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RESUME

L’essor rapide de la bioélectronique organique, notamment dans la fabrication de dispositifs
thérapeutiques, requiert le développement de nouveaux matériaux pour ce domaine. Les
caractéristiques principalement recherchées pour ces nouveaux matériaux comprennent
I’¢étirabilité, la propriété d’autoréparation, la capacité d’adhésion a la peau et la résistance aux
contraintes mécaniques et interférences externes. Les polymeres conducteurs sont des candidats
idéaux pour la bioélectronique organique de par leur conductivité électronique et ionique et leur
capacité d’auto-réparation. De plus, ces matériaux sont flexibles et simples a mettre en ceuvre.
Cependant, plusieurs aspects de ces matériaux ne sont pas encore ¢lucidés. On compte parmi ceux-
ci la compétition entre I’étirabilité et la performance des dispositifs €lectroniques, ainsi que la
nécessité de comprendre plus en profondeur les mécanismes d’autoréparation de ces polymeres

conducteurs.

Cette thése utilise des méthodes de mise en ceuvre applicable au monde industriel pour affiner les
propriétés d’étirabilité et d’autoréparation des polymeres conducteurs et explore la fabrication de

dispositifs bioélectroniques organiques avec des performances améliorées.

Nous avons tout d’abord étudi¢ I’effet du poly(éthyléne glycol) (PEG) de faible masse moléculaire
sur les propriétés ¢Electromécaniques du polymére conducteur  suivant: le poly(3.,4-
ethylenedioxythiophene) dopé avec du polystyréne sulfonate (PEDOT:PSS). Les résultats obtenus
montrent que la présence du PEG en tant que plastifiant dans le PEDOT:PSS prévient la formation
de fissures lorsque le film a base de ce mélange est soumis a une contrainte, tout en conservant une
haute conductivité €lectrique, résultant donc a une amélioration des propriétés électromécaniques.
De plus, I’addition de PEG provoque une augmentation de 1’épaisseur des canaux et augmente ainsi
la mobilité ionique dans les films de PEDOT:PSS. Ceci permet la fabrication d’OECT étirables
avec une grande transconductance et un temps de réponse rapide. Les connaissances acquises dans
le cadre de cette thése peuvent servir de guide de référence pour fabriquer des dispositifs

¢lectroniques organiques étirables a haute performance.

Bien que le comportement d’autoréparation activée par I’eau du PEDOT:PSS ait été observé par
notre groupe il y a de cela trois ans, aucun film de PEDOT:PSS autoréparant, biocompatible et

facile a fabriquer n’a été rapporté. Nous avons observé qu’un comportement autoréparant
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autonome répétitif, rapide et a haute efficacité des films est obtenu a partir d’un mélange du
polymeére conducteur PEDOT:PSS et de PEG. La présence du PEG dans les films de PEDOT:PSS
diminue le module élastique et augmente 1’¢longation a la rupture, conduisant ainsi a un matériau
plus mou et a des propriétés autoréparantes améliorées. Le mouvement de retour du matériau dans
la zone endommagée, directement aprés une coupure est considéré comme étant a 1’origine du
mécanisme d’autoréparation. La confirmation des propriétés autoréparatrices, de la conductivité
¢levée, de la stabilité et de la biocompatibilité des films de PEDOT :PSS avec addition de PEG,
¢tablissent le composé polymere comme chef de file des matériaux conducteurs dans le domaine

de la bioélectronique.

Dans le but d’accroitre nos connaissances sur le fonctionnement de I’autoréparation activée par
I’eau du PEDOT:PSS, nous avons étudi¢ les effets de I’ajout d’additifs dans les mélanges ainsi que
de post-traitements sur ses propriétés de réparation. Nous avons démontré que le comportement
autoréparant activé par I’eau du PEDOT:PSS diminue en présence d’agents réticulant ou lorsqu’il
est soumis a un post-traitement acide, ce qui limite la capacité a gonfler du dopant, le PSS. Nous
avons par conséquent ¢étudié ce dernier ainsi que le comportement autoréparant du polymere
conducteur avec différents dopants ou synthétisé via différentes méthodes. Nous avons également
réalisé une étude préliminaire sur la variation de la performance de 1’autoréparation en fonction de

la largeur de la coupure et de I’épaisseur du film.

La fabrication avancée de dispositifs bioé¢lectroniques organiques étirables a hautes performances
et les profondes connaissances au sujet du comportement autoréparant des polymeres évoqués dans
cette theése ouvre une voie vers le développement d’une nouvelle génération de dispositifs
bio¢lectroniques, et plus particulierement dans le domaine des systémes de santé portables

personnels, des capteurs étirables, des peaux artificielles et des actionneurs thérapeutiques.
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ABSTRACT

Rapid development of next-generation electronic materials is leading to the latest innovations in
healthcare and therapeutic devices in the field of organic bioelectronics. Stretchability and healing
ability are objectives for future organic bioelectronics, with the aim of conforming to human skin
and becoming immune to mechanical stress or changes in environmental conditions, such as
temperature or humidity. Conducting polymers are ideal candidates for organic bioelectronics due
to their mixed electronic and ionic conductivity, inherent flexibility, easy processability, and
healing ability. However, issues, such as the trade-off between stretchability and device
performance, and an incomplete understanding of the healing performance of conducting polymers,

necessitate further investigations to improve organic bioelectronics.

This thesis utilized different processing methods to tune the stretchability and healing properties

of conducting polymers to fabricate organic electronic devices with enhanced performance.

First, we investigated the effect of low-molecular weight plasticizer, polyethylene glycol (PEG),
on the electromechanical properties of the conducting polymer poly(3,4-ethylenedioxythiophene)
doped with polystyrene sulfonate (PEDOT:PSS). The presence of PEG in the PEDOT:PSS films
under strain prevents the formation of cracks and the loss of electrical conductivity, thus improving
PEDOT:PSS film electromechanical properties. Furthermore, the addition of PEG leads to higher
channel thickness and increased ion mobility in PEDOT:PSS films, resulting in stretchable organic
electrochemical transistors (OECTs) with high transconductance and fast response time. The
knowledge obtained in this thesis can be utilized to fabricate high-performance stretchable organic

electronics.

Water-enabled healing behavior of PEDOT:PSS films was discovered by our group over three
years ago. In this thesis we observed that repeatable, fast, and high-efficiency autonomic self-
healing behavior of films is obtained from mixtures of PEDOT:PSS and PEG. The presence of
PEG in PEDOT:PSS films decreases the elastic modulus and increases elongation at the break,
leading to a softer material with self-healing characteristics. The healing mechanism of
PEDOT:PSS and PEG films is hypothesized to be due to material flowing back to the separated

area. The present work demonstrates highly conductive, autonomically healable, stable, and
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biocompatible PEDOT:PSS films that meet the performance demands required for advanced

flexible bioelectronics.

To gain a deeper knowledge about the water-enabled healing behavior of PEDOT:PSS, we studied
both the effects of mixing additives and of post-treatment on its healing performance. The water-
enabled healing behavior of PEDOT:PSS is decreased by crosslinkers and by acid post-treatment,
due to decreased swelling of PSS. Furthermore, we investigated the swelling and healing behavior
of PEDOT doped with varying ions or synthesized via different methods. We also established

initial evidence on the relationship between healing performance, cut width and film thickness.

The fabrication of high-performance stretchable organic bioelectronics and the progress made in
understanding the healing behavior of conducting polymers demonstrated in this thesis contributes
valuable methods and knowledge necessary for developing next-generation organic bioelectronics
for the growing market of personal wearable healthcare systems, stretchable sensors, artificial skins,

and therapeutic actuators.
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stretched by a growing nerve. (b) Representative trace of elicited compound action potential
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stimulated by morphing electronics and cuff electrode for 8 weeks. Blue dash denotes the
200 ps electrical stimulation pulse with amplitude of 300 mV. (c¢) Image of cuff electrode and
morphing electronics after 4-week implantation. The cuff electrode was outgrown and

partially detached from the sciatic nerve. Scale bar, 1 mm[83]. Reprinted with permission.26
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optical image of the freeze-dried fiber on the source-drain electrodes. (c) Output and transfer
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curves of the OECTs with PEDOT:PSS hydrogel fibers as the channel[118]. Reprinted with
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water; (B) optical microscopic images of the self-healing process to show the disappearance
of the boundary between the two gels; (C) mechanical stretching of the healed GEL-30
(yellow arrow indicates the wield interface); (D) stress-strain curves; (E) self-healing
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CHAPTER 1 INTRODUCTION

1.1 Organic bioelectronics

Organic bioelectronics is a field that takes advantage of the unique features of n-conjugated organic
(semi)conductors and applies them at the interface with biological systems[1]. After establishing
connection with living organisms at various levels (e.g., organs, tissues, cells, membranes,
proteins), organic bioelectronic devices can either detect and read-out the biological signals, or
apply a stimulus in the form of electrical charges and/or biochemical molecules to intervene in a
biological event[2]. Over the past three decades, the tremendous growth in this exciting field
occurred mainly because of the significant advances of organic electronic materials, the deeper
understanding of the transport properties of existing materials and the communication between

biological systems and bioelectronics, and the improved device fabrication technologies[3].

Conducting polymers are key component in organic bioelectronics. Unlike conventional electronic
materials, conducting polymers can present mixed electronic and ionic conductivity, which can
provide successful communication with biological systems. Moreover, the versatility of synthetic
organic chemistry and processing methods allows for the conducting polymer to exhibit tissue-like
softness, flexibility, and stretchability with the assistance of functional materials. As one important
aspect of next-generation electronic materials, the self-healing feature can also be introduced to
conducting polymers via the functionalization of certain side chains or mixing with other
materials[4]. More importantly, the relative biocompatibility of conducting polymers set them apart
from inorganic electronic materials, especially when bioelectronics need to be implanted and

operated in vivo over long periods[5].

The most successful conducting polymer, poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS) was invented together by Friedrich Jonas in the Central
Research Department of Bayer AG and his colleague Werner Krafft from Agfa-Gevaert in 1989[6].
Later, the rise of PEDOT:PSS aroused considerable progress in the following fields: organic solar
cells (OSCs), organic light-emitting diode (OLEDs), organic field-effect transistors (OFETs), and
organic electrochemical transistors (OECTs), thermoelectric devices, wearable sensors, health
monitor applications and artificial intelligent robotics[7]. Among the applications of PEDOT:PSS,

one of the most exciting examples is the OECT. The deep understanding about the operation



mechanisms of PEDOT:PSS based OECTs is still incomplete, and the new functionalities of

PEDOT:PSS and OECTs remain unexploited, especially in the field of organic bioelectronics.

1.2 Motivations

The human body is soft, while conventional electronics are rigid and susceptible to mechanical
deformation. One of the main targets in the wearable bioelectronics for continuous health signals
monitoring is to conform to skin and endure motion-induced strain while maintaining stable
electrical performance. In the terms of wearable electronics, several terms need to be defined as
they are sometimes confusing for readers. Stretchability defines the tendency of a material to return
to its original shape after being stretched or compressed, and the strain is the change or deformation
in length per unit length. Elongation at break or fracture strain is the ratio between deformed length
and initial length after breakage. Toughness is the ability of a material to absorb energy and deform
plastically without fracturing, while stiffness is the extent to which an object resists deformation in
response to an applied force. The fundamental goal of wearable electronics is to enhance the device
stretchability, or to achieve the stable electrical performance even under large deformation or strain.
To fabricate wearable bioelectronics, intrinsic stretchable electronic materials or composites are
always favorable due to the simple manufacturing process, and ease of encapsulation for integrated

devices.

Self-healing defines the ability of a material to repair damage and restore the lost or degraded
properties or performance. Self-healing is an attractive feature for bioelectronic devices, rendering
the electronics robust and prolonging the lifetime. There are still few reports about the self-healable
conducting polymer-based composites and bioelectronics, and the healing mechanism of
conducting polymer-based materials is not well understood. To satisfy the need for next-generation
bioelectronics, the research work on tuning the stretchability and self-healing properties is quite

essential.

1.3 Hypotheses and Objectives

In the field of polymer science, a plasticizer is added to a polymer to increase the softness of this
polymer via reducing the crystallinity and also increasing the segmental mobility of the polymer.

The stretchability of PEDOT:PSS has been proved to be enhanced by the addition of plasticizers,



and we further hypothesize that the stretchability of PEDOT:PSS on elastomer substrate can be
enhanced by addition of strong plasticizers or changing the processing conditions of films,
especially film thickness and baking temperature. If the plasticizer can also improve the
conductivity and ion transport of PEDOT:PSS, the transistor performance of the stretchable OECTs
may also be improved. As the water enabled healing behavior of PEDOT:PSS is hypothesized
mainly to be related with the swelling of PSS, we believe that any change of PSS concentration in
the films would lead to a change in self-healing properties. Polymer chain diffusion plays an
important role in the healing ability of polymers, we also hypothesize that change of flow ability
of PEDOT:PSS after plasticizer addition may lead to the variation of healing property.

Hence, the primary objective of this thesis is to tune the stretchability and self-healing properties
of conducting polymers for organic bioelectronics, e.g., OECTs. In working towards this goal, it is
of paramount importance to investigate the effect of the processing conditions on the stretchability
and healability of conducting polymers and provide facile solutions to enhance the performance of

conducting polymer based conductors and OECTs for bioelectronics.
Therefore, the main specific objectives of this thesis are:

(1) To enhance the stretchability of PEDOT:PSS via material based method (additive methods,
without the need for pre-stretching the elastomer) and fabricate stretchable OECTs on elastomer
poly(dimethylsiloxane) (PDMS). Furthermore, the performance of stretchable OECTs needs to be

improved without the loss of stretchability.

(2) To gain deeper knowledge about the water-enabled behavior of PEDOT:PSS, tailor the healing
performance of conducting polymers through the processing methods, and develop an

autonomically healable, stable, and biocompatible conductor based on PEDOT:PSS.

1.4 Organization of the work

In Chapter 2, the introduction to conducting polymers as well as doping process, and PEDOT:PSS
processing, with special attention paid to electrical and mechanical properties are presented.
Chapter 2 deals with the operation mechanism, the figures of merit of OECTs, as well as the
development of bioelectronics based on PEDOT. Finally, the existing technologies for the

fabrication of stretchable electronics and research progress in PEDOT based healable materials and



electronics are reviewed. In Chapter 3, the material processing and synthesis, as well as the

approaches of whole research work is briefly introduced.

Chapter 4 contains excerpts of an article where one of my colleagues and I contributed equally as

the first author. Chapters 5 to 7 are reprints of three articles of which I was the first author.

-Excerpts of Article: Shiming Zhang, Yang Li, Gaia Tomasello, Madeleine Anthonisen, Xinda Li,
Marco Mazzeo, Armando Genco, Peter Grutter, Fabio Cicoira. Tuning the electromechanical
properties of PEDOT:PSS films for stretchable transistors and pressure sensors. Advanced

Electronic Materials, 2019, 5(6), 1900191. (co-first author, contributed ~ 45% of total work)

-Article 1: Yang Li, Shiming Zhang, Xinda Li, Venkata Ramana Nitin Unnava, Fabio Cicoira,
Highly stretchable PEDOT:PSS organic electrochemical transistors achieved via polyethylene
glycol addition. Flexible and Printed Electronics, 2019, 4(4), 044004. (contributed ~ 85% of total

work)

-Article 2: Yang Li, Xinda Li, Shiming Zhang, Leslie Liu, Natalie Hamad, Sanyasi Rao Bobbara,
Damiano Pasini, Fabio Cicoira, Autonomic self-healing of PEDOT:PSS achieved via polyethylene
glycol addition. Advanced Functional Materials, 2020, 30, 2002853. (contributed ~ 80% of total

work)

-Article 3: Yang Li, Shiming Zhang, Natalie Hamad, Kyoungoh Kim, Leslie Liu, Michael Lerond,
Fabio Cicoira, Tailoring the self-Healing properties of conducting polymer films. Macromolecular

bioscience, 2020, 2000146. (contributed ~ 85% of total work)

In the excerpts of Article which I contributed equally as the first author, we tuned the
electromechanical properties of PEDOT:PSS via changing processing conditions and fabricated
stretchable OECTs on elastomer substrate without buckling. The stretchable OECTs can maintain
stable performance up to 30% strain. The deposition of an ultrathin Parylene layer can further
enhance the transistor performance of stretchable OECTs. In Article 1, we enhanced both
stretchability and conductivity of PEDOT:PSS films via the addition of polyethylene glycol (PEG)
and fabricated stretchable OECTs on elastomer substrate without pre-stretching the substrate. It is
worthwhile to mention that the stretchable OECTs we fabricated are generally large (channel length,
L, of 8 mm and a width, W, of 2 mm) compared to the deformation. The stretchable OECTs based
on PEDOT:PSS/PEG films show superior performance in terms of both stretchability (stable



performance up to 45% strain) and transistor characteristics (enhanced transconductance, response
time and ON/OFF ratio). In Article 2, we reported that fast, repeatable and autonomic electrical
healing PEDOT:PSS is achieved by blending it with the bio-compatible polymer PEG. The PEG
incorporation also improves the conductivity, softness and stability of the conducting polymer film.
In Article 3, we demonstrated that the healing property of PEDOT:PSS films can be tailored via
diverse processing methods. The preliminary investigation on the effect of cut width on both thin
and thick PEDOT:PSS has also been done. Following these three articles, supplementary methods

and results for this thesis are presented in the appendices.

In Chapter 8, the results of this thesis are discussed as a whole, supported by the literature review
and the published articles. In Chapter 9, conclusions are drawn and perspectives on future work are

also given here.



CHAPTER 2 LITERATURE REVIEW

The development of bioelectronics and wearable electronics relies on the advance of electronic
materials. Most of current electronic materials are inorganic and normally conduct only electronic
charge carriers. However, many biological systems transmit signals via ionic currents, which is the
reason why inorganic materials-based electronics suffer some limitations when interfacing tissues
or organs. Conducting polymers possess mixed electronic and ionic conductivity as well as
ionic/electronic coupling ability, which makes them perfect candidates to deal with the interfaces

between human-made electronics and biological systems[8].

Polymers are in general insulators. However, the discovery of doped polyacetylene, whose
electrical conductivity can be increased by seven orders of magnitude via doping by iodine, resulted
in the new era of research in conducting polymers. This decisive breakthrough in 1977 made Alan
J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa receivers of the Nobel Prize in Chemistry
in 2000. Since 1977, a number of conducting polymers, like polythiophene, polyaniline, and
polypyrrole are widely investigated to fabricate organic electronics[9-11]. Figure 2.1 shows the

chemical structure of these conducting polymers.

In addition, conducting polymers have other advantages: (i) the biocompatibility is the supreme
advantage of conducting polymers compared to inorganic electronic materials, which enabled them
to be operated in-vivo without causing significant foreign body reaction[12]; (ii) the electrical
conductivity is comparable with metallic conductors, and it can be tuned via chemical additives,
electrochemical or organic synthesis[13]; (iii) the processing method of conducting polymers is
mainly based on the solution, which makes them quite easy to process[14]. Moreover, the processed
conducting polymers can also show similar mechanical properties to other commercial polymers,

like flexibility or stretchability.

Up to now, different types of organic electronic devices have been developed based on conducting
polymers, including organic light-emitting diodes (OLED), organic field-effect transistors
(OFETs), organic photovoltaic cell (OPVs), and organic electrochemical transistor (OECTs)[15].
Due to high electrical conductivity by doping, and mechanical flexibility, conducting polymers
play a more important role in the fields of implantable bioelectronics, artificial skin and muscles,

wearable electronics, energy storage, and display devices.
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Figure 2.1 Chemical structures of representative conducting polymers[16]. Reprinted with

permission.

2.1 Conducting polymers

Organic semiconductors are conjugated systems, where atoms are covalently bonded in a molecule
with alternating single and double bonds. The simplest example of conjugated polymers is
polyacetylene. Conjugated polymers can be intrinsically conductive, but their conductivity is
typically very low (less than 10 S cm™)[17]. Chemical doping is needed to increase the carrier
density and electrical conductivity of the polymer. For instance, a seven orders of magnitude

enhanced conductivity for polyacetylene can be achieved when doping with iodine [18].

