibilities. Even though an exhaustive description of past and current
applications was not given in this review, this short overview points out the great potential behind PEDOT

based materials as well as the perspectives they are opening.

8. Conclusions

Tremendous efforts have been devoted to the development of conductive polymers during the last decades.
In particular, PEDOT based materials have been intensively studied and developed, due to their outstanding
properties. The electrical conductivity value which was only few S cm™ at the beginning has been raised to
more than 6200 S cm™, which is only one order of magnitude below the bulk conductivity of the most
conductive metals, namely silver and copper. As pointed out in this review, the evolution of the electrical
conductivity is closely related to several parameters such as the fabrication process, the crystallinity of the
material and the choice of the counter-anions. An increased understanding and control of key parameters
concerning transport mechanisms have also been unveiled, leading to an improved comprehension of the
strong relationship existing between structural features and electronic transport properties. Understanding
the electronic transport could allow not only to better comprehend the dispersion of the data in the
literature, but also to design materials with better performances. Thanks to the enhanced properties of up
to date PEDOT materials, new functionalities appear feasible and extend their already large applicative
potential. The recent developments on the enhancement and comprehension of the electrical properties of
PEDOT, its stability, film forming properties, bio compatibility, optical and thermoelectric properties open a
wide panel of possibilities for its engineering and integration in organic devices. There is no doubt that
further improvements are still to be achieved and that PEDOT conductive polymers will be increasingly used

in commercial high performance products.
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Appendix

AFM Atomic force microscopy

CSA Camphorsulfonic acid

DEG Diethylene glycol

DMF Dimethyl formamide

DMSO Dimethylsulfoxide

EDOT 3,4-ethylene dioxythiophene

EMIM-TCB 1-ethyl-3-methylimidazolium tetracyanoborate

EG Ethylene glycol

EPR Electron paramagnetic resistance

HAADF-STEM High-angle annular dark field scanning transmission
electron microscopy

LPDP Liquid phase deposition polymerization

MDOT Methylene dioxythiophene

NMP N-methyl-2-pyrrolidone

o-CVD Oxidative chemical vapor deposition
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PANI Polyaniline

PEDOT Poly(3,4-ethylene dioxythiophene)
PSS Polystyrene sulfonate

SCP Solution cast polymerization

STM Scanning tunneling microscopy
TEM Transmission electron microscopy
UV-Vis-NIR Ultraviolet — Visible — Near infrared
VPP Vapor phase polymerization

VRH Variable range hopping

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Figure captions

Figure 1. 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.

[28]. Copyright 2013, Springer Nature.

Figure 2. Fast, moderate and slow transport along the chain backbone, the n-it stacking and the lamellar

stacking respectively in conducting polymers.[28]. Copyright 2013, Springer Nature.

Figure 3. Temperature dependence of conductivity from a semiconductor to a metal: (a) semiconductor, (b)

& (c) semiconductor or disordered metal with metallic behavior, (d) metal.

Figure 4. Schematic representation of (a) the variable range hopping model vs (b) the tunneling model. 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
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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.

Figure 5. (a) Typical metallic thermopower in Zr-Ni alloy. (b) Approximately linear thermopower in doped
polyacetylene. (c) Temperature dependence of conductivity in doped polyacetylene. [49]. Copyright 1991 by

Elsevier B.V. (copyright review from Elsevier requested).

Figure 6. 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 regimes that can be found around the

critical regime of the insulator to metal transition.

Figure 7. (a) Methylene dioxythiophene (MDOT), (b) 3,4-ethylene dioxythiophene (EDOT) and

(c) poly(3,4-ethylene dioxythiophene) (PEDOT).

Figure 8. Nickel based polycondensation for neutral PEDOT synthesis. [73]

Figure 9. Proposed mechanism for the synthesis of PEDOT:Tos as reproduced from Mueller and coworkers’

work.[79] Copyright 2012, Elsevier Ltd. (copyright review from Elsevier requested).

Figure 10. Chemical structure of PEDOT:PSS.