2.1.1 Doping

The process of doping conjugated polymers is substantially a redox reaction, which removes an
electron from the valence band or adds an electron to the conduction band and forms the polymeric
cations (or anions) with counterions. A polaron, which is a radical ion associated with a lattice
distortion and the presence of localized electronic states in the gap referred as polaron states, is
formed after doping[19]. The polaron and bi-polaron (pair of charges after a second electron is
removed) are the charge carriers inside the conjugated polymer, but they are localized in the
polymer lattice with the counterion. With increasing the doping level, more free mobile charge

carriers are introduced to the polymer chain, thus resulting in the increase of conductivity. In the



case of polyacetylene, the conductivity is increased by several orders of magnitude after being

doped by iodine[20].

2.1.2 PEDOT and PEDOT:PSS

Although the iodine doped acetylene is the “prototype” of the conducting polymer, it has two main
drawbacks: (i) instability in air and (ii) poor processability due to the insolubility in solvents. The
introduction of heteroatoms (such as N or S) into polymer chains can stabilize the conjugated
system due to the electron-donating property of heteroatoms. Polythiophene was firstly found to be
electronically conductive in 1982, with a conductivity value of 10-100 S cm™'[21]. However, when
exposed to air and humidity for a long time, the doped polythiophene cannot keep the bi-polaron
state, which is a prerequisite for high-conductivity. Owing to the electron donating properties,
oxygen substituents at 3- and 4- position of thiophene can further stabilize the conjugated system.
With the closed ring of two oxygen atoms and the ethylene group, high conductivity and stability
are achieved in poly 3,4-ethylenedioxythiophene (PEDOT).

After the problem of water-stability of doped polythiophene was solved by the invention of PEDOT,
scientists worked on improving the processability of PEDOT, as it is insoluble in most solvents.
The water soluble polystyrene sulfonate (PSS) polyanion can function as counterion for PEDOT,
forming the complex PEDOT:PSS (Figure 2.2). This was an amazing breakthrough, since this
complex is easily processable and this dispersion is soluble and stable in water. In the PEDOT:PSS
complex, short PEDOT chains are attached to the long PSS chain by the coulombic force. The
repulsion between PSS chains leads to the coiled like structure of PSS segment with PEDOT inside,
preventing the exposure of PEDOT to water (Figure 2.2)[22]. The PSS is always used in excess in
PEDOT:PSS complex, working as host polyelectrolyte. PSS shows almost no absorption in the
visible light range, which makes thin films of PEDOT:PSS transparent. The PEDOT:PSS
dispersions are commercialized as the trade name Clevios™ from H.C. Stark Clevios GmbH with
a wide range of conductivity (from 10° S cm™ to 1000 S cm™) and viscosity for different usages
and also the trade name Agfa, Orgacon S315 as transparent conductive ink [23]. PEDOT or
PEDOT:PSS is now widely used in wearable electronics, organic energy storage devices and bio-

electronics, and will continue its successful story as electronic material in the future [24].
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Figure 2.2 Chemical structure of PEDOT:PSS. (a) specific sequence of monomer units (primary
structure), (b) poly-ion complex (secondary structure), (c) colloidal gel particle (tertiary structure)

and (d) aggregation (quaternary structure)[22]. Reprinted with permission.

2.2 PEDOT:PSS processing

The commercial PEDOT:PSS product used in our experiments is the Clevios PH1000 suspension,
a typical micellar system with a PEDOT:PSS weight ratio of 1:2.5. The micelle of PEDOT:PSS
contains a PEDOT core and a PSS shell, and the PEDOT-rich domains are usually separated by the
excess PSS-rich domains, leading to a relatively low conductivity. To achieve the requirement of
electronic materials used in stretchable electronics or bioelectronics (e.g., high conductivity,

stretchability), certain processing is necessary for the PH1000.

2.2.1 Electrical conductivity

PEDOT:PSS is a conductive polymer, which can be is considered as a mixed conductor where
cations are transported in PSS segments and electrons are moving in PEDOT rich areas. The films

obtained from baking the as-received PEDOT:PSS suspensions have electrical conductivities
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ranging from 10 to 1 S cm™!, depending on the PEDOT/PSS ratio[25]. A “conductivity enhancer”
is needed to further increase the conductivity of already doped commercial PEDOT:PSS by several
orders of magnitude. The conductivity enhancers for PEDOT:PSS should satisfy the following
characteristics: (i) good solubility in water and (ii) possession of highly polar groups or highly acid
anions which can act as effective dopants. Up to now, many organic solvents, polyols, ionic liquids,
surfactants and salts are used as conductivity enhancers[26]. However, the mechanism of the

enhanced conductivity is still under debate.

Kim et al. attributed the conductivity enhancement to the separation of the PEDOT and PSS phase
when adding conductivity enhancers[27]. When the highly polar organic solvents are added to the
PEDOT:PSS suspension, the coulombic attraction between PEDOT and PSS segments is reduced
by the screening effect of high-polarity groups. During the drying process, as the water is
evaporated from the film, these polar solvents induced PEDOT-rich domains forms the conducting
network. This explanation applies to the conductivity enhancement due to the addition of ethylene
glycol (EQG), glycerol, dimethyl sulfoxide (DMSO), sorbitol, and polyethylene glycol (PEG)[28-
30]. Bao et al. also suggested that the charge screening effect of the ionic liquid additives can lead
to the formation of more crystalline and more interconnected PEDOT aggregations[31]. Besides,
post-treatment with alcohols can also significantly increase the conductivity of PEDOT:PSS films
also due to the separation of PEDOT and PSS. Chu et al. found that the enhancement depends on
the chemical structure of alcohols. With the rinsing of methanol, 1015 S cm™! can be reached while
it is only 286 S/cm when treated with i-butanol[32]. Jeong et al. also argued that methanol is the
most suitable solvent because it can dissolve the excess PSS without changing the morphology of
PEDOT and the solubility of PSS decreases with the increase of the carbon number in the
alcohol[33].

Ouyang et al. argued that the conductivity enhancement was attributed to the effect of the
conductivity enhancer on the conformation of the conductive PEDOT" chains, and the protonation
of PSS (PSS™ + H" — PSSH) resulted in phase segregation[34]. The conformational change of
PEDOT and significant removal of PSS will lead to the formation of PEDOT nanofibrils (Figure
2.3). This explanation is proved by the significant conductivity increase by the treatment by the
acids, especially sulfuric acid[35, 36]. The conductivity of PEDOT:PSS films can reach around
2400 S cm™ after the treatment with 1.5 M H2SO4 and 3065 S cm™ after being treated with 1 M
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H2S04 three times at 160 °C, which are comparable values to ITO on glass (around 13000 S cm™).
But the highly corrosive property of the acid limits the application of this method[37]. Ouyang et
al. discovered that similar conductivity (higher than 3300 S cm™") can be reached after the treatment

of methanesulfonic acid (not corrosive), which might be more useful for bioelectronics[38].

Besides, surfactants are reported to improve the film conductivity of PEDOT:PSS due to their
ability to induce the conformational change of PEDOT:PSS structure or remove excess PSS
domains. The addition of non-ionic surfactants, including Capstone FS-300 fluorosurfactant (Zonyl)
and Triton X-100 results in the formation of PEDOT nanofibrils, improving the film
conductivity[39, 40]. Anionic surfactants, such as sodium dodecyl sulfonate (SDS), can enhance
the conductivity of PEDOT:PSS film by a factor of several orders of magnitude regardless of the
blending or post-dipping methods[41]. These anionic surfactants can replace PSS as the
counterions to PEDOT and change the distortion structure of PEDOT chains to linear, after the
anionic surfactants are introduced. However, cationic surfactant tetraoctylammonium bromide

doesn’t change the conductivity of PEDOT:PSS[42].

2H,50, ==H,S0,* + HSO,

Figure 2.3 Diagram of the structural rearrangement of PEDOT:PSS. The amorphous PEDOT:PSS
grains (left) are reformed into crystalline PEDOT:PSS nanofibrils (right) via a charge-separated

transition mechanism (middle) via a concentrated H2SO4 treatment[35]. Reprinted with permission.
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2.2.2 Flexibility and stretchability

Compared with rigid materials, e.g., silicon, metal oxides or ITO, PEDOT:PSS has intrinsic
advantages since polymers do not crack easily during bending. The “flexible” nature of
PEDOT:PSS comes from the weak van der Waals or electrostatic interactions inside the polymer
domains, which can dissipate certain energy during deformation. A lot of effort has been put into
replacing ITO with flexible or stretchable and transparent PEDOT electrodes or to develop flexible
or stretchable devices. Di Carlo et al. fabricated a flexible sensor by depositing the PEDOT:PSS
film on a flexible polyimide substrate by electrochemical polymerization and peeling technique[43].
In our group, Zhang et al. reported that the robust adhesion and excellent flexibility of PEDOT:PSS
films when coating on polyethylene terephthalate (PET) substrate, since the current loss is only 4%

after 500 bending cycles[44].

The PEDOT:PSS film usually exhibits failure upon 5% strain, which limits the use of PEDOT:PSS
in stretchable devices. Lang et al. investigated the mechanical properties of PEDOT:PSS free-
standing films by tensile tester[45]. They found that the Young’s modulus of PEDOT:PSS film
strongly depends on the relative humidity (RH). The strain at break increases from 2.3% at 23%
RH to 5.8% at 55% RH. The addition of small molecule surfactant or plasticizer is often utilized
to provide soft domains between PEDOT and PSS domains, which makes the film compliant to
tensile strain or mechanical deformation. With the addition of a fluorosurfactant Zonyl and DMSO
to the processing mixture, Bao et al. developed highly stretchable and transparent PEDOT:PSS
electrodes[46]. The sheet resistance is 46 Q sq! at 82% transmittance and 240 Q sq! at 97%
transmittance. Besides, the Zonyl can increase the wettability of PEDOT:PSS on various
hydrophobic substrate. When depositing on the pre-strained polydimethylsiloxane (PDMS)
substrate, the stretchable PEDOT:PSS electrodes can withstand 5000 cycles of 10% strain without
losing any conductivity. Lipomi et al. fabricated the PEDOT:PSS film on PDMS substrate by the
addition of 1% fluorosurfactant Zonyl to PEDOT:PSS solution and a mild treatment of the PDMS
surface with ultraviolet/ozone (UV/O3)[47]. The samples are stretchable and retain conductivity
up to 188% strain (due to the failure of PDMS substrate). The addition of Zonyl and UV/O3
treatment on PDMS can have a synergistic effect on the morphology of PEDOT:PSS. Grains are
able to reorient in the strain direction and accommodate tensile deformation, which leads to good

stretchability.
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As discussed in the last section, ionic liquids can act as conductivity enhancers to enhance the
conductivity of PEDOT:PSS, but it can also serve as plasticizer to prolong the film elongation. Bao
et al. reported a highly stretchable conducting polymer by adding stretchability and electrical
conductivity (STEC) enhancers to PEDOT:PSS[31]. The change of PEDOT:PSS morphology
(nanofibrils) and the formation of more interconnected PEDOT rich crystalline structures lead to
very high values for both conductivity and stretchability of PEDOT:PSS. The resultant films show
over 3100 S cm™! under 0% strain, 4100 S cm™' under 100% strain, above 100 S cm™! under 600%
strain and a fracture strain of 800%. The conductivity even remains 3600 S cm™ after 1000 cycles
of 100% strain. The ionic liquid 1-ethyl-3-methylimidazolium:tetraacyanoborate (EMIM:TCB)
incorporation also can transform the PEDOT:PSS into a stretchable and conductive film, with an
enhanced stretchability of 50% strain along with a high conductivity of ~ 1280 cm™'[48]. The films
can maintain their electric performance even up to 180% strain on a pre-strained substrate, with

only a 2-fold increase in resistance.
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Figure 2.4 Chemical structures and schematic representation. (A) Representative stretchability and
electrical conductivity enhancers. (B) Strain-stress curves of PEDOT:PSS with and without
stretchability and electrical conductivity (STEC) enhancers. (C and D) Schematic diagram
representing the morphology of (C) a typical PEDOT:PSS film versus that of (D) a stretchable
PEDOT film with STEC enhancers[31]. Reprinted with permission.
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The blending with soft polymers, such as PEG, polyethylene oxide (PEO) and polyvinyl alcohol
(PVA) can also significantly increase the elongation at break of PEDOT:PSS films due to their role
in softening the film[49]. After 66.7 wt% PV A blending, the elongation at break of PEDOT:PSS
free-standing films increases to ~50% strain, and an enhanced conductivity of ~ 75 S cm™ is also
achieved at same time. However, excess weight fraction of these soft polymer will lead to the

formation of a gel, which is not favorable for film processing.

2.3 Organic electrochemical transistors (OECTS)

Among of the applications of conducting polymers, the organic conducting polymer-based
transistors attract great attention due to their wide range of utilization in biological systems. OFETs
always adopt conjugated molecules as semiconductor and modulate the channel current via the
field-effect doping between the semiconductor and dielectric layer after the gate voltage is applied.
Instead of using dielectric, an electrolyte is used between the gate and channel in OECTs. Taking
advantage of ionic/electronic coupling property of conducting polymers, the channel current in
OECTs is modulated by the electrochemical doping and dedoping process with the injection of ions
from the electrolyte. OECTs always work at low voltages (below 1 V) and the similar aqueous
electrolyte medium as biological reactions or species makes OECTs quite promising in

bioelectronics[50].

2.3.1 Introduction of OECT and working principle

The first demonstration of OECT was done in 1984, with polypyrrole functioning as the channel
material[51]. Due to the enhanced water stability, PEDOT, especially PEDOT:PSS, has been
receiving renewed attention in the field of organic bioelectronics. A typical PEDOT:PSS based
OECT consists of a PEDOT:PSS channel in contact with an electrolyte where a gate electrode dips
inside, and source and drain electrodes define the path for charge carriers (Figure 2.5a). The drain-
source voltage induces a drain current (Ids), which is determined by the mobile holes or electrons
inside the channel material, while the gate voltage controls the injection of ions to dope or dedope
into channel material, thus modulating the current (or redox reaction in the electrochemistry term,
equation 1). When the gate voltage is removed, ions go back to the electrolyte and drain current

returns to the initial value.
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PEDOT'PSS + M" + ¢ = PEDOT" + M" PSS (Equation 1)

Most channel materials used in OECT are conjugated polymers. As the most common one,
PEDOT:PSS is p-type doped, so holes can hop to nearby chains when the drain voltage is applied
(ON state). Once the positive bias is applied, cations from the electrolyte go inside and compensate
PEDOT". As a result, the number of mobile holes decreases, leading to the drop of drain current
(OFF state). This is called depletion mode OECT (Figure 2.5b). On the contrary, the accumulation
mode is where the drain current increases when negative bias is applied, and injected anions dope
the channel polymer (Figure 2.5¢). The common examples of channel materials working in

accumulation mode are polypyrrole and several glycolated thiophene copolymers[52-54].

The physics of an OECT is described by the Bernards model[55]. In this model, the device is
separated into two circuits: the electronic circuit, which describes the charge carrier flow in the
source-channel-drain path according to the Ohm’s law, and the ionic circuit, which describes the
ion injection in gate-electrolyte-channel path (Figure 2.5d). The electronic circuit is considered as
the resistor, whose conductivity varies during gating. The ionic circuit is considered as the
combination of a resistor (electrolyte), and two capacitors at the boundary of gate-electrolyte and
channel material. The solid line in Figure 2.5d shows the case of efficient gating, where most of
the gate voltage drops at the electrolyte-channel material interface, producing the strong injection
of the ions. In this model, the ions just compensate the presence of opposite charges of organic
film. At steady state, the capacitor is charged and the gate current becomes zero[56]. At saturation

of depletion mode devices, it gives the equation of transconductance gim.
w . .
Im = (f) XdXuxC*x Ve, — V) (Equation 2)

Where W, L and d are the channel width, length and thickness, respectively; p is the charge carrier

mobility; C” is the capacitance of channel per unit volume and Vn is the threshold voltage.
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Figure 2.5 The device physics of organic electrochemical transistors. (a) The typical structure of
an organic electrochemical transistor (OECT), showing the source (S), drain (D), electrolyte and
gate (G). (b) Transfer curve showing depletion-mode operation of an OECT with a conducting
polymer channel. At zero gate voltage, holes on the conducting polymer contribute to a high drain
current and the transistor is ON. When a gate voltage is applied, the holes are replaced by cations
and the transistor is OFF. (c¢) Transfer curve showing accumulation-mode operation of an OECT
with a semiconducting polymer channel. At zero gate voltage, the channel has few mobile holes
and the transistor is OFF. When a gate voltage is applied, holes accumulate and compensate
injected anions, and the transistor is OFF. (d) Ionic and electronic circuits used to model OECTs.
The electronic circuit, shown below the device layout on the left, is modelled as a resistor with a
resistance that varies upon gating. The ionic circuit, shown in the middle, consists of capacitors
corresponding to the channel, Ccn, and gate, Ca, respectively, and a resistor corresponding to the
electrolyte, Re. The panel on the right shows the distribution of potential in the ionic circuit. The
solid line corresponds to the case of efficient gating, in which most of the applied gate voltage
drops at the electrolyte-channel interface, driving ions inside the channel. The dashed line
corresponds to the case of poor gating, where most of the applied gate voltage drops at the gate-
electrolyte interface. d, channel thickness; Ip, drain current; Vg, gate voltage; Vp, drain voltage; x,

distance[57]. Reprinted with permission.
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2.3.2 Figures of merit of OECTs

2.3.2.1 Transfer and output characteristics

The figure of drain current (Ias) against drain voltage (Vds) with constant gate voltage is called the
output curve, and the figure of drain current against the gate voltage (Vgs) with a constant drain
voltage is the called transfer curve (Figure 2.5b). Most characteristics of the transistors are obtained

from these two curves.

2.3.2.2 ON/OFF ratio

The ON/OFF ratio is the ratio of the drain current in “ON” state and “OFF” state within a given
voltage range. Typically, for PEDOT:PSS based OECT working in depletion mode, the Idss (ON) is
the drain current when no gate voltage is applied and the I4s (OFF) is the drain current when positive
gate voltage is applied. This value varies depend on the different selected “OFF states” and drain

voltages.

2.3.2.3 Transconductance

The transconductance of OECT describes the modulation of Vgs to Idas, whose definition is gm=
Aldas/AVgs. This figure of merit leads to the success of OECT applications. PEDOT:PSS based
OECTs can reach transconductance as high as 250 mS, which is significantly higher than that of
solid-state silicon transistors[58]. The difference arises because the electronic charge transport in
OECT can be greatly modulated via the injection of ions into whole channel material, whereas
field-effect doping only regulates the charge carrier at the semiconductor/dielectric interface.
Owing to the bulk doping effect, the transconductance can be increased by increasing the ratio of
width to length, but also by increasing the thickness. Besides these geometric parameters, the
transconductance is also affected by charge carrier mobility p and volumetric capacitance C°,

which are materials parameter related to electronic and ionic properties, respectively[59].

2.3.2.4 Response time

The response time of OECT is defined as the time elapsed between the application of a gate voltage
and the time when the corresponding lds variation achieves the final stable state. It depends on both

the transport of ions from the electrolyte solution to the channel and electronic charge carriers along
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the channel (between source and drain). It has been revealed that in most cases, the ionic transport
is the limiting process since the hole transport (~107! cm? V! s7) in the OECTs is 10-100 times
faster than the ionic transport (~107 cm? V! s1)[60]. A reduction in response time can be achieved
by decreasing the thickness of channel material and controlling the dimensions of the transistor.
Therefore, OECTs designed for monitoring the neuron actions need measurement in higher
frequency, and response time should be decreased[61]. The microfabricated OECTs with liquid
electrolyte can achieve response times of few tens of microseconds, and the use of a gel or solid

electrolyte may lead to slower response time[62].
2.4 Applications of PEDOT in bioelectronics

2.4.1 Electrophysiology recording

Electrophysiological signals are often recorded clinically to monitor the specific pathological state
of a biological system, such as an organ or tissue. Depending on which part of the body the
recording devices are mounted, different electrophysiological signals, such as neurological rhythms
(electroencephalography, EEG), muscle activity (electromyography, EMG), cardiac cycle
(electrocardiography, ECG), and eye movement (electrooculography, EOG), can be obtained. Due
to the mixed ionic/electronic conductivity, PEDOT has inherent advantage to record
electrophysiological signals in high-quality by lowering the impedance at electronic/skin interface.
Malliaras et al. prepared the flexible and dry PEDOT:PSS electrodes on polyimide substrate and
used them for EEG recordings (Figure. 2.6)[63]. Compared to Au electrodes of same geometry,
PEDOT:PSS electrodes can record low-amplitude brain activities with higher precision and signal-
to-noise ratio (SNR). In order to further increase the SNR, Biscarini et al. replaced the counterion
PSS with the fluorinated polymer Nafion for PEDOT, and fabricated a flexible neural micro-
electrode array using the PEDOT:Nafion composite[64]. PEDOT:Nafion coated electrodes exhibits
slightly lower impedance and higher SNR compared to reference PEDOT:PSS due to the excellent
ionic transport ability of Nafion and PEDOT:Nafion shows a charge injection two times larger than

that of PEDOT:PSS when used for stimulation.
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Figure 2.6 (A) Schematic of the PEDOT:PSS electrode indicating the cross section and the top
view (not to scale). (B) Photograph of dry electrodes with different diameters[63]. Reprinted with

permission.

The electrophysiology recording relies on the precise detection of variation of cell membrane
potential induced by the ionic current flux, so electrodes with higher ionic conductivity and lower
contact impedance can provide better recording performance. Though dry PEDOT:PSS electrodes
can function as both ionic and electronic conductors, it is found that the dry electrodes cannot
achieve stable contact with skin and the signal amplification becomes higher when the electrodes
are wetted[65]. Similarly, an organohydrogel consisting of PEDOT and poly (acrylic acid) (PAA)
skeleton shows excellent recording performance in ECG and EMG due to the lower impedance and
better conformability[66]. Moreover, the drying of wetted PEDOT electrodes or gels will cause
increased impedance. Malliaras et al. incorporated the ionic liquid 1-ethyl-3-methylimidazolium
ethyl sulfate into the PEDOT/poly(ethylene glycol) diacrylate (PEGDA) gel electrodes[67]. The
addition of ionic liquid not only lowers the impedance at the interface with human skin to levels
that are similar than those of commercial Ag/AgCl gel electrodes, but also assist electrodes to
record with a low impedance over 3 days, while commercial electrodes lose the functionality only
after 20 h. These results prove that the addition of stable and non-volatile components in PEDOT

gel electrodes enables the long-term cutaneous recording of electrophysiological data.

OECTs can transduce the fluctuation of ionic fluxes in biological systems to electrical signals and
amplify it as the change in the transistor drain current. In the case of electrophysiology recordings,
via direct contact with skin, OECTs has the ability to achieve higher resolution recording due to

the improved SNR[68]. Biscarini et al. patterned PEDOT:PSS based OECTs on a fully resorbable
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bio-scaffold poly (L-lactide-co-glycolide) (PLGA)[69]. The exposed PEDOT:PSS channel is
directly attached to the skin of the forearm, and the ground contact is placed on the chest. Skin
replaces the role of the gate and the source-drain current changes due to the fluctuations of potential
at skin with respect to the ground. The OECT shows a comparable SNR to one of standard Faradaic
electrodes when applied in ECG recording (Figure 2.7). Someya et al. also fabricated an ultrathin
OECT with a nonvolatile glycerol-based electrolyte[ 70]. The OECT can be conformably placed on
the skin and effectively monitor the cardiac signals from skin with an SNR of 24 dB. Thanks to the
non-volatile gel electrolyte, this OECTs can achieve multiple reuses in a test that lasts more than
one week. Unlike the PEDOT:PSS electrodes, the electrophysiological signal collected from
PEDOT based OECT is the current data, which might need further procession in analyzing.
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Figure 2.7 ECG recording with a bioresorbable OECT operated in direct contact with the skin. (a)
Wiring diagram of the experiment. (b) Measured drain current trace (red) as obtained during ECG
recordings (Vgs = 0.5 V, Vs = -0.3 V) and comparison to a normal potentiometric recording with
standard disposable leads (black). (c) Enlarged transistor ECG trace of a single cardiac cycle and

comparison to a schematic textbook example[69]. Reprinted with permission.
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2.4.2 Neuromorphic devices

In order to mimic the information processing in the human brain, scientists have developed
biologically inspired artificial synapses via using complementary metal oxide semiconductor
(CMOS)[71]. Generally, two types of functionalities in the signal processing of the synapses need
to be realized: short-time plasticity (ms to min, refer to the computation tasks of the brain) and
long-time plasticity (> min, days, or even longer, refers to memory and learning)[72]. PEDOT
based OECTs are also able to simulate the synaptic behavior due to its similar ion flux transmission
to biological systems. In 2015, Malliaras et al. first demonstrated the realization of neuromorphic
functions in the simple PEDOT:PSS OECTs by applying a short pulse to its presynaptic
terminal[73]. The device is laterally gated by the Au electrode in the KCI electrolyte confined in a
PDMS well (Figure 2.8a). Via applying various Vg pulses with different amplitudes and time
interval, they find that short-term depressive or paired-pulsed-depression (PPD) behavior is
achieved when the time interval is insufficient to obtain charge equilibrium before the application
of the second pulse. In this case, after removing the pulse, the injected cations cannot all return to
the electrolyte and PEDOT:PSS channel is not doped to the initial state reversibly, leading to
accumulated cations to channel and cumulatively dedoped PEDOT:PSS channel. Besides, some
other basic neuromorphic functions (e.g., adaptation, dynamic filtering) were also reported.
Furthermore, they realized the long-term plasticity behavior with PEDOT based OECTs, due to the
conformational change of poly(tetrahydrofuran) based PEDOT (PEDOT:PTHF) film when high
gate spike bias is applied[73]. Short-term plasticity, short-to long-term memory transition, and

other neuromorphic functions similar to biological storage were obtained.



22

(a)
I Au T y & Q;'D Voo
B PEDOT:PSS 2 ‘j : !
C1PDMS Well e 5

I Parylene Electrolyte ! Time | /

EGlass |

m m UB Im PEDOT:PSS

0® e T lcations

Figure 2.8 (a) OECT schematic and wiring diagram. (b) Schematic representation of the synaptic

OECT in analogy to a biological synapse[73]. Reprinted with permission.

The synaptic response time in human brains is generally in milliseconds[74]. However, OECTs
exhibit relatively long response time because ionic transport in the whole bulk dedoping of
PEDOT:PSS consumes a lot of time. In order to achieve neuromorphic devices in higher frequency,
scientists are improving the ionic transport in the PEDOT channel of OECTs. Biscarini et al.
fabricated PEDOT:Nafion composite via the oxidative polymerization of EDOT in the presence
of Nafion and FeCIl3[75]. In the electrochemical impedance spectroscopy (EIS) test,
PEDOT:Nafion exhibit similar charge transfer but lower diffusion time constant than PH1000,
demonstrating the faster ion transport. The PEDOT:Nafion based artificial synapses can achieve
10% short-time depression at 625 Hz with a characteristic depression time scale of 1 ms. In order
to tune the neuromorphic functions in OECTs, Malliaras et al. blended an ionic conductor (PSSNa)
with PEDOT:PSS[76]. The increase ratio of PSS to PEDOT in the channel material of OECTs
decreases the electric conductivity and current, but speeds up the response time, enabling the

dynamic filtering of neuromorphic devices when subjected to a 100 kHz gate pulse train.

2.4.3 Implantable electronics

Implantable electronics, which require a surgical operation before implantation, are more in need
of the biocompatibility, stability, and long-term operation of the devices[77]. Though

electrophysiological signals can be recorded with on-skin electrodes or devices based PEDOT, an
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intimate contact with tissue or neurons improves the quality of recording and stimulating. Besides
PEDOT possess the possibility to gain softer mechanical properties via various processing methods
and its believed biocompatibility enables to reduce the foreign body reaction of biological tissues
to implants. As aresult, PEDOT based materials, coatings and devices have received great attention

in implantable electronics.

To facilitate a better record quality of implantable Au electrodes, Kipke et al. electropolymerized
the PEDOT coatings on the recording electrodes to lower the impedance without changing the
surface area of electrodes[78]. Prior to implantation, it is found that the impedance of electrodes
decreases from 9.1 MQ to 0.37 MQ after the introduction of PEDOT coating. Upon implantation,
unmodified electrodes fail in the recording of isolated unit brain activity due to the increased
impedance and noises, whereas PEDOT coated electrodes can consistently record high-quality
neural activity with a remarkably lower noise. Fang et al. developed the transparent 32-channel
Auw/PEDOT:PSS nanomesh microelectrode arrays (MEAs) on a flexible parylene C film, with over
70% transmittance at 550 nm (Figure 2.9)[79]. The PEDOT:PSS coatings are also
electropolymerized on the Au nanomesh template in presence of the mixture of EDOT and PSSNa.
These electrodes are highly scalable and show comparable impedance at 1 kHz to non-transparent
Michigan electrodes. After implanted on visual cortex of mice, the MEAs exhibit a high SNR of
33 dB, and allows for the long-term electrophysiology recording with simultaneous two-photon
imaging. Moreover, due to the excellent biocompatibility, no significant inflammation due to the

implantation is observed after 20 days.
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Figure 2.9 (A) Photograph of a 32-channel Au/PEDOT:PSS nanomesh MEA wrapped on a paper
rod. Scale bar, 1 mm. (B) Device schematic of the 32-channel Au/PEDOT:PSS nanomesh MEA in
(A). (C) Left: Microscope image of a Au/PEDOT:PSS bilayer-nanomesh microelectrode (20 pm
in diameter). Right: SEM image of a zoomed-in region of the microelectrode shown on the left. (D)
Enclosure of the transparent MEA with the cranial window. (E) Simultaneous electrophysiology

recording (spectrogram)[79]. Reprinted with permission.

In addition to recording, implantable electronics can function as stimulation devices, enabling the
therapies for various disorders or diseases (e.g., seizure, Parkinson’s)[80]. Our group has coated
PEDOT on PtIr microelectrodes via electropolymerization for deep-brain stimulation.[81] The
coated electrodes exhibit increased capacitance, decreased impedance, and good electrochemical
stability during sterilization as well as in vitro stimulation. After implantation, the coated electrodes

are tested for stimulation purposes and proved to be stable in vivo for 15 days. Furthermore, our
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group deposited PEDOT on stainless steel multistranded wire electrodes[82]. The bare and
PEDOT-coated electrodes were implanted in the neck muscle of five mice for EMG activity
recording over a period of 6 weeks. Compared to bare electrodes, the PEDOT coating lowers the
impedance of electrodes, resulting in an enhanced SNR during in vivo EMG recording. Bao et al.
developed a chronic and neurologically implantable morphing electronic device via adopting a
viscoelastic PEDOT:PSS/glycerol composite material (Figure 2.10a)[83]. The viscoelasticity
allows the device to adapt to the in vivo tissue growth via plastic deformation. Compared to
commercial cuff electrodes, the morphing electronics exhibit lower impedance and higher charge
storage capacity, due to the dual conductive nature of PEDOT:PSS, and high volumetric
capacitance of nano-porous PEDOT:PSS. After the assembly with sciatic nerve, morphing
electronics can evoke the compound action potential with stable neuromodulation performance for
8 weeks, while cuff electrodes fail in evoking a detectable compound action potential after week 2
(Figure 2.10b). It is found that implanted cuff electrodes partially detach from the nerve due to the
incapability to accommodate nerve growth, but morphing electronics can maintain a robust
interface for long-term neuromodulation (Figure 2.10¢). Malliaras et al. also demonstrated the role
of PEDOT based OECTs for local neural network stimulators[84]. OECTs are embedded in the 4
um thick Parylene film on the SU-8 shuttle depth probes. After penetrating the cortex, the probes
feature a mechanical delamination and leave only OECTs inside the brain, reducing the
invasiveness. It is proved that OECTs can deliver targeted stimulation to a specific local population
of neurons (nor more than 300 um away from the device). Coupling with ability to provide high
SNR recordings, OECTs can behave as high performance and minimally invasive devices for in

vivo electrophysiology.
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electronics that conformally adapts to sciatic nerve growth. The Morphing electronics is composed
of two materials: PEDOT:PSS plasticized by a viscous additive (glycerol) serving as a soft
conductor and a polymer blend of PDMS-IU and PDMS-1U0.6-MPUO0.4 as a viscoplastic insulator.
Morphing electronics allows plastic deformation with little stress when stretched by a growing
nerve. (b) Representative trace of elicited compound action potential stimulated by morphing
electronics and cuff electrode for 8 weeks. Blue dash denotes the 200 ps electrical stimulation pulse
with amplitude of 300 mV. (c) Image of cuff electrode and morphing electronics after 4-week
implantation. The cuff electrode was outgrown and partially detached from the sciatic nerve. Scale

bar, | mm[83]. Reprinted with permission.

2.5 Strategies to fabricate stretchable electronics

Compared with conventional electronics, stretchable electronics are more mechanically
conformable with various objects, especially curvilinear soft epidermis of the human body.

Stretchability demands that electronics have the capacity to absorb or accommodate mechanical
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deformation without fracture or obvious degradation in the performance. Compared with the
flexible devices that only offer bendability, it is more difficult to fabricate stretchable electronics,
where circuits inside must be wrapped conformally around complex curvilinear shapes or
integrated with biological tissues[85]. Extensive efforts have been devoted to the field of
stretchable electronics, such as wearable smart displays, biosensors, artificial skin and personalized
healthcare systems[86]. The methods to fabricate stretchable electronics are generally categorized

by two strategies, namely “structure-based” and “material-based” approaches[87].

Structure-based method was developed for conventional non-stretchable electronic materials,
including metal, metal oxides, and semiconductor thin films. Here, special interconnections,
formation of buckled structure need to be designed to tolerate the strain. For instance, the periodic
buckles that are formed by depositing conductive materials on a pre-stretched substrate can allow
the material to accommodate the cycles of initial pre-stretched strain without significant
degradation[88]. In the special interconnection design, the rigid electronic materials are patterned
into “wavy” structures or open mesh geometries, where each single unit can provide its
stretchability to the whole network when elongated. Fundamental stretchable patterns include
serpentine, polygonous networks and other lattice shapes such as horseshoe, hexagon and
hierarchical triangle[89]. The kirigami design can also form a network of notches and transform
the two-dimensional strain to three-dimensional deformation, increasing the strain at break of the
rigid nanocomposite from 4% to 370%[90]. Generally, this method makes it possible to transform
every rigid material to be stretchable without losing its electrical performance. However, the
fabrication process is complex, and the out-of-plane patterns make it difficult to be encapsulated,

especially for the devices that require planar interfaces[91].

Material-based method starts with the synthesis, processing, and patterning of materials, in order
to impart the stretchability to the whole electronic devices (Figure 2.11). Though intrinsically
stretchable materials possess the solid-state structure or molecular structure that produces
stretchability, they are quite rare in the field of electronic materials and substantially less developed
due to the intricacy[92]. Alternatively, embedding the conductive materials into the elastomer
matrix to form percolated networks is one well-established way to fabricate stretchable composites.
The choice of conductive fillers determines the electrical property of stretchable composites.

Conductive fillers with good conductivities, charge-transport properties and natural mechanical
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deformability, such as carbon nanotubes (CNTs), silver nanowires and conducting polymers, are
good candidates in this method[93]. The mechanical property of composites is largely governed by
the elastomer, which acts as the buffer to dissipate the energy during mechanical stretch and protect
the percolated conductive networks. Here, chemically crosslinked elastomers (e.g., PDMS,
Ecoflex), physically crosslinked elastomers (e.g., styrene ethylene butylene styrene, SEBS) and
dually crosslinked elastomers (e.g., polyurethane, PU) are widely investigated[94]. Stretchable
composites can be further subdivided on the basis of whether active materials are homogeneously
dispersed or assembled as a bi-layered structure on the substrate[87]. A homogenously blended
composite exhibits better strain endurance, while bi-layered structure is easy to be done and

optimized without the concern about the miscibility between the fillers and elastomers.
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Figure 2.11 Schematic illustration depicting the material-based approach for the fabrication of

stretchable electronics[87]. Reprinted with permission.
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2.6 Healable materials and electronics based on PEDOT

2.6.1 Introduction to healable materials and electronics

Self-healing electronics are emerging as new technologies that push the boundaries and limitations
of conventional devices that are susceptible to unexpected damage or breakage. The design and
fabrication of self-healing electronics highly rely on healable electronic materials, a class of
materials which possesses the ability to fully or partially reconstruct the electrical pathways and
mechanical properties upon external damages. In consequence, self-healing electronics can retain
electrical performance over time, upon fatigue, corrosion or damage, fundamentally prolonging the
device’s lifetime. To this date, a wide array of applications for self-healable electronics have newly
been demonstrated. A few notable examples include electronic skin (E-skin) for health monitoring,
wearable and stretchable sensors, actuators, transistors, solar cells for energy harvesting, and

batteries and supercapacitors for energy storage (Figure 2.12)[95].
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Figure 2.12 Schematic of a multifunctional self-healable soft electronic device on human skin.

Time

Self-healability of electronic systems uniquely enables the fabrication of self-repairable electronics
and modular and reconfigurable electronics. Self-repairable electronics can autonomously restore
their electrical and mechanical properties when they are mechanically damaged by scratching,
poking, rubbing and tearing. Modular and reconfigurable electronics allow users to customize their
own electronic devices with various two- or three-dimensional shapes and multiple functionalities

by a simple mechanical cut and self-healing process[95]. Reprinted with permission.
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For self-healing electronic materials, two parameters are generally denoted to evaluate the healing
performance. The first and most important parameter, “healing efficiency 1 is defined as the ratio
of property change before and after healing: n = (Phealed-Pdamaged)/(Ppristine-Pdamaged), where P is
material property of interest[96]. Electronic properties including conductivity or current, and
mechanical properties such as tensile stress or elongation at the break, are often involved in the
calculation of healing efficiency. The other parameter is known as healing response time, which
describes the recovery time of healing process. Due to the variation in the polymer chain mobility
and healing mechanisms, healing response time can be varied from less than one second to few

hours, or even several days[95].

2.6.2 Self-healing behavior of PEDOT

The conjugated system leads to intrinsic conductivity of conducting polymer. However, these n-
conjugated polymer chain backbones are rigid and lack of motion. In addition, they mainly interact
via weak Van der Waals interactions (bonding energy lower than 10 kcal mol')[97]. These
characteristics of conducting polymer, such as the lack of polymer chain diffusion and the difficulty
of achieving reversible dynamic bonding sites (e.g., hydrogen bonds, metal-ligand bonds), are not
ideal for healing[98-101]. Fortunately, tunable physical and chemical properties can be provided
by the diverse choices of dopants despite the rigid backbone, and the high processability of
conducting polymers further allows for easy modification to achieve self-healing[13]. The first
method is to increase the viscoelasticity of the conducting polymer and promote the rapid diffusion
of polymer chains, resulting in the healing behavior[95]. The second approach to achieve self-
healing electronic materials is to incorporate CPs into a self-healing system, especially a hydrogel
network|[102]. The resultant conductive composite usually can recover both electrical performance
and mechanical strength after being damaged. Yet another method is to introduce reversible bonds

via grafting polymer chains or adding functional groups into the polymer network[103].