Figure 11. (a) Vapor phase polymerization principle (VPP). (b) VPP chamber, as reproduced from Murphy
and coworkers’ work.[90] (c) Another quite similar principle (chemical vapor deposition, CVD) principle as
reproduced from Gleason and coworker’s work.[88] It is slightly different from VPP. In here, no solvents are
used and the oxidant is heated in the crucible that faces the substrate on which EDOT is adsorbed. Copyright

2010, Elsevier Ltd. (copyright review from Elsevier requested) Copyright 2006, American Chemical Society.

Figure 12. PEDOT in different states: (a) neutral, (b) polaron, (c) bipolaron.

Figure 13. Band structure building in conjugated polymers. Reproduced after[101].
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Figure 14. 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 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).[104]

(B) PEDOT chains with different doping states (upper image) and their corresponding UV-Vis-NIR spectra
(lower image), from the most oxidized (i) to the less oxidized state (v).[105]
Copyright 2012, Royal Society of Chemistry (copyright review from Elsevier requested).

Copyright 2014, Royal Society of Chemistry (copyright review from Elsevier requested).

Figure 15. (a) Dependence of the specular transmittance at 550 nm as function of the sheet resistance of

PEDOT:PSS and PEDOT:OTHf. (b) Optical properties of PEDOT:Sulf in the visible range.[107]

Figure 16. Typical sulfur doublet response of PEDOT:PSS polymer blends probed using XPS. The shift of S2p
doublet between thiophene and PSS is clearly represented. The two figures represent PEDOT:PSS with more
(left) or less (right) excess PSS.[13] Copyright 2001, Elsevier Science B.V. (copyright review from Elsevier

requested).

Figure 17. AFM topography images (A, C) and phase images (B, D) of PEDOT: PSS without solvent addition. In
the phase images, darker areas correspond to softer zones. The sharp contrast suggests two phases, one
PEDOT-rich (the brighter zones) and one PSS-rich (the darker zones). Therefore, PEDOT:PSS particles are

surrounded by excess PSS.[111]
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AFM topography images (E, G) and phase images (F, H) of PEDOT: PSS after DEG addition. PSS rich regions
are swollen after the solvent addition so that PEDOT-rich regions are more interconnected.[111] Copyright

2006, American Chemical Society.

Figure 18. Upper scheme: illustration of the phase separation when a high boiling point solvent is added in
the PEDOT dispersion. That illustration is accompanied with an optical proof of such phase segregation

(lower figure).[120] Copyright 2015, American Chemical Society.

Figure 19. (A) Schematic structure of a PEDOT segment and a PSS segment in water (a) without and (b) with
the addition of anionic surfactant.[123] (B) Schematic structures of PEDOT:PSS before and after CuCl,

treatment.[124] Copyrights 2008 and 2009, American Chemical Society.

Figure 20. (a) Conductivity enhancement after post-treatment with various acids. (b) SEM images of
PEDOT:PSS films treated with 8 M propionic acid (upper) and 6 M butyric acid (lower). The particles are PSSH
particles which segregate after acid treatment and can easily be washed off.[129] Copyright 2010, American

Chemical Society.

Figure 21. (a) Timeline of conductivity values for PEDOT:PSS.[19] Copyright 2015, John Wiley and Sons. (b)

Conductivity enhancement of PEDOT:PSS through years. References are given in Table 1.

Figure 22. Schematic model of the kinetic processes during film formation of (a) pure, (b) EG-doped, and (c)

EG-post-treated PEDOT:PSS.[143] Copyright 2015, John Wiley and Sons.