The self-healing performance of PEDOT films can be briefly classified into the water-enabled
healing and the autonomic healing behavior, depending on if the external healing trigger water is
needed. The first investigation of the healing behavior of pristine PEDOT:PSS was reported by our
group in 2017. Thick PEDOT:PSS films were prepared by drop-casting commercial PEDOT:PSS

suspension on a glass substrate, then baking it at gradually increasing temperature[104]. We
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discovered that films of 1 pm thickness or more, cut by a razor blade, recover more than 90% of
their initial electric currents within ~ 150 ms, after covering the damaged area with a drop of water
(Figure 2.13). We hypothesize that this is related to the swelling of PSS chains in the film. After
water is dropped on the damaged area, PSS chains can take up water rapidly, enlarge their volume,
and propagate to the gap area[105]. PEDOT-PEDOT conducting paths are rebuilt due to the strong
coulombic interaction between PEDOT and PSS. Based on water-enabled healing behavior of
PEDOT:PSS, an ultra-sensitive and rapidly responsive water leak sensor has been demonstrated
on both rigid and flexible substrates. In addition, current recovery can also occur within a few
minutes at high relative humidity (80%-90%). The wet PEDOT:PSS film can function as an
autonomically healable conductor and the current becomes almost non-interrupted despite the
multiple cuts in different regions. Furthermore, via applying the wet PEDOT:PSS film as a channel
material, we obtained a self-healable OECT, which can show similar identical transfer
characteristics before and after blade cutting. Conductive composites or copolymers that contain
PEDOT and PSS have also been reported to possess water or vapor induced healing behavior. A
porous composite aerogel consisting of PEDOT:PSS and reduced graphene oxide (rGO), with a
thickness of 200 wm, can heal the scratch made by a razor after the damaged region is treated with
water vapor for 30 min[106]. The PEDOT:PSS/rGO aerogel electrodes retain similar cyclic
voltammetry curves even after eight damaging/healing cycles, with a capacitance retention of ~
95%. Similarly, a block copolymer, comprising PEDOT, soft segments of poly(poly(ethylene
glycol) methyl ether acrylate) (PPEGMEA), and hard segments of PSS was synthesized using a
reversible addition-fragmentation chain transfer polymerization[107]. Spin-coated films of this
block copolymer (~ 300 nm thickness) show a conductivity of ~ 0.05 S cm™ and can recover the
conductivity from a ~ 50 um cut immediately after water dropping, with an electrical healing

efficiency of ~ 50%.
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Figure 2.13 Current versus time measurements (applied voltage 0.2 V) for PEDOT:PSS film
(thickness: 10 um; width: 4 mm; length: 20 mm) showing the effect of damage (cutting with a
razor blade) and healing (covering the damaged area with a drop of water). The damage/healing
process was repeated three times on different regions of the film. The inset shows the magnified
image of the current response time to highlight the rapidity of the healing process[104]. Reprinted

with permission.

Autonomic healing of PEDOT:PSS could be achieved via wetting the films as described before.
However wet films are very fragile and difficult to handle. To achieve a stable autonomic self-
healable conductor, several additives, which can reduce the crystallinity of the polymer and also
increases the polymer segmental mobility[108], are often blended to alter the mechanical property
the PEDOT:PSS. By blending large amount of Triton X-100 with PEDOT:PSS, due to the non-
volatile nature, Triton X-100 will remain inside the resultant film after baking, thus altering the
nanostructure of PEDOT:PSS[109]. The formation of nanofibril physical network enhances the
viscoelasticity, which enables the molecular rearrangement of polymer chains under a stress (or

called creep). Thus, after being scratched, the viscoelastic polymer can flow back to the damaged
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area quickly. Due to the high mobility of nanofibrils inside PEDOT:PSS film, the physical and
conductive network in the damaged area will be restored (Figure 2.14). Generally, this healing
process is fast (~ few seconds), repeatable, and stable. Using the viscoelastic PEDOT:PSS/Triton
X-100 composite, a self-healing thermoelectric generator has been fabricated [110]. This device
continues the function even after repetitive cuts, retaining >85% of its initial power output.
Recently, self-healable and high-performing OECTs using PEDOT:PSS/Triton X-100 channel
were reported[111]. These OECTs maintain high electrical performance after mechanical damage,
retaining ~ 90% of initial transconductance and ON/OFF ratio. In terms of ion-sensing behavior,
these OECTs exhibit a high ion sensitivity of ~85 mV dec™! and recover ~95% of their ion

sensitivity after healing.
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Figure 2.14 (A) Self-healing of the PEDOT:PSS. Current change of the PEDOT:PSS (fs = 0.8)

during repeated cycles of cutting and healing. (B) Real images of the self-healed PEDOT:PSS[109].

Reprinted with permission.

2.6.3 Progress on self-healing composites and electronics based on PEDOT

Gelation of PEDOT:PSS aqueous suspensions with non-volatile additives (e.g., agarose, lignin,
alginates, guar gums or cellulose) can result in PEDOT:PSS hydrogels with low modulus, high

electrical conductivity, and excellent electrochemical properties, which are desirable for
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bioelectronics[112]. Most of these hydrogels are healable due to the existence of dynamic bonds
(e.g., hydrogen bonds) inside the scaffold[113-115]. A nanocomposite hydrogel which possesses
porous structure and high swelling ability (~800% weight increase in water) has been fabricated
via blending PEDOT:PSS with agarose [116]. The polymer agarose, made up of repeating units of
agarobiose, functions as the backbone of this hydrogel, which can display reversible sol-gel
transition upon heating and cooling. After the hydrogel is physically damaged, near-infrared light
can locally melt the damaged site through photothermal conversion. The gap is then healed after
cooling to room temperature due to gelation. In addition, acids are often used to protonate and
remove PSS from PEDOT:PSS, leading to the conformational change and enhanced n-r stacking
of PEDOT chains [117]. Zhang et al. obtained a PEDOT:PSS hydrogel formed at room temperature
(RT-PEDOT:PSS hydrogel) via blending PEDOT:PSS with dodecylbenzenesulfonic acid (DBSA)
due to its ability to separate PEDOT and PSS as well as to form gelated PEDOT micelles[118].
This hydrogel shows a moderate conductivity of ~ 0.1 S cm™, and a Young’s modulus of ~ 1 kPa.
Recovery of both electrical and mechanical properties is achieved by connecting two separated
hydrogels parts due to the reformation of dynamic hydrogen bonds (Figure 2.15 a). This hydrogel
also exhibits good injectability. The fibers formed by injecting it from a syringe can function as the
channel material in OECT, exhibiting a typical transistor behavior in the depletion mode with a

maximum transconductance value of ~ 1.4 mS (Figure 2.15 b-c).

However, the gelated PEDOT:PSS hydrogel is mechanically weak [119]. The limited mechanical
strength of gelated hydrogels is attributed to high swelling, poor network organization, and
inhomogeneous structure[ 120]. It still remains a great challenge to construct tough self-healing
materials, balancing the conflicts between the adequate dynamic reversible interactions for healing
and the strong interactions needed for robustness[121]. Self-healing functionality relies on mobility
of polymer molecular chains, which is usually based on the relatively weak polymeric systems of
dynamic covalent bonds and non-covalent bonds. In contrast, crosslinking sites are often embedded
in the polymer network to increase the mechanical strength of hydrogels, which, however, hinders
the diffusion rate of polymer molecular chains, and thus decreases the efficacy of self-healing[122].
The simplest method to generate both self-healable and mechanical tough hydrogel is the
incorporation of PEDOT into tough healable host hydrogel network. Xu et al. synthesized a super-
stretchable, tough and self-healable PEDOT:PSS hydrogel by polymerization of the N-
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isopropylacrylamide (NIPAM) monomer inside the commercial aqueous suspension of
PEDOT:PSS, and then the crosslinking by the functionalized boron nitrogen sheets (f-BNNS)[121].
The multiple dynamic hydrogen bonds between sulfonate groups of PSS and N-H group of f-BNNS,
as well as between PSS and poly(N-isopropylacrylamide) (PNIPAM) chains not only provide the
healing ability and adhesive ability, but also provide a large number of dynamic crosslinking sites
to enhance the mechanical strength of the hydrogel. The f-BNNS/PEDOT:PSS/PNIPAM gel can
endure an elongation of ~2600% at break, a tensile strength of 80 kPa, and a uniaxial compression

up to 90% strain.
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Figure 2.15 (a) Mechanical healing of the RT-PEDOT:PSS hydrogel by placing two separated RT-
PEDOT:PSS hydrogels (mildly dehydrated) together for 5 min. (b) Schematic of the fabricated
OECTs with injected PEDOT:PSS hydrogel fiber. The hydrogel fiber was freeze-dried after
printing on the Au electrodes which have a gap of 10 um; the inset shows the real optical image of
the freeze-dried fiber on the source-drain electrodes. (¢) Output and transfer curves of the OECTs

with PEDOT:PSS hydrogel fibers as the channel[118]. Reprinted with permission.
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However, mechanically tough host hydrogels usually have low conductivity due to the difficulty
of forming percolation networks between PEDOT-rich domains[123]. More importantly, compared
to soft hydrogel systems, the healing time in tough hydrogels is generally longer due to the
impediment of the polymer chain diffusion in a more crosslinked network[124-126]. Thus,
chemical modification or grafting of special functional groups can be used to reinforce the
mechanical strength and healing property of the soft gel systems by promoting reversible internal
interactions between the additives or grafted groups with the host gel. 4-carbonxybenzaldehyde
(CBA), which can react with hydroxyl groups and form hydrogen bonds with the sulfonate groups
of PSS, was added to tune the property of PEDOT:PSS/PVA hydrogel[127]. This conductive
hydrogel provides self-healing, stretchability (up to 300% for elongation at break), conductivity (~
600 S cm™), and strong adhesion. The reinforced hydrogel can also show fast electrical and
mechanical self-healing ability at room temperature with high healing efficiency, mainly due to the
robust electrostatic interactions and dynamically reversible hydrogen bonds between PEDOT:PSS
and PVA chains. This stretchable and self-healing hydrogel was utilized as the binder for silicon
anodes in lithium-ion batteries to minimize capacity loss due to the huge change of silicon volume
during lithiation and de-lithiation cycles. The silicon/hydrogel composite electrodes can maintain
superior cycling stability with a capacity retention of ~ 74% and remain at a high reversible
capacity of ~ 1700 mA h g after 200 cycles at current density of 2000 mA g at 55 °C. Post-
treatment of soft PEDOT hydrogels is another method to enhance the toughness without sacrificing
healing ability[ 128, 129]. For instance, soaking of hydrogels in organic solvents usually prompts a
change in structure and composition of the gel network, enabling some active sites/groups that are
originally occupied by water to form specific interactions with solvent molecules to strengthen the
hydrogels[130]. Gao et al. improved the toughness and stretchability of PEDOT/PVA hydrogel
greatly via soaking in sulfosuccinic acid (SA)[131]. The hydrogel shows a significant increase in
toughness (from ~ 0.7 to ~ 7.8 MJ m™), tensile strength (from ~ 0.4 to ~ 2.5 MPa), and elongation
at break (from ~ 270% to ~ 600%) after soaking. The enhancement of these mechanical properties
is due to the formation of multiple noncovalent bonds induced by soaking, such as hydrogen
bonding between the carboxylic groups of SA and hydroxyl groups of PVA, and
electrostatic/dipole interaction between sulfonate groups of SA and positively charged PEDOT.

These multiple noncovalent bonds allow the gels to be healed after being cut and pressed together
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in hot water at 80 °C for 5 min, with a healing efficiency of 83% in fracture stress and 99% in

conductivity (Figure 2.16).
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Figure 2.16 Study on the self-healing properties. (A) The self-healing process with the aid of hot
water; (B) optical microscopic images of the self-healing process to show the disappearance of the
boundary between the two gels; (C) mechanical stretching of the healed GEL-30 (yellow arrow
indicates the wield interface); (D) stress-strain curves; (E) self-healing efficiency of healed GEL-
30 upon dipping the cutting surface in hot water for 2 and 5 min. The self-healing efficiency is
calculated by the formula n = An/4o x 100, where An and A, are the fracture stress or conductivity

of the healed and the original samples, respectively[131]. Reprinted with permission.
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CHAPTER 3 MATERIALS AND APPROACHES
3.1 Preparation of conducting polymers

3.1.1 Processing of PEDOT:PSS

The PEDOT:PSS aqueous suspension (Clevios PH1000) from Heraeus Electronic Materials GmbH
(Leverkusen, Germany) is used as the starting material for this project. Different additives are
blended with as-received suspension to improve the property of PEDOT:PSS: glycerol, PEG and
sulfuric acid soaking can improve the film conductivity; Capstone FS-300 flurosurfactant, PEG,
and Triton X-100 are used as surfactant or plasticizer to enhance the stretchability or/and
wettability of PEDOT:PSS film; GOPS is able to crosslink PEDOT:PSS and increase the film
adhesion especially on glass substrate. The mixtures of PEDOT:PSS and additives are spin-coated

or drop-cast depending on the requirement of the film thickness, and then baked on the hotplate.

3.1.2 Synthesis of other conducting polymers

Other conducting polymers are synthesized via oxidative polymerization or electropolymerization
method. The synthesis details of PEDOT:ClO4, PEDOT: para-toluene sulfonate (PEDOT:Tos), and
PEDOT:trifluoromethanesulfonate (PEDOT:OTY) are described in section 6.6.

3.2 Conductivity measurement

The conductivity is calculated from the film thickness and sheet resistance. The resistivity of the
PEDOT:PSS thin films is measured by using a source/measure unit and a point probe setup with
four equally spaced tungsten metal tips (Figure 3.1). The thickness of the films is measured by a
profilometer. For thin solid films with large surface area and thickness below 100 um, the following

equation can be used to extract the resistivity value:

B = 453247 (Equation 3)

Where p is the resistivity of the film, d is the film thickness, I is the supplied current and V is the

measured voltage. The conductivity o then can be extracted using the following relation:

oc=1/p (Equation 4)
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Figure 3.1 The image of four-point probe setup with a Jandel 4-pin four-point probe head
3.3 Stretchability characterization

3.3.1 Preparation of elastomer PDMS

The elastomer PDMS, adopted as the substrate for stretchable OECTs, is fabricated by blending
elastomer and curing agent (weight ratio 10:1), spin coating on the glass substrate and baking on a
hot plate at 100 °C for 1 h. Ahead of the PEDOT:PSS deposition, the obtained PDMS substrates

are cleaned by exposure to UV/Os3 for 20 min.

3.3.2 Electromechanical test

The stretchability of PEDOT:PSS films on PDMS is clarified by transient current measurements at
different applied strain percentages, defined as the length change upon stretching (AL) divided by
the initial length of the PDMS substrate (L) and multiplied by 100%. To allow comparison between
different samples, the currents are normalized with respect to the initial value (unstretched samples).
To benchmark the current variation, we use the ratio [Al/lox], where Al indicates the current change
between the released and stretched states and lox is the current in the released state after the first
application of x% preset strain. Thus, a low value of [Al/lox] indicates a small current variation
between the stretched and the released states (strain-insensitive), as required for stretchable OECTs.
On the other hand, a high [Al/lox], i.e., a large current variation between the stretched and the

released state (strain-sensitive), can be exploited in devices such as pressure sensors. Another
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parameter that can be acquired here is the elongation at break, which defines the maximum strain

that PEDOT:PSS can endure without forming throughout cracks and losing all conducting paths.

3.4 Self-healing test

Self-healing test is employed to evaluate the ability of conducting polymers to recover the electrical
property upon the external damages with/without the trigger of water. The drop-cast PEDOT:PSS
films are shaped into a size of =(6.0 % 1.5) cm with different thicknesses. The current is measured
with electrical probe station via placing tungsten probes on conducting polymer films. The cuts are
performed manually using different razor, surgical, ceramic blades, a quartz microscope slide and
a micro-scratcher. The details of self-healing tests are described in section 5.6 and 6.6. The healing

efficiency and response time can be extracted from the current versus time profile.

3.5 Microfabrication and characterization of stretchable OECTs

3.5.1 Microfabrication

The microfabrication is an important step to obtain OECTs. Generally, Au electrodes are first
patterned on the PDMS elastomer. In order to avoid the contamination of commercial photoresists
on PDMS, a parylene transfer method is used here. 1 um parylene layer is evaporated on the pre-
cleaned flexible PET substrate. Commercial photolithography with AZ-900 photoresist and
reactive ion etching are applied to create patterns on parylene. Then patterned parylene is
transferred on the prepared PDMS substrate due to the stronger adhesion between PDMS and
parylene layer. In the following E-beam evaporation, Au source/drain contacts (40 nm thickness
with 4 nm Cr/Ti as adhesion layer) are deposited on PDMS using parylene layer as a mask.
Patterned Au electrodes are obtained via peeling off the Parylene film. Then PEDOT:PSS films are
spin-coated on PDMS substrate, and negative fluorinated photoresist (OSCoR 4000, Orthogonal,
Inc.) is used to pattern the PEDOT:PSS channel in the OECTs.

3.5.2 Characterization of stretchable OECTs

We use either 0.1 M NaCl aqueous solution confined in an elastic well made of stretchable tape (3
M VHB 4905) or a cut and paste polyampholyte hydrogel containing NaCl as the electrolyte for

OECTs. As the gate electrode for devices using aqueous electrolytes, we use activated carbon



41

(PICACHEM BPY) on carbon fiber paper (Spectracorp 2050, 10 mils) and a planar PEDOT:PSS
stripe is adopted for those using a hydrogel electrolyte. Liquid metal EGaln are applied at the
source-drain electrodes to facilitate the probing. The strain is applied in situ with a LabVIEW
software controlled tensile tester, and the transistor electrical characteristics are measured with an
Agilent B2900A source measure unit controlled with Quick IV Measurement software at the same

time (Figure 3.2).

Figure 3.2 The probing system used to measure the transistor characteristics

3.6 Composition characterization

3.6.1 X-ray photoelectron spectroscopy

For conducting polymer PEDOT:PSS films, X-ray photoelectron spectroscopy (XPS) is used to
identify the elements (i.e., S, C, O) and their chemical states based on the photoelectric effect. At
high or ultra-high vacuum conditions, a beam of X-rays irradiates the testing material, resulting in
the electron population spectra. The material properties are obtained via analyzing the number of
ejected electrons and kinetic energy. In our experiments, the XPS test of conducting polymer films
is performed using a VG ESCALAB 3MKII system with Mg-Ka X-ray source in an ultra-high
vacuum (Figure 3.3). The limitation of this powerful technique is that it can only detect elemental

composition of material on the surface.
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3.6.2 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy, or FTIR spectroscopy is a technique using infrared light
to scan test samples and observe chemical properties. Mid-infrared region (400 to 4000 cm™)
spectra will usually be obtained by measuring the absorbed radiation due to the conversion into
vibrational and/or rotational energy by sample molecules. The peaks in the spectra corresponding
to frequencies of light are absorbed because they match the natural vibration of the molecules or
chemical structures, making this technique quite useful for the chemical identification for both
organic and inorganic compounds. Intensity of the FTIR spectra is measured as the percent of
transmittance of the radiation with respect to reference. In the FTIR test of conducting polymer
films, the spectra of PEDOT:PSS films is performed using a PerkinElmer FTIR Spectrum Two

spectrometer.
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CHAPTER 4 TUNING THE ELECTROMECHANICAL PROPERTIES
OF PEDOT:PSS FILMS FOR STRETCHABLE TRANSISTORS

4.1 Introduction

Stretchable electronic devices, such as light-emitting diodes, solar cells, transistors, and capacitors,
are attracting enormous interest for applications in wearable electronics and bioelectronics.
Organic conducting polymers have emerged among the most promising materials for stretchable
electronics because of their high electrical conductivity, ease of processing on a wide range of
substrates, stability in water and biocompatibility. In particular, organic electrochemical transistors
(OECTs) based on the conducting polymer poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS) are regarded as revolutionary tools to replace conventional
bulkier systems for many in vitro and in vivo bioelectronic applications, including high resolution
mapping of cell activity and flexible self-powered biosensors for electrophysiological signal

monitoring.

To fabricate fully stretchable OECTs, the mechanical properties of PEDOT:PSS, which is
inherently brittle, need to be modified by blending it with elastomers or surfactants. Mixtures of
PEDOT:PSS with elastomers yield conductive gels. However, for OECTs, thin films are preferred
to gels since a low thickness favours a reversible and fast doping/dedoping process, leading to a
high ON/OFF ratio and a fast response time. Stretchable PEDOT:PSS thin films can be obtained
by blending PEDOT:PSS and surfactants, which act as soft domains to absorb the external strain
and reduce the electrostatic interactions between PEDOT and PSS. Blends of PEDOT:PSS and
surfactants are easily processable on stretchable substrates and can yield stretchable ultrathin films
with a high conductivity. However, the effect of the processing parameters such as film thickness
and baking temperature on the stretchability of PEDOT:PSS films is yet to be investigated. To push
forward their applications in developing strain-insensitive OECTs, further optimization of the
electromechanical properties of PEDOT:PSS thin films is needed to minimize the current change
with the strain. An additional challenge for fabricating fully stretchable OECTs is that they require
stretchable metal contacts. Stretchable conductors such as liquid metals, although increasingly used
in stretchable electronics, are not suitable as electrodes for OECTs due to their limited

electrochemical stability and biocompatibility.
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Our group has demonstrated fully stretchable PEDOT:PSS OECTs, by combining parylene
transfer-patterning and orthogonal lithography on an elastomer substrate maintained under strain
during the fabrication process. However, the resulting devices have a periodic wavy surface
(buckled) profile, which is a challenge to achieve seamless contact with skin or living tissues. In
addition, buckled devices present out-of-plane patterns, which are difficult to encapsulate and
disadvantageous for devices that require planar interfaces. Therefore, further development of
nonbuckled stretchable OECTs is highly desirable to decrease the fabrication complexity and to
increase the device yield. Towards this goal, Marchiori et al. recently described laser-patterned
serpentine metallic interconnects for stretchable OECTs, which leads to PEDOT:PSS OECTs

showing unchanged performance up to 11% strain.

In this work, we report strain-insensitive stretchable OECTs on polydimethylsiloxane (PDMS)
substrates, fabricated with conventional technologies, without prestretching the substrates. Our
OECTs maintain similar performance up to 30% strain (the maximum strain the human skin can
tolerate). The stretchability is maximized by fine tuning the composition, reducing the thicknesses
and decreasing the baking temperature of PEDOT:PSS films. By interposing a thin parylene layer
between the PDMS substrate and the PEDOT:PSS film, we are able to improve the ON/OFF ratio

and the transconductance of the devices to levels comparable to OECTs on rigid substrates.

4.2 Results and discussions

Figure 4.1(a-1) shows the fabrication process of stretchable OECTs on PDMS, which is similar to
that previously reported for buckled devices (fabricated on an elastomer substrate maintained under
strain during the fabrication process). Briefly, Au contacts are patterned on a PDMS substrate,
attached on a supporting glass slide, via transfer-patterning of a parylene shadow mask prepatterned
on polyethylene terephthalate. Subsequently, a PEDOT:PSS film is spin-coated on the substrate
and patterned using orthogonal lithography. The PDMS substrate with the PEDOT:PSS film is then
peeled-off from the supporting glass substrate. Figure 4.1j shows the cross-section of one of the
geometries we adopted for stretchable OECTs. For that system the electrolyte (0.1 M NaCl aqueous
solution) was confined in an elastic well made of stretchable tape (3M VHB 4905), and activated

carbon on carbon paper used as the gate electrode. Our stretchable OECTs show no macroscopic
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physical damage at different strains (Figure 4.1k). Additionally, they can be arbitrarily stretched,

twisted, and placed in conformable contact with the skin (Figure 4.11).

Electrolyte

Gate
[N f

L

Ves
Elastic tape
Stretchable PEDOT:PSS

Figure 4.1 a-1) Process flow for the fabrication of stretchable OECTs on nonbuckled PDMS: a)
transfer of a prepatterned parylene mask from a polyethylene terephthalate (PET) sheet to a PDMS
substrate temporarily attached on a glass slide, b,c) Ti (4 nm)/Au (25 nm) deposition and parylene
removal, d) spin coating of 50 nm PEDOT:PSS (with 5 v/v% glycerol and 1 v/v% Capstone FS-
30), e) patterning of PEDOT:PSS via orthogonal photoresist lithography and oxygen reactive ion
etching, f,g) peeling off PDMS from glass slide, h) applying a 30% strain to the devices, 1) releasing
the strain to obtain a stretchable OECT, j) schematic image of one of the device structures used for
stretchable OECTs, k) optical images of stretchable OECTs at 0%, 15%, and 30% strain (¢), where
an elastic tape is attached on top, and 1) optical images of our nonbuckled stretchable OECT (with
channel length of 8 mm and channel width of 2 mm) being stretched, twisted, and placed in contact

with skin. The scale bar is 1 cm.

On-skin bioelectronic applications require devices whose electrical properties are not significantly
affected within an applied strain of 30% (Figure SA1, Supporting Information), the maximum
strain tolerated by human skin. To achieve this goal the following processing conditions were

identified: the addition of 1 v/v% fluorosurfactant (Capstone FS-30) to the PEDOT:PSS suspension,
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a thickness of 25 nm for the Au electrodes and of 50 nm for the PEDOT:PSS channel. The devices
were baked for 1 h at 100 °C and a 30% strain was applied prior to measurements. The importance

of this last step will be discussed in detail later.
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Figure 4.2 Output and transfer curves of our nonbuckled stretchable OECTs using an activated
carbon gate electrode and 0.1 M NaCl solution as the electrolyte. PEDOT:PSS is mixed with 5 v/v%
glycerol and 1 v/v% Capstone FS-30. The films were baked at 100 °C for 1 h. The thickness of the
PEDOT:PSS channel and the Au electrode are 50 and 25 nm respectively. a) output curves of
OECTs on PDMS at 0%, 15%, 30% strain, b) transfer curves of OECTs on PDMS at 0%, 15%,
30% strain, c¢) output curves of OECTs on parylene/PDMS at 0%, 15%, 30% strain, d) transfer
curves of OECTs on parylene/PDMS at 0%, 15%, 30% strain. The channel length and width are 8
and 2 mm (W/L of 1/4) respectively. e) Output curves of micro-OECTs on parylene/PDMS and f)
transfer curve of micro-OECTs on parylene/PDMS. The channel length and width are 10 and 4000

um (W/L of 400).

The output and transfer characteristics of the OECTs, measured at 0%, 15%, and 30% strain, show
the typical behavior of PEDOT:PSS OECTs working in depletion mode (Figure 4.2a,b). Large
device dimensions (channel length, L, of 8 mm and a width, W, of 2 mm) were here chosen to
facilitate electrical measurements during stretching. It is worth noting that applied strains up to 30%

did not significantly affect the device electrical performance in terms of output and transfer curves.
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From the transfer curves, we observed a strain-insensitive transconductance (i.e., source-drain
current, ldas, sensitivity to gate voltage, Vs, variations, Figure SA2, Supporting Information). We
extracted a maximum transconductance of about 70 uS (Vgs = 0.1 V, Figure SA2, Supporting
Information), and an ON/OFF ratio of =7 (0% strain, Ids (Vg = 0)/Ias (Vgs = 0.8)), both lower
compared to that of devices with the same geometry on glass or PET substrates, which typically
show a transconductance around 1 mS and an ON/OFF ratio above 100. We obtained similar results
in our previous report on stretchable OECTs for buckled devices, which we attributed to leakage

of impurities or PDMS monomers at the PEDOT:PSS/PDMS interface.

The transconductance and the ON/OFF ratio of the devices were improved by interposing a thin
parylene interlayer (1 pm thick) between PDMS and PEDOT:PSS. Parylene on PDMS can be
deposited directly or transferred via a plastic carrier. We observed that parylene films directly
deposited on PDMS can be stretched up to 30% with microcracks, while films transferred via a
plastic carrier show the appearance of much larger cracks at lower strains (<10%) (Figure SA3 a,b,
Supporting Information). The parylene interlayer likely acts as a smoother interface to prevent the
diffusion of impurities such as uncured monomers or oligomers, from PDMS to the PEDOT:PSS
channel, facilitating dedoping of PEDOT:PSS at the interface and thus leading to high performance
of OECTs despite the presence of microcracks under strain (Figure SA3c,d, Supporting
Information). The output and transfer curves in presence of the parylene interlayer show minor
changes within 30% strain (Figure 4.2c,d). Additionally, the ON/OFF ratio is increased to about
~80, (i.e., about a factor of 10 higher than that of the devices on PDMS) and the maximum
transconductance, at Vgs = —0.1 V, to 200 uS (i.e., about three times higher than the devices on
PDMS, Figure SA2, Supporting Information). To further validate our method, we fabricated micro-
OECTs (with L = 10 um and W = 4000 um) on parylene/PDMS. Such devices show a higher
ON/OFF ratio of 150 (Figure 4.2e,f) and a transconductance of 0.4 mS (Figure SA2, Supporting

Information), i.e., similar to that of OECTs with same geometry on rigid substrates.

The high stretchability of the OECTs discussed above is achieved by fine tuning the
electromechanical properties of PEDOT:PSS films, depending on the film thickness, baking
temperature, and the strain applied prior to measurements. We clarify the role of these factors on
film stretchability by transient current measurements of PEDOT:PSS films on PDMS at different
applied strain percentages, defined as the length change upon stretching (AL) divided by the initial
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length of the PDMS substrate (L) and multiplied by 100%. To allow comparison between different
samples, the currents were normalized with respect to the initial value (unstretched samples). To
benchmark the current variation, we used the ratio [Al/lox], where Al indicates the current change
between the released and stretched states and 10x is the current in the released state after the first
application of x% preset strain. Thus, a low value of [Al/Iox] indicates a small current variation
between the stretched and the released states (strain-insensitive), as required for stretchable OECTs.
On the other hand, a high [Al/lox], i.e., a large current variation between the stretched and the

released state (strain-sensitive), can be exploited in devices such as pressure sensors.
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Figure 4.3 Normalized current versus time at different applied strain percentages a,c,e) and Al/lox
versus strain percentage b,d,f) of PEDOT:PSS films on PDMS. A constant voltage of 1 V is applied
for all measurements. Al indicates the current changes upon stretching and Iox the current in the
released state after the application of x% strain. The strain is applied for 50 s in the sequence of
0%, 15%, 0%, 30%, 0%, 45%, 0%, and 60%, 0%, a,b) 130 nm thick and 50 nm thick films baked
at 100 °C for 1 h, ¢,d) 50 nm thick films baked at 100 and 140 °C for 1 h, e,f) 50 nm thick and 90
nm thick films on parylene/PDMS baked at 100 °C for 1 h.

The effect of thickness on the film stretchability is shown in Figure 4.3a. For the 130 nm thick
PEDOT:PSS film, after the first application of a 15% strain (preset strain), the current decreases

by ~20%. Notably, in the subsequent 0%-15%-0% strain cycles, the current remains unchanged,
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thus yielding a small [Al/lox] of about 0.03 (Figure 4.3b; Figure SA1, Supporting Information).
That is, the conductivity of the film becomes insensitive to external strains (within x%) after the
first application of x% preset strain (here x = 15%). However, for 130 nm thick films, this
conclusion only applies to strains up to 15%. For example, upon increasing the preset strain to 30%,
the current decreases sharply to the noise level. When the film is released, instead of being stable,
it recovers to ~50% of the initial value, thus yielding a [Al/lox] of about 1 (Figure 4.3b).
Significantly, decreasing the PEDOT:PSS thickness dramatically minimizes Al/lox at a wide strain
range. For example, for the 50 nm thick film, a lower [Al/Iox] is obtained (Figure 4.3b) even after
increasing the preset strain up to 45% strain, demonstrating reducing thickness of PEDOT:PSS

films is effective in realizing strain-insensitive OECTs.

The effect of baking temperature on film stretchability, at a fixed thickness of 50 nm, is shown in
Figure 4.3c,d. We observed that decreasing the baking temperature from 140 to 100 °C not only
increases the stretchability, but also decreases the [Al/lox], especially under higher strains. For
example, PEDOT:PSS films baked at 140 °C show high [Al/lox] of =0.9 between 0% and 60%
strain, while films baked at 100 °C show much lower values of 0.5. Overall, these results point out
that, beyond reducing film thickness, decreasing the baking temperature of PEDOT:PSS films on

PDMS is also an effective way to minimize its sensitivity to external strains.

The above conclusions also apply when a parylene interlayer is interposed between PDMS and
PEDOT:PSS (Figure 4.3¢). For example, at 30% strain, 50 nm thick PEDOT:PSS films maintain a
small [Al/Iox] of about 0.1 while 90 nm thick films show a [Al/Iox] of =1 at 15% strain (Figure 4.3f).
However, PEDOT:PSS on parylene/PDMS shows inferior stretchability with respect to that on
PDMS, which is likely due to the cracking of the parylene interlayer under strain (Figure SA3,
Supporting Information), which is transferred to the PEDOT:PSS film (Figure SA4, Supporting
Information). Nevertheless, PEDOT:PSS film with 50 nm thickness on parylene/PDMS show
stable current and excellent cyclic stability (60 cycles) between 0% and 30% strains (Figure SAS,

Supporting Information), making them suitable candidates for stretchable OECTs.

4.3 Conclusion

We have demonstrated that stretchable OECTs can be developed with standard fabrication methods

such as evaporation of Au electrodes and spin coating of PEDOT:PSS on PDMS, without
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prestretching the substrate. The highly stretchable and strain-insensitive PEDOT:PSS OECTs are
obtained by reducing the thickness and decreasing the baking temperature of the PEDOT:PSS films.
High performance strain-insensitive OECTs are obtained by modifying the PDMS surface with 1
um thick parylene interlayer. Our work paves the way for developing stretchable and high-

performance organic electronics for wearable biomedical applications.

4.4 Experimental Section

The PEDOT:PSS aqueous suspension (Clevios PH1000) was purchased from Heraeus Electronic
Materials GmbH (Leverkusen, Germany). Glycerol (99.5%+ purity) was purchased from Caledon
Laboratories Ltd. (Georgetown, ON). Capstone FS-30 was purchased from Sigma-Aldrich. The
liquid metal gallium-indium eutectic (EGaln) 495425 was purchased from Sigma-Aldrich. The
fluorinated photoresist kit, including a negative tone chemically amplified photoresist (OSCoR
4000), a developer (Orthogonal developer 700) and a stripper (Stripper 103), was supplied by
Orthogonal Inc. (Rochester, NY, USA). Glass slides were purchased from Corning. PDMS
(Sylgard 184 silicone elastomer kit) was purchased from Dow Corning. Polyethylene terephthalate
(PET) sheets were purchased from Policrom Inc (Bensalem, PA, USA). Parylene (Parylene C) was
purchased from SCS coating.

As stretchable substrates, 300 um thick PDMS sheets were used, pretreated with UV/O3 for 20 min
prior to PEDOT:PSS deposition. PEDOT:PSS films were processed by spin coating a mixture of
Clevios PH1000, 5 v/v% glycerol and 1% Capstone FS-30 at different speeds and different baking
temperatures. The PEDOT:PSS thickness was measured with a profilometer (Dektak 150) using a
12.5 pm stylus tip with a 10 mg stylus force and the following values were obtained: about 130 nm
(1000 rpm), 70 nm (2000 rpm), and 50 nm (4000 rpm) for PDMS, and 90 nm (1500 rpm) and 50
nm (3000 rpm) for parylene/PDMS. For these measurements, the films were transferred from
PDMS onto glass using a water-soluble tape (3M 5414). The Ti and Au film were deposited by

thermal electron-beam (E-beam) evaporation at 1 A s7".

OECTs were fabricated following a procedure reported previously for buckled PDMS substrates:
Au electrodes were patterned via parylene transfer-patterning and PEDOT:PSS films were

patterned with orthogonal photolithography. A 0.1 M NaCl aqueous solution, confined in an elastic
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well made of stretchable tape (3M VHB 4905), was used as the electrolyte. Liquid metal EGaln

was applied at the source-drain electrodes to facilitate probing.

The transient current measurements were carried out on PEDOT:PSS films with a width of 10 mm

and a length of 5 mm included between gallium-indium eutectic electrodes.

Electrical measurements were carried out using an electrical probe station and an Agilent B2900A
source measure unit controlled with Quick IV Measurement software in ambient conditions. The

strain was applied in situ with a LabVIEW software-controlled tensile tester.
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CHAPTER 5 ARTICLE 1: HIGHLY STRETCHABLE PEDOT:PSS
ORGANIC ELECTROCHEMICAL TRANSISTORS ACHIEVED VIA
POLYETHYLENE GLYCOL ADDITION

This article has been published in the journal “Flexible and Printed Electronics” in 2019. This
article reports the enhanced stretchability and conductivity of PEDOT:PSS films via the addition
of plasticizer polyethylene glycol (PEG). The OECTs fabricated on elastomer substrates based on
PEDOT:PSS/PEG films show superior performance in terms of both mechanical compliance and
transistor characteristics. The supporting information for this article is reprinted in Appendix A of

this thesis.
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5.2 Abstract

Organic electrochemical transistors (OECTs) are widely used in biosensing and bioelectronics, due
to their ability to convert ionic signals into electronic signals and their high transconductance.
Stretchable OECTs are particularly suited for on-skin and on-organ bioelectronics, since they are
able to record or transmit signals under mechanical strain. Most stretchable OECTs are based on
the conducting polymer poly(3, 4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS), which needs to be appropriately processed to yield stretchable films. Here we report
stretchable OECTs that are obtained by modifying the mechanical properties of PEDOT:PSS films
via the addition of low-molecular weight polyethylene glycol (PEG), which acts as a plasticizer.
The presence of PEG in the films prevents the formation of cracks under strain while maintaining

a high electrical conductivity, thus resulting in improved electromechanical properties. In particular,
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the addition of PEG leads to a higher channel thickness and increased ion mobility in the films,
thus resulting in stretchable OECTs with high transconductance and fast response time. This work
shows that high stretchability, high transconductance and fast response time can be simultaneously
obtained in OECTs, paving the way for their applications in conformable devices at the human-

machine interface.

5.3 Introduction

Increasing demand for intelligent, wearable and integrated electronics has driven the
unprecedented interest in stretchable electronic devices, such as sensors[132], transistors[133],
solar cells[134], batteries and capacitors[ 135, 136]. Organic electrochemical transistors (OECTs)
are already widely used in bioelectronics, where a combined electronic-ionic transport is
required[44, 57, 137, 138]. Stretchable OECTs are highly demanded for on-skin or on-organ

applications because of their ability to show strain-insensitive electric performance.

Currently, most OECTs use thin films of the conducting polymer poly(3, 4-ethylenedioxythiophene)
doped with polystyrene sulfonate (PEDOT:PSS) as channel material, because of its high

conductivity, biocompatibility, ease of process and stability in water at a physiological pH[28, 139].
As PEDOT:PSS films are, in general, inherently brittle, several approaches have been proposed to

improve their mechanical properties, in order to incorporate them in stretchable devices.

Stretchable PEDOT:PSS-based OECTs have been demonstrated by our group via a combination

of parylene transfer, orthogonal patterning and buckling of PEDOT:PSS films on a pre-stretched

elastomer. These devices showed almost unchanged transistor performance up to 30% strain[140].

An alternative approach used a laser patterning method to fabricate stretchable metallic

interconnections on elastomers to yield OECTs with a maximum stretchability of 38% while

maintaining a transconductance as high as 0.35 mS[141]. Matsuhisa et a/ fabricated stretchable Au

conductors controlling the strain-induced microcrack propagation in Au thin films by varying the

evaporation rate. These Au conductors were utilized to fabricate stretchable OECTs, based on

PEDOT:PSS, with a high transconductance both at 0% strain (0.54 mS) and 140% strain (0.14

mS)[142]. Recently, our group also demonstrated stretchable OECTs on PDMS, able to maintain

stable performance up to 30% strain, by decreasing the thickness of PEDOT:PSS films to ~50 nm

and using a baking temperature to 100 °C[143].
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Decreasing film thickness is a well-known method to obtain better stretchability of thin films of
conducting polymers or metals on elastomers, due to a transition from a 3D packing to a 2D
percolating structure and a reduced mechanical mismatch with the substrate[142-146]. However,
as the transconductance of OECTs is proportional to the channel thickness[57], a compromise must

be reached to balance the electrical and mechanical properties of the films.