Figure 23. (a) HAAD-STEM images of PEDOT:PSS treated with different sulfuric acid concentrations. (b) A
mechanism is proposed for the structural rearrangement of PEDOT:PSS after acid treatment. Sulfuric acid
undergoes auto-pyrolysis leading to HSO, and H;SO,", helping segregation of the negatively charged PSS and
the positively charged PEDOT. Thanks to strong m-m interactions between PEDOT chains, the amorphous
PEDOT:PSS grains (left) are reformed into crystalline PEDOT:PSS nanofibrils (right).[132] Copyright 2013,

John Wiley and Sons.
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Figure 24. Temperature dependence of the conductivity for (a) pristine PEDOT:PSS sample and (b)
PEDOT:PSS samples treated with (A) 2.5 wt%, (0) 5 wt% and (o) 10 wt% of sorbitol concentration added to
the aqueous dispersion used for spin-coating of the films. Straight lines are fits to Equation (2) to the data in
the main panel plotted versus a=1/n+1. The vertical dashed line represents a = % in (a) and % in (b). Lower
left inset of (b): evolution of Ty and o at 300 K as a function of sorbitol concentration, the dashed lines serve

to guide the eye.[114] Copyright 2008, John Wiley and Sons.

Figure 25. PEDOT conformation in the presence of different counter-anions.[78] Copyright 2014, Royal

Society of Chemistry (copyright review from Elsevier requested).

Figure 26. The HAADF STEM image of cross sections of the interfaces of grafted PEDOT films grown at (a)
100 °C and (b) 200 °C. The top halves of both images are color-enhanced to clearly elucidate the crystalline
domains surrounded by an amorphous matrix. High-resolution images for the film synthesized at 200 °C are
shown in (c) and enlarged in (d), providing a direct evidence on the well-organized large crystallites. (e)
Histogram of statistical domain size distribution obtained from images (a) and (b), showing the broader
distribution and larger crystallite size for the film grown at high temperature (200 °C).[99] Copyright 2015,

John Wiley and Sons.

Figure 27. Crystallization of the oxidant. PEDOT:Tos film post-polymerization (VPP) and prior to ethanol
wash. (a) No PEG-ran—PPG, (b) 5wt. % PEG-ran-PPG, (c) 10 wt. % PEG-ran-PPG, (d) 15 wt. % PEG-ran-PPG.

Image reproduced from Murphy and coworkers’ article.[159] Copyright 2008, John Wiley and Sons.

Figure 28. Conductivity enhancement through years. PEDOT:Tos materials are represented with spheres,
PEDOT stabilized with other counter-anions with stars. The corresponding counter-anions are displayed

accordingly. References are given in Table 1.

Figure 29. Structure model of PEDOT:Tos. The substrate is normal to the a-axis.[167] Copyright 1999,

Elsevier B.V. (copyright review from Elsevier requested).
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Figure 30. Single crystal PEDOT nanowires as synthesized by Cho et al.[24] (a) TEM images of a PEDOT
nanowire and the corresponding SAED patterns taken at three different areas. (b) XRD pattern of a PEDOT
nanowire. (c) lllustration of the crystal structure of the single-crystal PEDOT nanowire along the nanowire

direction. Copyright 2014, American Chemical Society.

Figure 31. Temperature dependence of the electrical conductivity (normalized to 300K) for various

PEDOT:Tos and PEDOT:PSS samples.[163] Copyright 2013, Springer Nature.

Figure 32. 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.[163] Copyright 2013, Springer Nature.

Figure 33. Structural characteristics of the PEDOT materials. (a) In-plane and (b) out-of plane synchrotron
GIWAXS diffractograms of PEDOT:PSS, PEDOT:OTf, PEDOT:OTf-NMP, and PEDOT:Sulf-NMP.
(c) SAXS/WAXS intensity profile of PEDOT:PSS (green line), PEDOT:OTf in the pristine state (red line), and
PEDOT:Sulf (black line). Top inset shows the intensity in the small angles domain.[47] (d) Scheme of stacking
in the crystallites. (e) HRTEM image of PEDOT:OTf-NMP. Inset image is a magnification of the outlined
square.[23] Copyright 2015, Royal Society of Chemistry (copyright review from Elsevier requested).

Copyright 2016, American Chemical Society.