Another widely-used approach to yield stretchable films is to modify the mechanical properties
conducting polymers by blending them with plasticizers, such as Capstone FS-30 (Zonyl)[40, 47],
Triton X-100[33] and ionic liquids[31], whose effect is to decrease the Young's modulus and to
increase the elongation at the break. Low-molecular-weight polyethylene glycol (e.g., PEG 400)
has been proven to act as a plasticizer in polymer processing, e.g., for poly(lactic acid), by
decreasing the Young's modulus and increasing the elongation at the break[147-150]. In addition,
when blended with electrolytes, PEG has shown to lead to an improvement of ion transport[151].
Moreover, low-molecular-weight PEG shows high aqueous solubility, antifouling properties[152],
and a moderate ability to enhance conductivity of PEDOT:PSS[29]. This ensemble of properties
makes it an interesting candidate as a plasticizer for applications in bioelectronic devices based on

PEDOT:PSS.

In this work, we achieved highly stretchable OECTs by using PEG 400 as a plasticizer for
PEDOT:PSS films. The PEG 400 remains inside the films after baking, and improves the
electromechanical properties by limiting the formation of cracks under the strain. This allowed us
to fabricate high transconductance OECTs keeping similar performance between 0% and 45%
strain. As PEG also favours ion transport in the films, our OECTs showed a faster response time

compared to reference devices.

5.4 Experimental

5.4.1. Materials

The PEDOT:PSS aqueous suspension (Clevios PH1000) was purchased from Heraeus Electronic
Materials GmbH (Leverkusen, Germany). PEG 400, the liquid metal Gallium-Indium eutectic
(EGaln) 495425 and Capstone FS-30 (Zonyl) were purchased from Sigma-Aldrich. Glycerol (99.5
+ % purity) was purchased from Caledon Laboratories Ltd (Georgetown, ON). The Orthogonal
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photoresist kit was supplied by Orthogonal Inc. Glass slides were purchased from Corning.
Polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer kit) was purchased from Dow

Corning.
5.4.2. PEDOT:PSS film preparation

The PEDOT:PSS/PEG films were deposited onto PDMS substrates by spin coating a mixture of
Clevios PH1000, 4 v/v% PEG 400, 1 v/v% fluorosurfactant Capstone FS-30 and 5 v/v% glycerol.
Control samples without PEG 400 were also prepared. The two kinds of samples described above
are named as PEDOT:PSS/PEG and PEDOT:PSS films. The PDMS substrates (160 um thick) were
cleaned by exposure to UV/O3 for 20 min. Among all PEGs with different molecular weights, PEG
400 was selected as a plasticizer for PEDOT:PSS due to its liquid form at room temperature and
ease of process. After deposition, the films were baked at 100 °C for 1 h. The film thickness was
measured with a profilometer (Dektak 150) using a 12.5 um stylus tip with a 10 mg force, after
transferring them from PDMS onto glass using a water-soluble tape (3 M 5414). We observed
thicknesses of ~300 nm (1000 rpm), and ~100 nm (4000 rpm) for PEDOT:PSS/PEG films and ~50
nm (4000 rpm) for PEDOT:PSS films. The difference in thickness for films deposited at the same

spin coating speed is due to the presence of PEG in the films after baking.
5.4.3. Characterization of films

The optical microscopy images were obtained with a Carl Zeiss AX10 microscope. The
electromechanical properties of the films were evaluated by measuring the change of the current
flowing in the films as a function of time during stretching and release cycles at different applied
tensile strain percentage[153]. The latter is defined as [(L' — L)/L] x 100%, where L and L' denote
the relaxed and stretched lengths of the PDMS substrate, respectively. Two EGaln contacts were
applied at the extremities of the films to facilitate the electrical contact. The current was normalized
with respect to the value measured for unstretched films. As a figure of merit to assess the
electromechanical properties of the films, we used the ratio Al/lox, where Al indicates the current
variation between the stretched and released state, and /ox is the current in the released state after
the first application of x% strain (preset strain). A low value of AZ//ox indicates that the electrical
properties are not significantly affected by mechanical deformation, which is a desirable property

for stretchable OECTs[143]. Scanning electron microscopy (SEM) measurements were performed
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with a JEOL JSM-7600TFE Field Emission Scanning Electron Microscope (FE-SEM). X-ray
photoelectron spectroscopy (XPS) was performed using a VG ESCALAB 3MKII system with Mg-

Ka X-ray source in an ultra-high vacuum.
5.4.4. Polyampholyte hydrogel electrolyte synthesis

The polyampholyte hydrogel synthesis has been described previously[154]. Briefly, 1 M Sodium
4-vinylbenzenesulfonate (NaSS) and 1 M [3-(methacryloylamino)propyl] trimethylammonium
chloride (MPTC) with 4,4-Azobis(4-cyanovaleric acid) (thermal initiator, 0.25 mol%, respect to
the amount of NaSS and MPTC) were dissolved in deionized water to form the precursor solution.
The precursor solution was heated at 70 °C in the convection oven for 6 h to yield the as-prepared
hydrogel. Then, the as-prepared hydrogel was purified in deionized water to remove unreacted
monomers. The purified hydrogel was further dialyzed in the electrolyte solution (0.1 M NaCl

solution) to let ions diffuse inside the hydrogel.
5.4.5. OECT fabrication and characterization

OECTs were fabricated following our previously reported procedure: Au contact pads (thickness
~20 nm with a ~2 nm Ti adhesion layer) were patterned via parylene transfer and the PEDOT:PSS
channels with orthogonal photolithography[ 140, 143]. As the electrolyte, we used either a 0.1 M
NaCl aqueous solution confined in an elastic well made of stretchable tape (3 M VHB 4905) or a
cut and paste polyampholyte hydrogel containing NaCl. As the gate electrode, we used activated
carbon on carbon paper for devices using aqueous electrolytes[153] and a planar PEDOT:PSS
stripe for those using a hydrogel electrolyte. Liquid metal EGaln was applied at the source-drain
electrodes to facilitate the probing. The transistor electrical characteristics were measured with an
Agilent B2900A source measure unit controlled with Quick IV Measurement software, and the

strain was applied in situ with a LabVIEW software controlled tensile tester.

5.5 Results and discussions

The molecular structures of the chemicals used in this work as well as the preparation steps of films
and devices are shown in scheme 5.1. The films obtained from mixtures containing Clevios PH
1000 and 4 v/v% PEG 400 show a conductivity of ~200 S cm™!, which increases up to ~450 S cm™!

upon addition of 5 v/v% glycerol and 1 v/v% Capstone.
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b) schematic overview of the sample preparation steps for PEDOT:PSS films and
PEDOT:PSS/PEG films and c) schematic overview of the fabrication of stretchable OECTs with
thick PEDOT:PSS/PEG films

The optical microscopy images of PEDOT:PSS (~50 nm thick) and PEDOT:PSS/PEG (~100 and
~300 nm thick) films under 15%, 30%, 45% and 60% strains are shown in Figure 5.1. No
significant crack formation is observed at 15% and 30% strain for all films. When the strain reaches

45%, a high density of cracks is observed on ~50 nm thick PEDOT:PSS films (Figure 5.1c). As
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shown by preliminary SEM investigation, the cracks propagate through the entire film thickness
(Figure SB1). The length and density of cracks increase at the application of 60% strain, in
accordance with our previous study[143]. The addition of PEG significantly affects the formation
of cracks: both ~100 and ~300 nm thick PEDOT:PSS/PEG films show short and sparse cracks up
to 45% and 60% strain. Interestingly, increasing the film thickness does not impact the density and
the length of the cracks, unlike to what we previously observed for PEDOT:PSS films without
PEG[143].

Thickness (nm)

15 30 45 60
Strain(%)

Figure 5.1 Optical microscopy images under strain of ~300 nm thick PEDOT:PSS/PEG film (a),
~100 nm thick PEDOT:PSS/PEG film (b) and ~50 nm thick PEDOT:PSS film on PDMS substrate.
All films were baked at 100 °C for 1 h. The scale bar is 200 pum.

The shape and density of cracks have an important effect on the current flowing in the films under
strain (Figure 5.2a) and on the Al/lox (Figure 5.2b). In absence of cracks, or at low crack density,
there is a small difference in current between the stretched and released state, which results in a

small Al/lox. Long and high density cracks partially interrupt the electrical conducting path during
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stretching, resulting in a drop of the current. When the strain is released, the cracks reconnect in
part and the current is partially recovered, thus resulting in a large Al/lox. The ~50 nm thick
PEDOT:PSS films maintain a small A/ox (less than 0.05) under 15% and 30% strain. At strain of
45% or larger, there is a clear increase of Al/lox (Figure 5.2b), which reaches almost 1 at 75%
applied strain. The addition of PEG clearly improves the electromechanical properties of the films,
by leading to a smaller Al/lox, which remains below 0.1 up to 60% strain. At strains of 75% or

higher the Al/lox increases up to a value of about 0.8 at 120% strain.
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Figure 5.2 Normalized current versus time at different applied strain percentages (a) and Al/lox
versus strain percentage (b) for PEDOT:PSS/PEG and PEDOT:PSS films on PDMS. The thickness
is ~50 nm for PEDOT:PSS film and ~100 nm for PEDOT:PSS/PEG films. Same plots for
PEDOT:PSS/PEG films with ~100 and ~300 nm thickness (c) and (d). A constant voltage of 0.2 V
is applied. The applied strain is increased in 15% per step and the strain rate is 2.5%/s. For each

cycle, the samples are kept in the stretched and released state for 50 s. All films were baked at
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100 °C for 1 h. In each experiment, at least 4 films were measured to ensure the results are

repeatable.

We have recently shown that the electromechanical properties of PEDOT:PSS films strongly
depend on the thickness[143]. Thin films (~50 nm) show better electromechanical characteristics
than thick ones (~130 nm), due to a lower density of strain-induced cracks[143]. However, for
OECT fabrication, a high film thickness would be preferred to maximize the device
transconductance[57]. The effect of PEDOT:PSS/PEG film thickness on the electromechanical
properties is shown in Figure 5.2c. At 15% strain, the normalized current of ~300 nm thick film
remains unchanged while that of ~100 nm film drops by 15%. At 30% and 45% strain, the ~300
nm film still maintains 90%, and 75% of the initial current. Notably, the Al/lox value of ~300 nm
film is similar but slightly lower than that of ~100 nm film when the applied strain is 45% or less
(Figure 5.2d). When the strain reaches 60%, the current of both ~300 and ~100 nm films drops to
40% of the initial value, and ~100 nm film exhibits a smaller Al/lox value. Since increasing the
thickness of PEDOT:PSS/PEG films from ~100 to ~300 nm does not significantly affect the Al/ox
value, we fabricated OECTs using ~300 nm PEDOT:PSS/PEG films to achieve larger

transconductance without sacrificing the electromechanical properties.

The enhanced stretchability of PEDOT:PSS/PEG films is attributed to the plasticizing effect of
PEG, which remains in the film after baking. We investigated the composition of PEDOT:PSS and
PEDOT:PSS/PEG films by XPS. Clear shifts in C(1s) and O(1s) core level spectra indicates the
presence of PEG 400 (Figure SB2)[29]. It is also worthwhile to mention that the presence of PEG
probably increases the background noise in the XPS spectra (Figure SB2a). In the S(2p) spectra,
the peak between 166 and 172 eV is attributed to sulfur atoms of PSS, whereas the double peak
between 162 and 166 eV is attributed to sulfur atoms of PEDOT[28, 155]. This is consistent with
the higher thickness of PEDOT:PSS/PEG films with respect to PEDOT:PSS ones processed in the
same conditions. According to a previous study[49], the PEG remaining in the films functions as a
soft matrix, with PEDOT:PSS particles embedded on it. The hydrogen bonds between PEG and
PSS modify the interaction between PEDOT and PSS, leading to the enhanced stretchability[49].
Overall, when PEG is present in the film, the adverse effect of increasing the film thickness on

electromechanical properties is compensated by improved plasticity.
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To gain more insight on the stability of ~300 nm PEDOT:PSS/PEG film, a stretch-release cycle
test at 30% and 45% strain was performed. The samples were stretched for 50 s and released for
the same amount of time for 100 times. The film resistance, calculated through the applied voltage
and measured current, increases during the first of three stretch-release cycles, then it reaches a
stable value, that is maintained up to 100 cycles for both 30% and 45% strain (Figure 5.3a). The
result demonstrates an excellent cyclic stability towards stretch-release cycles, which can be
explained by the fact that the shape and density of the cracks do not change significantly between
the 3rd and the 100th stretch-release cycles (Figure 5.3b).

1.0
a)
30% strain
——45% strain
00 |l T T T T
0 20 40_ 60 80 100
Strain Cycles
b)

Figure 5.3 Resistance change during 100 stretch-release cycles from 0% to 30% and 0% to 45%
strain for PEDOT:PSS/PEG film (~300 nm thick) on PDMS (a). Density and shape od cracks for
a ~300 nm thick PEDOT:PSS/PEG film (100 °C baking for 1 h) after 3 and 100 strain cycles at
45% strain (b). Ro is the initial resistance of PEDOT:PSS/PEG film before stretching. The scale
bar is 200 pm.

The stretchable OECTs were fabricated on PDMS according to a method previously reported by
our group[140, 143]. We used a stretchable polyampholyte hydrogel or an aqueous electrolyte as
the gating medium. To facilitate probing on the tensile tester, large devices were used (channel

length, L, of 8 mm and a width, W, of 2 mm). On the basis of the results shown in Figure 5.3, we



62

pre-stretched the PEDOT:PSS/PEG films by applying 45% strain for three times to reach a stable

current.

For the hydrogel-gated OECTs (video S1), a planar PEDOT:PSS stripe parallel to the channel was
used as the gate (Figure 5.4a). These devices show similar transfer characteristics when operated
at 0% and 45% strain (Figure SB3). These results demonstrate that our hydrogel electrolyte can
efficiently gate PEDOT:PSS/PEG film at different strains. However, the low mobility of ions inside
the hydrogel limits the performance of OECTs (ON/OFF ratio ~5).
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Figure 5.4 Optical images of stretchable OECTs using PEDOT:PSS/PEG channel and gate
electrode and polyampholyte hydrogel containing NaCl electrolyte at 0% and 45% strain (a);
schematic image of device structure of stretchable OECTs using an aqueous electrolyte and an
activated carbon gate (b). Electrical characteristic of stretchable OECTs based on
PEDOT:PSS/PEG films on PDMS, using an activated carbon gate electrode and 0.1 M NaCl
aqueous solution as electrolyte (c)-(f): output curves (c), transconductance (d) and transfer curves
(e) at 0% and 45% strain, normalized time response of /4s during de-doping (V¢ = 0.4 V) in presence
and in absence of PEG 400 into the films (f). The black step indicates the pulse of 0.4 V gate
voltage. All films were baked at 100 °C for 1 h. The thicknesses of PEDOT:PSS/PEG and
PEDOT:PSS film are ~300 nm and ~130 nm, respectively. The channel length and width are 8 and

2 mm.
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To achieve better device performance, we also fabricated stretchable OECTs using an aqueous
electrolyte (0.1 M NacCl solution) confined in an elastic well made of stretchable tape (3 M VHB
4905). Activated carbon on carbon paper was used as the gate electrode (Figure 5.4b)[153]. The
output and transfer characteristics (Figure 5.4c, 4.4e) show that the device performance is similar
at 0% and 45% strain. These properties make our devices suitable for on-skin bioelectronic (30%
strain) and for applications where larger strains are required, such as heartbeat monitoring
electronics and sensors applied on joints or knees[156]. Four devices were measured to calculate
the transconductance and ON/OFF ratio. The values of ON/OFF ratio range from 50 to 160. We
extracted a maximum transconductance of about 0.1 mS (Vgs = 0.2 V, Figure 5.4d) and an average
ON/OFF ratio of 100 (as (Ves =0 V)/las (Ves = 0.8 V), Figure 5.4e), both higher compared to
devices with the same geometry using PEDOT:PSS films without PEG, which show a
transconductance of ~0.07 mS and an ON/OFF ratio of ~10 (Figure SB4)[143]. The low ON/OFF
ratio of OECTs on PDMS are likely due to impurities of unreacted monomers present at PDMS
surface and to an irregular morphology[157, 158]. The beneficial effect of PEG on the ON/OFF
ratio is still under investigation. However, we hypothesize that the PEG present in the film prevents
or reduces the diffusion of unreacted monomers towards the conducting PEDOT regions, thus
reducing its impact on the electrical properties. Interestingly, OECTs based on PEDOT:PSS/PEG
channels also show a faster response time than those based on PEDOT:PSS (Figure 5.4f), even at
high channel thickness (~300 nm). This is likely because the presence of glycol groups in PEG 400
facilitates the mobility of cations[54, 159].

5.6 Conclusion

In this work, we showed that the addition of PEG 400 to PEDOT:PSS processing mixtures strongly
improves the electromechanical properties of films on PDMS substrates. When used as channels
in OECTs, such films result in a higher stretchability and improved electrical performance. Optical
microscopy images show that the presence of PEG significantly reduces the formation of cracks in
the films, thus resulting in small variation of the film resistance up to 45% strain. Interestingly,
increasing the film thickness from ~100 to ~300 nm does not deteriorate the electromechanical
properties. Due to the presence of hydroxyl groups, which likely facilitate ion transport, these

stretchable OECTs also show faster response time compared to devices without PEG. This work
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provides an easy method to enhance the electro-mechanical properties of conducting polymer films
and paves the way for high performance stretchable OECTs for applications as conformable

biosensors and bio-electronic devices.
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CHAPTER 6 ARTICLE 2: AUTONOMIC SELF-HEALING OF
PEDOT:PSS ACHIEVED VIA POLYETHYLENE GLYCOL ADDITION

This article has been published in the journal “Advanced Functional Materials” in 2020. This article
reports that fast, repeatable and autonomic electrical healing PEDOT:PSS is achieved by blending
it with the bio-compatible PEG. The PEG incorporation also improves the conductivity, softness
and stability of the conducting polymer film. The supporting information for this article is reprinted

in Appendix B of this thesis.
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6.2 Abstract

Self-healing electronic materials are of primary interest for bioelectronics and sustainable
electronics. In this work, autonomic self-healing of films obtained from mixtures of the conducting
polymer poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) and
polyethylene glycol (PEG) is reported. The presence of PEG in PEDOT:PSS films decreases the
elastic modulus and increases the elongation at break, thus leading to a softer material with
enhanced self-healing characteristics. In situ imaging of the cutting/healing process shows that the
healing mechanism is likely due to flowing back of the material to the damaged area right after the

cutting.
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6.3 Introduction

Self-healing materials are able to recover their functionalities after being damaged, via a process
that can be spontaneous (autonomic), or triggered by an external input[95, 98, 109, 110, 160-163].
Materials showing autonomic self-healing are highly desired, in particular for applications such as
bioelectronics and wearable electronics, where frequent damages may occur due to mechanical
movement or prolonged contact with living tissues and biological fluids[85, 164-171]. Several
approaches have been proposed to achieve such kind of materials. Song et al. reported an aerogel
framework fabricated via in situ polymerization of N-isopropylacrylamide on sulfur-containing Ag
nanowires with an electrical conductivity of 93 S cm™!, exhibiting autonomic self-healing due to
the strong reversible Ag-S bonds[172]. Autonomic self-healing, resulting from the ion-dipole
interactions, was also found in ionic conductors consisting of ionic liquids in a poly(vinylidene
fluoride-co-hexafluoropropylene) matrix, which showed a conductivity ranging between =10~ and
107 S cm '[163, 173]. Lu et al. reported autonomic self-healing of a stretchable polymer complex
composed of poly(2-acrylamido-2-methyl-1-propanesulfonic acid), poly-aniline and phytic acid,
which also acts as a strain sensor[174]. Other types of autonomic self-healing materials make use
of micro-capsules of conductive agents, such as liquid metal or silver paste, embedded into a
polymer matrix[175-189]. The conducting polymer poly(3,4-ethylenedioxythiophene) doped with
polystyrenesulfonic acid (PEDOT:PSS) is attracting enormous interest as self-healing material, due
to its widespread use in bioelectronics and wearable electronics. Our group demonstrated that
PEDOT:PSS films can be healed electrically by water after being cut by a razor blade and show
autonomic self-healing when wetted with water before being cut[104]. However, wet PEDOT:PSS
films are extremely fragile and their autonomic healing behavior vanishes after drying. A possible
strategy to achieve autonomic self-healing in PEDOT:PSS films is to modify their mechanical
properties via mixing with other polymers. Along this line, it has been shown that mixtures of
PEDOT:PSS with the surfactant Triton X-100 show autonomic self-healing and can be used for
deformable electronics and stretchable thermoelectrics[109, 110]. However, as Triton X-100 is
potentially harmful[190], alternative approaches need to be explored to develop self-healing

materials for applications in bioelectronics.

We have recently reported that adding polyethylene glycol (PEG) to PEDOT:PSS films

significantly improves the performance of stretchable organic electrochemical transistors, by
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reducing the density of the cracks in the films upon stretching[191]. PEG, also known to act as a
moderate electrical conductivity enhancer for PEDOT:PSS[29, 191, 192], has been already used to
modify the mechanical properties of several polymers, by decreasing the Young's modulus and
increasing the elongation at break[149, 151]. The biocompatibility and anti-fouling properties of
PEG make it interesting for applications in bioelectronics[193-195]. On the basis of these results,
we believe that the presence of PEG in PEDOT:PSS films can lead to significant changes of the
self-healing properties. In this work we explore the self-healing properties of films obtained from
blends of PEDOT:PSS and PEG. We show that films processed from a mixture of PEDOT:PSS
aqueous suspension and PEG exhibit repeatable autonomic self-healing when cut by sharp blades,
even in presence of the conductivity enhancer glycerol. The self-healing can be switched from
autonomic to water-enabled by varying the PEG amount in the film, the molecular weight of PEG
or by soaking PEG-containing films in methanol. We found that the addition of PEG decreases the
Young's modulus and increases the elongation at break of PEDOT:PSS films, thus leading to a soft

and viscoelastic material.

6.4 Results and discussion

Preliminary experiments revealed that to achieve films showing autonomic healing, at least 3%
PEG needs to be added to the PEDOT:PSS aqueous suspension. The addition of lower amounts
leads to water induced healing. For our studies we focused on films obtained from mixtures of
PEDOT:PSS and 4% PEG-400, as this composition is safely beyond the threshold required for
autonomic self-healing. Free standing films obtained from mixtures of PEDOT:PSS and 4% PEG-
400 (thickness =15 um, electrical conductivity =200 S cm™!) show autonomic self-healing upon
multiple cuts (black curve in Figure 6.1a, Figure SC1, Video S1, Supporting Information), with a
healing efficiency close to 100%. An identical behavior was observed when 5 v/v% glycerol was
added to the processing mixture, leading to an increase of the electrical conductivity to ~400 S
cm ! (cyan curve in Figure 6.1a). The time-lapse current measurements (Figure 6.1b) show that the
process takes place rapidly, with healing times ranging between =50 and 800 ms. The autonomic
self-healing is observed for cut widths ranging between ~10 and 60 um (i.e., about 4 times the film
thickness), achieved with blades of different sharpness (Table SC1, Supporting Information). The
SEM images of healed films (Figure 6.1c,d, Figure SC3, Supporting Information) show that,
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although the damage induced by the blade can be clearly distinguished, there are no discontinuities
between the two sides of the cut. The autonomic self-healing vanishes when the cut width is

increased to =100 pum, using the edge of a quartz microscope slide (Figure SC2, Supporting

Information).
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Figure 6.1 a) Current versus time plots during several cuts in different regions of films processed
from mixtures containing PEDOT:PSS and 4% PEG-400, with or without 5% glycerol. b) Time-
lapse current measurements during the cut/healing process for four different films processed from
mixtures containing PEDOT:PSS and 4% PEG-400. c,d) SEM images of the cut and healed regions

with different magnifications. The voltage applied during the healing test was 0.2 V. The thickness
of the films was =15 pm.

As shown above, the addition of PEG to the film-processing mixture is essential to achieve
autonomic self-healing. To confirm that PEG is still present at the end of the film processing, we
performed thermogravimetric analysis (TGA, Figure 6.2a) and Fourier-transform infrared
spectroscopy (FTIR, Figure SC4, Supporting Information). TGA curves of pristine PEDOT:PSS
films show a sharp weight loss above 300 °C, due to the decomposition of thiophene[196]. Films
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containing PEG-400 show a different behavior, with a main weight loss occurring between 150
and 300 °C, likely due to the vaporization of PEG-400. The weight loss is more pronounced for
samples containing 4 v/v% and 10 v/v% PEG-400, where it reaches =80%. In the FTIR spectra,
the peaks at 2875 cm™! (C-H stretching) and 1645 cm ™! (C-O-H bending), as well as the broad band
at 3300 cm™! (O-H stretching band of the hydroxyl group), confirm the presence of PEG in the
films[29, 197-199]. It is worthwhile to mention that the shape of FTIR bands is might due to the
“Christiansen effect”, which leads to the higher transmittance of the samples compared to the
reference air[200]. The intensities of the peaks at 2875 and 1645 cm™! and of the broad band
gradually increase with increasing PEG amount (Figure SC4, Supporting Information), which
indicates that the hydroxyl groups of PEG form hydrogen bonding with the hydroxyl groups of
other PEG molecules and with the sulfonate groups of PEDOT:PSS[197-199]. The total hydrogen
bonding contribution is enhanced with the increase of PEG amount, due to the availability of more
hydroxyl groups. This is also reflected in the shift of onset temperature for weight decrease in the
TGA curves of conducting polymer films containing larger amounts of PEG-400 (Figure 6.2a) [199,
201, 202]. The presence of PEG is further confirmed by X-ray photoelectron spectroscopy (XPS),
via the shift of C(1s) and O(1s) core level spectra (Figure SC5, Supporting Information), in

agreement with our recent work[191].

To evaluate the impact of PEG on the mechanical properties of the films under study, we
performed tensile stress-strain measurements and dynamic mechanical analysis (DMA) of
PEDOT:PSS films processed from pristine PEDOT:PSS solution and from PEDOT:PSS solutions
containing different concentrations of PEG-400. A maximum of 10% PEG was added to the
PEDOT:PSS processing solution, as higher amounts (=15%) yielded a dough-like suspension,
which could not be used to make freestanding films. Stress-strain responses (Figure 6.2b and Figure
SC6, Supporting Information) show almost linear behavior for all films. Additionally, as the PEG
content increases the slope (Young's modulus) decreases. Pristine PEDOT:PSS films show
elongation at break (percentage increase in length that occurs before breaking under tension) of
~0.5% upon the application of a stress of ~4.5 MPa. Increasing the PEG content leads to an increase
of the elongation at break, that is, =4% upon the application of a stress of =3.8 MPa for 1 v/v%
PEG-400, =6.5% upon the application of a stress of =1.5 MPa for 4 v/v% PEG-400 and =8.5%
upon the application of a stress of =0.3 MPa for 10 v/v% PEG-400. The plots of the Young's
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modulus and the elongation at break (versus the amount of PEG in the film processing mixture
(Figure 6.2c, data extracted from the stress-strain responses shown in Figure SC6, Supporting
Information) show that increasing the PEG content leads to a gradual decrease of the modulus from
~800 MPa (pristine PEDOT:PSS) to ~4 MPa (10 v/v% PEG), and a gradual increase of the
elongation at break from ~1% to =9%. These results clearly indicate that increasing the amount of
PEG leads to softer films. It is important to point out that the film conductivity increases from a
few S cm ! to =350 S cm ™! upon addition of 1% PEG, then decreases to <200 S cm ™! upon addition
of 4% PEG (Table 6.1). To investigate the viscoelastic properties, we performed DMA at variable
stress frequencies. The storage modulus E’, which is a measure of the elastic response, does not
show a strong dependence on frequency, whereas the loss modulus E’’, which expresses the viscous
response, increases with frequency. Both E’ and E’’ decrease with increased PEG content,
especially at concentrations of 4 and 10 v/v% PEG (Figure 5.2d,e), with the viscous component
remaining lower than the elastic one. The behavior of E’ parallels that of the Young's modulus and
confirms that the addition of PEG leads to softer films. The relative ratio (tan 6 = E’’/E’) between
loss and storage modulus (damping factor) is almost constant for all films up to a frequency of 40
Hz. In the 40-100 Hz range, it shows a steep increase for 4 and 10 v/v% PEG contents (Figure 6.2f).
The latter result points to an increased tendency of the material to dissipate energy, that is, to a

more pronounced viscoelastic behavior, likely due to the mobility of the PEG chains.
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Figure 6.2 Thermal and mechanical properties of films processed from mixtures of PEDOT:PSS

and different amounts of PEG-400. a) Thermogravimetric analysis; b) stress-strain curves; c)

Young's modulus and break elongation as a function of the PEG-400 content; d) storage modulus

(E’); e) loss modulus (E’’); f) mechanical damping factor (tan 6 = E’’/E’) for different PEG-400

contents, obtained via DMA in the frequency range 100-0.01 Hz. The thickness of the films used

for mechanical tests was ~100-150 um.
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Table 6.1 Summary of healing behaviors and electrical conductivity of PEDOT:PSS/PEG films

Processing mixture/treatment

Healing Behavior

Electrical

Conductivity (S cm™)

PEDOT:PSS/1%PEG-400 Water-enabled 356423
PEDOT:PSS/4%PEG-400 Autonomic 201+13
PEDOT:PSS/4%PEG- Autonomic 373452
400/5%Glycerol
PEDOT:PSS/4%PEG-400 after Water-enabled 1399487
methanol soaking
PEDOT:PSS/4%PEG-200 Autonomic 237427
PEDOT:PSS/4%PEG-1500 Autonomic 118+15
PEDOT:PSS/4%PEO-100000 Partial autonomic and 58+13
water-enabled
PEDOT:PSS/4%PEO-5000000 Water-enabled 17+9

Although further investigations are needed to establish a clear correlation between mechanical

properties and self-healing behavior, our results suggest that autonomic self-healing is favored by

the softness and viscoelasticity provided to PEDOT:PSS films by increasing amounts of PEG. For

instance, films processed from mixtures containing 4% PEG, characterized by a pronounced

softness and viscoelasticity, show autonomic self-healing. On the other hand, decreasing the

amount of PEG to 1%, leads to mechanical properties similar to those of pristine PEDOT:PSS and,

as a consequence, to a change from autonomic to water-induced healing (Figure 6.3a,b)[104]. SEM

images confirm that the gap of =15 um created by the cut (Figure 6.3c) is fully healed by water

(Figure 6.3d).
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With the aim to increase the conductivity of autonomically healable films, we carried out methanol
soaking (20 min followed by 20 min drying at 140 °C)[33, 35, 39], which led to an increase from
~200 S cm ™! to 1400 S cm™! (Table 6.1). TGA curves (Figure 6.3¢) show that this treatment leads
to a behavior similar to pristine PEDOT:PSS films, thus indicating that the conductivity
enhancement is most likely due to the dissolution of the insulating PEG during methanol
soaking[33, 35, 39]. The PEG dissolution, however, led to a switch from autonomic to water-
enabled healing (Figure 6.3f). Re-immersing the films in PEG for about 30 min led only to a partial
recovery of the autonomic healing (Figure SC7, Supporting Information). Therefore, although it
suppresses autonomic healing, methanol soaking can be exploited to achieve water-healable films
with high conductivity. The self-healing performance of PEG containing PEDOT:PSS films also
depends on the molecular weight of PEG. In addition to PEG-400, we investigated PEG-200, PEG-
1500, PEO-100000, and PEO-5000000, by keeping the added amount constantly to 4 v/v%. Films
containing PEG-200 show autonomic healing (Figure SC8a, Supporting Information) and a
conductivity similar to that achieved with PEG-400. The use of PEG-1500 leads to a decrease of
the healing efficiency to ~=80% (Figure SC8b, Supporting Information). Films containing
polyethylene oxide (PEO, molecular weight 100 000) show a partial autonomic healing, which can
be completed by wetting the damaged area with water (Figure SC8c, Supporting Information).
Films containing PEO-5000000 show only water-enabled healing (Figure SC8d, Supporting
Information). This decrease in autonomic healing efficiency can be attributed to the lower mobility
of the longer chains of high molecular weight PEG, which may lead to increased stiffness, thus
hindering the flow back of material to the damaged area after cut. It is also worth noticing that
increasing the molecular weight of PEG results in a significant conductivity decrease, as reported
in the literature[29]. The self-healing behavior and the electrical conductivity of films processed

from different PEDOT:PSS/PEG mixtures are summarized in Table 6.1.
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Figure 6.3 a) Current versus time plot of a film processed from a mixture containing PEDOT:PSS
and 1% PEG-400 during several cuts and water healings in different regions; b) time-lapse current
measurements of the healing process of PEDOT:PSS/1%PEG films; SEM images of the damaged
area c) before and d) after healing; e) TGA curves of PEG containing PEDOT:PSS films before
and after soaking in methanol compared to pristine PEDOT:PSS films; f) current versus time plot
of a film processed from a mixture containing PEDOT:PSS and 4% PEG-400 and rinsed in
methanol upon several cuts and water healings in different regions. The voltage applied during the

healing test was 0.2 V. The thickness of the films was =15 um (methanol soaking can lead to a

thickness decrease).
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In our previous work, we hypothesized that swelling may play a role in the mechanism of water
induced healing[104]. To validate our hypothesis, here we measured the swelling (i.e., weight gain
upon the water immersion) of PEDOT:PSS films containing various amounts of PEG-400 (Figure
6.4a). As pristine PEDOT:PSS films were too brittle to handle for this experiment, we replaced
them with films containing 5% of glycerol. Soaking for 10 min in water led to a weight increase of
~300% for PEDOT:PSS films containing glycerol and 1% PEG. This high swelling ability may
explain the water-enabled self-healing. A higher amount of PEG causes the weight increase to drop
to =90% for 2 v/v% PEG-400 and =30% for 4 v/v% PEG-400. No further changes were observed
upon soaking for longer times. Interestingly, upon increasing the PEG content, the weight of dry
films increases, in accordance with TGA (Figure 6.2a), while that of wet films remains almost
constant (Figure 6.4b). A similar trend was observed by exposing the films to water vapor in a
humidity chamber with a relative humidity (RH) of =<95% (Figure SC9, Supporting Information).
In agreement with the literature, the reduced swelling of films containing PEG is likely due to
partial removal of PSS, which is responsible for the high swelling of PEDOT:PSS[203-205]. A
similar behavior is found for the surfactant Triton X-100, which has also been reported to induce
autonomic healing of PEDOT:PSS films (Figure SC10, Supporting Information)[109, 110]. We
found that Triton-containing PEDOT:PSS films show autonomic or water-enabled healing
depending on the amount added to PEDOT:PSS (Figure SC11, Supporting Information), as in the
case of PEG.
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Figure 6.4 a) Weight increase versus water soaking time of PEDOT:PSS films containing different
amounts of PEG-400; b) weight of PEDOT:PSS films containing different amounts of PEG-400

before and after water soaking for 10 min.
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To prove that swelling does not play a significant role in autonomic healing of PEDOT:PSS films
containing 4% PEG, we performed cut/healing experiments in dry conditions in a N2 purged glove
box, after baking the film in situ for 14 h at 140 °C. Notably, the autonomic self-healing after
multiple cuts was observed even in these conditions (Figure SC12, Supporting Information), thus
excluding any significant role of water trapped in the hygroscopic PEG matrix. The limited
swelling provides PEG-containing PEDOT:PSS films with an excellent stability during wetting
and drying cycles, while pristine PEDOT:PSS films show a considerable shrinking in the same
conditions (Figure SCI13, Supporting Information). This property can be exploited for the
fabrication of electrodes for biomedical devices operated under high humidity conditions, e.g., in
incubators for neonatal intensive care units, where swelling can cause dramatic shape change,

leading to a detachment from the skin and device failure.

To further investigate the healing process, we performed in situ imaging of the cut/healing process,
using a micro scratcher equipped with an inverted optical microscope. Imaging during the cutting
process (Video S2, Supporting Information, and Figure 6.5a, where the brighter part corresponds
to the blade and the dark part of the film being cut) reveals that the gap created by the cut becomes
narrower as the blade moves forward. Imaging right after completion of the cut shows that the gap
is completely healed and no longer visible (Video S3, Supporting Information, Figure 6.5b), in
agreement with SEM images. These results clearly indicate that, just after being cut, the material

rapidly flows back to the damaged area, likely due to the viscoelastic properties imparted by PEG.

It has been reported that PEG chains present in the films screen the ionic interaction between
PEDOT and PSS by forming hydrogen bonding with PSS. This leads to a phase separation between
PEDOT and PSS, and favors the formation of aggregated PEDOT domains, enhancing the film
conductivity (Scheme I in Figure 6.5¢)[29]. The PEG chains also function as a soft matrix for
PEDOT:PSS particles and endow a well-mixed and strong entanglement between hydrophilic PSS
chains, thus favoring the flowing-back of material towards the damaged area after cutting (Scheme
IT in Figure 6.5c). A further contribution to the healing process, and thus to the rebuilding of the
PEDOT-PEDOT conducting pathways in the PEG matrix, might be the formation of hydrogen
bonds between PEG-PEG, PSS-PSS, and PEG-PSS chains at the interfaces of the gap (Scheme II
in Figure 6.5¢)[29, 49, 109, 110].
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Figure 6.5 a) Optical images of a PEDOT:PSS/PEG film while being cut by the micro scratcher
and b) after the cut. The white lines have been added to highlight the cut region. ¢, I) Scheme of
the soft matrix effect played by PEG chains in PEDOT:PSS films; ¢, II) Scheme of the proposed
mechanism for the autonomic healing of PEDOT:PSS/PEG film. The chemical structures in the
circles represent the H-bonds between two PSS chains, between two PEG chains, and between a

PSS and a PEG chain.
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6.5 Conclusion

We have shown that PEDOT:PSS films containing PEG-400 show autonomic self-healing in dry
conditions, even in the presence of the conductivity enhancer glycerol. In situ imaging of the
cutting/healing process shows that, just after cutting, the two parts of the film reconnect by flowing
back to the damaged area. The autonomic self-healing is attributed to the change of mechanical
properties induced by PEG, which leads to a lower elastic modulus, a larger elongation at break
and more enhanced viscoelastic properties with respect to pristine PEDOT:PSS films. The self-
healing behavior of PEDOT:PSS/PEG films depends on the molecular weight and the amount of
the PEG added to the processing mixture. Low-molecular weight PEG (200 and 400) favors
autonomic self-healing, likely because of the high mobility of short molecular chains. Films
containing higher molecular weight PEO (100 000 or 5 000 000) or a lower amount of PEG (e.g.,
1 v/v %) do not heal autonomically and rather show water induced healing, which can be explained
by water swelling of the films. We believe that this work will propel the development of healable

electronics for wearable or biomedical applications.