Figure 34. Transport properties of PEDOT based materials. (a) Log—log plot of the temperature dependence
of conductivity of: (left Y axis) PEDOT:OTf (red squares) and PEDOT:Sulf (black circles); (right Y axis)

PEDOT:PSS (green triangles). The top inset represents the corresponding reduced activation energy W as in
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Equation 6. W is found negative in the [3 K; 5.5 K] range for PEDOT:Sulf, demonstrating metallic behavior.
The bottom inset represents the magnified electrical conductivity of PEDOT:Sulf in the
[3 K; 20 K] range. [47]. (b) Temperature dependence of electrical conductivity (symbols) and calculated
heterogeneous model of conduction (solid lines), (c) Low temperature dependence of electrical conductivity
and (d) Reduced activation energy (W) of PEDOT materials vs In(T). [23] Copyright 2015, Royal Society of

Chemistry (copyright review from Elsevier requested). Copyright 2016, American Chemical Society.

Figure 35. (a) Scheme of the o0-CVD technique accompanied with a proposed reaction mechanism of the
synthesis. (b) AFM topography of 0-CVD grown PEDOT:sulfate thin film with an RMS roughness of 4.5 nm. (c)
pT-plot highlighting the flat T-profile of PEDOT:sulfate in particular at low temperatures. (d) Comparison
between O-CVD PEDOT:sulfate compared and the solution processed PEDOT:PSS, PEDOT:PSS* (treated with
DMSO), and PEDOT:triflate which exhibit lower performances. The role of disorder on oT->0 is schematized.

(e) The Mott-loffe-Regel limit, as described in Figure 6, describes a critical resistivity (typically 150 uQ cm), at
which the sign of the temperature coefficient of resistivity j—’; in a metal changes (glassy to crystalline). In this

article, the authors showed that PEDOT:sulfate behaves like glassy metal alloys such as Als;Tig;.[48]

Copyright 2017, John Wiley and Sons.

Tables

Table 1. Literature review on electrical conductivity in PEDOT materials. This list is not exhaustive. It gives an

overview of the progression of the research on electrical conductivity enhancement.

... | Thickness Carrier Mobilit
. Conductivit
Counter-anion + . [nm] concentra | y Refere
Year Processing y . - oy
grade 1 tion [cm [cm?V nces
[Scm™] 3 1-1
] s']
158 ::ectrochemlc n/a, bulk n/a n/a Heywa
2 (FeCls) olymerizatio 200 ng et
E y al.[68]
199 Tos scp 300 150 n/a n/a De
4 Leeuw
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al.[84]
lectrochemi

158 :Iec rochemic n/a n/a n/a Granstr

5 clo, olymerizatio 780 om et

E y al.[76]

158 Ellectrochemlc n/a n/a n/a Aleshin

7 PF6 olymerizatio 300 et

E ¥ al.[214]
200 Organic n/a n/a n/a Kim et
5 PSS, Baytron P solvent 80 al.[110]
addition ’
Electrochemic n/a n/a n/a
200 al Zotti et
T 4
3 0s polymerizatio >0 al.[77]
n
Electrochemic n/a n/a n/a
200 ) al Zotti et
3 c10, polymerizatio 650 al.[77]
n
200 | Pss, Baytron P Organic n/a n/a n/a Ouyang
4 V4071 solvent 200 et
addition al.[112]
250 n/a n/a Winthe
r_
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al.[87]

~260 n/a n/a Winthe
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52)00 Tos SCP 1000 Jensen
et
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200 n/a n/a n/a Lindel

6 Tos VPP 1000 et
al.[158]

200 86 n/a n/a Lock et

6 Tos o-CVD 105 al.[88]
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7 Tos VPP 4500 al.[89]
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7 HC Starck lonic liquid 136 n et
al.[121]

PSS, Baytron P, n/a n/a n/a
200 | ltem No. 1802705, | Anionic 30 Fan et
8 Lot No. surfactants al.[123]
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al.[159]
PSS, Baytron P, 130 n/a n/a

200 Item No. 1802705, Xia et

9 | Lot No. salt 140 al.[124]
HCEO7P107

201 2- Thermal n/a n/a n/a Pyshkin

0 naphthalenesulfon treatment 2000 aet
ic acid al.[215]
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renamed as .
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»01 n/a n/a n/a Fabrett
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1 H. C. Starck P al.[115]
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»01 3000 n/a n/a Bubnov
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N 22
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