6.6 Experimental section
Materials

The PEDOT:PSS aqueous suspension (Clevios PH1000) was purchased from Heraeus Electronic
Materials GmbH (Leverkusen, Germany). Glycerol (99.5+% purity) was purchased from Caledon
Laboratories Ltd. (Georgetown, ON). PEG 200, 400, and 1500, PEO 1 00 000 and 50 00 000 and
the liquid metal gallium-indium eutectic (EGaln 495 425) were purchased from Millipore Sigma.
All chemicals were used without further treatment. Glass slides (Corning 2947-75 x 50) were

purchased from Corning Incorporated.
Processing and Characterization of PEDOT:PSS Films

The mixtures to process the films were prepared by mixing Clevios PH1000 with PEG or PEO and
glycerol in a centrifugal mixer (Thinky M310) at 2000 rpm for 5 min. As PEG-1500, 1 00 000, and
5000 000 are solid at room temperature, their volume was calculated by dividing the weight by the
density. The films were deposited by drop-casting (=0.5 mL of mixture) on glass slides and

successively baked on a hot plate with the following sequence: 50 °C for 1 h, 90 °C for 2 h, and
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finally 140 °C for 6 h. The gradual temperature increase permitted to obtain continuous films
without the formation of bubbles, which could be easily detached from the glass slides[104]. The
film thickness was measured with a profilometer (Dektak 150) using a 12.5 pm stylus tip with a
10 mg load. Optical microscopy images were obtained with a Carl Zeiss Axio microscope. SEM
measurements were performed with a JEOL JSM-7600TFE field emission scanning electron
microscope with a voltage of 5.0 kV (LEI) under a vacuum of 10~* Pa. XPS was performed using
a VG ESCALAB 3MKII system with Mg-Ka X-ray source in an ultra-high vacuum. FTIR was
performed using a PerkinElmer FTIR Spectrum Two spectrometer. Electrical conductivity
measurements were carried out on thin films (thickness =200 nm) deposited by spin-coating at
1000 rpm and baked at 140 °C for 1 h. Sheet resistances were measured by a four-point probe

(Jandel engineering) connected to an Agilent B2902A voltage-current source measure unit.
Self-Healing Tests

Self-healing experiments were carried out in ambient air on films with a size of =(6.0 x 1.5) cm,
and a thickness of =15 um. Electrical contacts were made via two tungsten probes immersed into
EGaln contacts at the two sides of the film and the current was measured with an electrical probe
station equipped with national instruments NI PXIe-1062Q source-measure unit controlled by
Labview software. The cuts for the self-healing experiments were performed manually using
different razor, surgical and ceramic blades (specifications reported in Table S1, Supporting
Information) and a quartz microscope slide (Micro-Tec 51-001113, (76.2 x 25.4 mm) x 1 mm).
The size of the cuts induced by the different blades was measured on pristine PEDOT:PSS films,
which do not show autonomic healing. A droplet (=40 uL) of deionized (DI) water (18.2 MQ cm
at 25 °C, Millipore) was used as the healing agent for water-enabled healing experiments. The time
for current recovery is referred as the healing time; the ratio 77=(Ihcaled—/damaged)/(Ipristine—/damaged,
where / is the current measured for pristine, damaged, and healed films, as the healing efficiency.
For the time-lapse current measurement, the PEDOT:PSS/PEG film was connected with a sensing
series resistor. The output voltage on the sensing resistor was measured after applying 100 mV of
the input voltage. The plotted current was calculated from the relation / = Vresistor/R. The actual
voltage drop across the PEDOT:PSS/PEG films under test was less than 100 mV. For real-time
imaging of the cutting/healing processes, the cuts were performed with titanium-coated trimmer

blades (Fiskars) mounted a Micro Scratcher (MST?, CSM instruments SA) equipped with an
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inverted microscope (Zeiss Axioscope Al). The force applied by the cutting blade to the film was

200 mN and the blade moving speed was 2 cm min .

Thermogravimetric Analysis

TGA was performed on a TG Q500 (TA Instruments). 5 mg samples of pristine PEDOT:PSS film
or PEDOT:PSS/PEG films were transferred into platinum pans to perform the test. The TGA curves
were acquired between 40 and 600 °C (heating rate of 10 °C s™!) under nitrogen atmosphere (flow

rate of 60 mL min").
Mechanical Tests

Mechanical tests are performed on three or more PEDOT:PSS films with different PEG amounts.
These films, all with a dimension 5 cm x 1.5 cm x 100-150 pum (length % width X thickness), were
prepared by drop-casting the mixture in an aluminum mold, followed by baking at 140 °C for 3h.
Tensile tests were conducted at room temperature with a mechanical tester (Instron ElectroPuls
E10000) equipped with a 500 N load cell. The Young's modulus of each specimen was calculated
by the linear fitting of stress-strain curves at low strain (<1%). The DMA test of these films was
performed at room temperature with a DMA 2980 (TA Instruments) in the thin-film testing
configuration. The tests were carried out in frequency sweeping mode from 100 to 0.01 Hz. The

oscillation amplitude was 30 pm. The static force applied to the sample was 0.01 N.
Swelling Test

PEDOT:PSS films were weighed by an analytic balance (Sartorius BP 210 D) right after baking to
record their initial mass and successively soaked in DI water or transferred into a Cole-Parmer
humidity-controlled chamber (03323-14) for 10-30 min. They were then removed from the water
and transferred onto a piece of lint-free paper using tweezers. The water on the surface of the films
was dried off and the samples were weighed for a second time. The mass increase of each sample
was calculated using the following formula, where My is the mass of the wet film and Mb is mass

of dry film.

Weight Increase (%)= (Mw — Mp)/Mp *x 100
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Films containing glycerol or PEG are easy to peel off from the glass substrate after baking and
stable during water soaking process. Swelling of pristine PEDOT:PSS films could not be assessed,

because they are difficult to handle and break apart when soaked in water.
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CHAPTER 7 ARTICLE 3: TAILORING THE SELF-HEALING
PROPERTIES OF CONDUCTING POLYMER FILMS

This article has been published in the journal “Macromolecular Bioscience” in 2020. This article
reports the tailoring of the healing property of PEDOT:PSS films via diverse processing methods.
The supporting information for this article is reprinted in Appendix C of this thesis.
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7.2 Abstract

The conducting polymer polyethylenedioxythiophene doped with polystyrene sulfonate
(PEDOT:PSS) has received great attention in the field of wearable bioelectronics due to its tunable
high electrical conductivity, air stability, ease of processability, biocompatibility, and recently
discovered self-healing ability. It has been observed that blending additives with PEDOT:PSS or
post-treatment permits the tailoring of intrinsic polymer properties, though their effects on the
water-enabled self-healing property have not previously been established. Here, it is demonstrated
that the water-enabled healing behavior of conducting polymers is decreased by crosslinkers or by
acid post-treatment. Organic dopants of PEDOT have high water swelling ratios and lead to water-
enabled healing, while inorganic dopants fail in the healing of PEDOT. The water-enabled healing
of two isolated PEDOT:PSS squares with a 5 um width gap and a thickness less than 1 um is shown.
This work will help pave the way for the further development of conducting polymer-based self-

healable bioelectronics and flexible and stretchable electronics.
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7.3 Introduction

Recent advances in wearable electronics and bioelectronics have brought a great deal of attention
to self-healing organic electronic materials[95, 98, 99, 206-209], which have been used in devices,
such as sensors[210-212], field-effect transistors (FETs)[213, 214], electrochemical transistors
(ECTs)[104], and energy storage devices[215, 216]. The organic conducting polymer poly(3,4-
ethylene-dioxythiophene): polystyrene sulfonate (PEDOT:PSS) is an excellent candidate for self-
healable electronics, as it combines water-induced or autonomic self-healing with high
conductivity and ease of the process[28, 104, 110, 139]. After reporting water induced self-healing
of PEDOT:PSS films[104], we have shown recently that adding the biocompatible polymer
polyethylene glycol (PEG) to PEDOT:PSS aqueous suspensions yields softer films showing
autonomic healing[217]. It had been reported that PEDOT:PSS mixed with the surfactant Triton
X-100 forms a conducting polymer dough that is capable of recovering current autonomically, due
to enhanced viscoelasticity[109, 110]. Moreover, a PEDOT:PSS hydrogel, formed by mixing
PEDOT:PSS aqueous suspension and 4-dodecylbenzenesulfonic acid (DBSA), achieves both
electrical and mechanical healing after cutting and pasting[118]. Cao et al. reported a stretchable
PEDOT:PSS hydrogel in poly(N-isopropyl acrylamide) (PNIPAM) matrix can be healed at room
temperature without external stimulus due to multiple dynamic hydrogen bonds among

PSS"@PNIPAM shells[218].

Although autonomic or water-induced healing has been demonstrated for several PEDOT:PSS
formulations, some important questions remain unanswered. For instance, it is still unclear how
the healing process is affected by compounds added during PEDOT:PSS film processing to modify
the film adhesion properties, such as crosslinkers, or by treatments carried out to increase the
electrical conductivity, such as acid soaking[31, 32, 38, 46, 143, 191, 219-221]. Moreover, it is
unclear if self-healing properties extend to other forms of PEDOT containing counterions other
than PSS, obtained by chemical or electrochemical polymerization. Such forms of PEDOT are of
interest since in small dopants, such as para-toluene sulfonate (or tosylate, Tos),
trifluoromethanesulfonate (or triflate, OTf), and ClO4™, lead to an enhanced electrical conductivity

(>1000 S cm™!) due to a more compact PEDOT-PEDOT stack[222-224].
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In this work, we studied the water-enabled self-healing of the following systems: PEDOT:PSS
films processed in presence of the crosslinker 3-(glycidyloxypropyl)trimethoxysilane (GOPS);
PEDOT:PSS films post-treated with sulfuric acid; PEDOT:Tos and PEDOT:OTT films obtained by
chemical polymerization; and PEDOT:CIO4 obtained by electrochemical polymerization. We
showed that 1) the presence of GOPS in the film as well as a long post-treatment with sulfuric acid
significantly impair the healing ability; ii) films of PEDOT:Tos as well as PEDOT:OTf show
water-enabled healing; iii) electropolymerized PEDOT:CIO4 films do not show water-induced
healing. The self-healing properties were found to be strictly related to the ability of the materials
to swell in water. In addition, we demonstrated that water is able to bridge 5 pum wide gaps between
PEDOT:PSS films, generated by photolithography and oxygen plasma etching. These explorations
of the healing ability of diverse PEDOT films will significantly complement and advance
knowledge in the field of self-healable materials and pave the way for the innovation of multiple

healable bioelectronics.

7.4 Results and discussion

Since swelling of PSS in water plays a primary role in water-induced self-healing, we expect that
any change of PSS concentration in the films would lead to a change in self-healing properties.
Previous studies indicate that GOPS molecules can cross-link with PSS anions, other GOPS
molecules and glass substrates, enhancing the adhesion of PEDOT:PSS film[225-227], and that a
sulfuric acid treatment is able to remove PSS and substitute it with HSO4[34, 37, 228]. Therefore,

both treatments are expected to change the self-healing properties of PEDOT:PSS (Figure 7.1).

GOPS, in concentrations between 0.5 and 1% v/v, is often added to PEDOT:PSS aqueous
suspensions to improve adhesion on glass substrates (Figure 7.1)[28, 225]. We performed self-
healing experiments on films obtained from mixtures containing 0.5, 1, and 5% v/v of the
conductivity enhancer glycerol[138, 229, 230]. In agreement with the literature, the GOPS addition
lowers the conductivity from =800 S cm™! (no GOPS) to =350 S cm™! (0.5% v/v GOPS) and =300
S ecm™! (1% v/v GOPS) (Table 7.1)[28, 225]. Higher amounts of GOPS were not considered, as
they lead to a considerable decrease of electrical conductivity. Experiments show that the presence
of GOPS clearly leads to a decrease of healing efficiency from =90% to =~65% for 0.5% GOPS,
and =15% for 1% GOPS (Figure 7.2a; Table 7.1). The healing time, averaged of three different
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cuts, increases from ~0.2 to =3.5 s for 0.5% GOPS and =7.5 s for 1% GOPS (Figure 7.2b,c; Table
7.1). As the healing is thought to be a result of swelling in water[104], we evaluated the change of
the swelling properties of PEDOT:PSS films containing different amounts of GOPS, with respect
to films containing 5% glycerol[217]. Films without GOPS show a weight gain of ~340% after
water soaking for 10 min, without further changes for longer soaking times. The presence of GOPS
leads to a substantial decrease of the weight gain: from ~290% for 0.5% v/v GOPS and =150% for
1% v/v GOPS (Figure 7.2d). It is necessary to point out here that PEDOT:PSS possesses a core-
shell structure with a weight ratio of 1:2.5 between PEDOT and PSS, and the excess PSS
contributes remarkably to the high swelling of PEDOT:PSS film (Figure 7.1)[203-205]. As
described in the literature, crosslinking reactions may involve the epoxy ring of GOPS and the
sulfonate groups of excess PSS, the methoxysilane group of GOPS, and the glass substrate as well
as the methoxysilane groups of different GOPS molecules (Figure 7.1)[28, 225]. A higher amount
of GOPS likely leads to the formation of more cross-linking bonds surrounding PSS shells,
hindering the water uptake of PSS and restricting the volume expansion upon water uptake[231].
The decrease of swelling upon GOPS addition also affects the water-enabled healing ability of
PEDOQOT:PSS by creating barriers for the propagation of PSS and PEDOT to the cut area after water

drops, leading to prolonged healing time and thus lowering healing efficiency.
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Figure 7.1 Schematic diagram of proposed PEDOT:PSS molecular structure changes via
crosslinker addition and acid post-treatment. The chemical structures in the left circle represent the
H-bonds between two PSS chains inside the pristine PEDOT:PSS film. The addition of crosslinker
GOPS induces three main interactions, involving GOPS-PSS, GOPS-GOPS, GOPS-glass (shown
in the circles and zoom area), increasing the film water-stability and adhesion on glass. Sulfuric
acid soaking removes excess PSS and replace it with HSO4™, leading to the conformational change

of PEDOT chains[34, 37, 225, 228].

Post-treatment with strong acids, such as sulfuric and triflic acid, besides increasing electrical
conductivity, is also expected to influence water-enabled healing due to the removal of PSS™ from
the films[34, 37, 228]. We evaluated the self-healing performance of PEDOT:PSS films soaked in
concentrated sulfuric acid for 10, 20, and 30 min and found that after such treatments, the films
still retain water-enabled healing upon several cuts (Figure 7.3a), although with a decreased
efficiency of =<93%, =75%, and =70% for immersions of 10, 20, and 30 min, respectively. The
corresponding healing times gradually increase from ~0.3 to =4 s (Figure 7.3b). The water-induced
healing properties are practically suppressed for samples immersed in sulfuric acid for three days,
which only show a transient current raise, probably due to the ionic current induced by water
droplets (Figure 7.3c). The absence of healing is also confirmed by scanning electron microscopy
(SEM), which reveals that water cannot heal the gap (Figure SDI1, Supporting Information).

Notably, the sulfuric acid post-treatment substantially raises the electrical conductivity of
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PEDOT:PSS films from =0.1 S cm™! to 1100, =2000, =~2400, and =2550 S cm ™! after soaking in
concentrated sulfuric acid for 10, 20, 30, and 3 days, respectively (Table 7.1). We found that
increasing the duration of the sulfuric acid post-treatment dramatically decreases the swelling
ability of PEDOT:PSS films (Figure 7.3d): the weight increase of conducting polymer films after
water soaking drops from ~350% (untreated sample) to ~150% (1-day treatment) and =75% (3-day

treatment).
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Figure 7.2 Healing and swelling properties of films processed from mixtures containing
PEDOT:PSS, 5% glycerol and different amounts of GOPS (N = 6). a) Current versus time during
several cuts in different areas, b) current versus time during the water-triggered healing process
after one cut, ¢) healing efficiency and response time versus different amounts of GOP, and d)
water uptake versus soaking time. The current in (b) is normalized to the initial current before
cutting. The healing time and healing efficiency in (c) were extracted by calculating the average
value of healing process parameters in (b) upon one cut from 6 samples. The films were first baked
at 50 °C for 1 h, then at 90 °C for 2 h and finally at 140 °C for 6 h. The thickness of films was =5

um.
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It is worth pointing out that both sodium chloride (NaCl) and phosphate buffer saline (PBS)

solutions lead to healing performance similar to those achieved with DI water (Figure SD3,

Supporting Information).
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Figure 7.3 Healing and swelling properties of PEDOT:PSS films after soaking in sulfuric acid for

different times (N = 6). a) Current versus time profile of pristine PEDOT:PSS films after sulfuric

acid treatment for 10, 20, and 30 min after several cuts in different areas of the films; b) healing

efficiency and response time of pristine PEDOT:PSS films versus sulfuric acid treatment time; c)

current versus time profile of pristine PEDOT:PSS films after sulfuric acid treatment for 3 days

after the one-time blade cut; d) water uptake versus soaking time of films processed from mixture

of PEDOT:PSS and 5% glycerol after sulfuric acid post-treatment for different times. The healing

time for samples soaked in sulfuric acid for 3 days in (c) cannot be calculated since there is almost

no healing behavior. The thickness of films before soaking was =5 um.
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To investigate the composition change of PEDOT:PSS films after sulfuric acid post-treatment, we
performed X-ray photoelectron spectroscopy (XPS). In the S(2p) spectra of untreated PEDOT:PSS
films (Figure SD2, Supporting Information), the peak between 166 and 172 eV is attributed to
sulfur atoms of PSS, whereas the double peak between 162 and 166 eV is attributed to sulfur atoms
of PEDOTJ[28, 155]. After sulfuric acid treatment, we observe an increase of the PEDOT/PSS
signal ratio. While the position of the PEDOT peaks remains unchanged, the PSS peak is replaced
with a broader signal at lower binding energy, which, based on literature data, can be attributed to
both residual sulfonate groups from PSS and sulfate groups from HSO4[232]. To quantify the
composition change, we calculated the featured peak areas of PSS and PEDOT chains and found
that the PEDOT/PSS ratio increases from ~0.4 to ~1.2 after 3 days of sulfuric acid post-treatment.
Although XPS only provides information about the very top layers of the films (=1-10 nm), the
increase of PEDOT/PSS ratio and the shift of the PSS peak suggests that excess insulating PSS~ is
significantly replaced by HSO4™ (Figure 7.1), also leading to the conformational change of the
conjugated PEDOT chains and the reduction of barriers for inter-chain and inter-domain hopping,
which would also explain the increase of electrical conductivity (Table 7.1)[233]. Overall, swelling
test and XPS analysis indicate that increasing the time of the sulfuric acid post-treatment leads to

removal of PSS, with consequent impairment of healing ability.

In addition, as the swelling of PEDOT:PSS occurs from both sides of a cut, the cut width (or gap
width) plays a primary role in the healing performance. Here we found that, on =5 um thick
PEDOT:PSS films, water induced healing could be achieved on cuts obtained with different razor,

surgical and ceramic blades, which produced widths ranging from =10 to =50 pm[217].
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Table 7.1 Summary of healing behaviors and electrical conductivity of PEDOT:PSS after different

processing methods and PEDOT with different dopants

Processing methods/ Conductivity Healing response Healing
Conducting polymer name (S cm™) time (s) efficiency (%)
Glycerol (5 v/v%) 780+33 0.2+0.07 95.5+3.3
GOPS (0.5 v/v%) and glycerol (5 v/v%) 343431 3.4+2.6 6614
GOPS (1 v/v%) and glycerol (5 v/v%) 300+95 7.5+4.8 15+6
H2SO04 1080+234 0.4+0.23 93+3.4
(pristine PEDOT:PSS soaked 10 min)
H2SO4 1950+460 1.2+0.45 75.4£12.2
(pristine PEDOT:PSS soaked 20 min)
H2SO04 24304572 3.2+1.2 69.2+10.5
(pristine PEDOT:PSS soaked 30 min)
H2SO4 25554431 No healing No healing
(pristine PEDOT:PSS soaked 3 days)
PEDOT:Tos 1636+364 0.28+0.14 94.3£3.6
PEDOT:OTf 22344547 0.29+0.15 94.1+4.2
PEDOT:CIO4 No healing No healing

* The conductivity of PEDOT:CIlO+ could not be accessed due to the difficulty of achieving thin

films via electro-polymerization and achieved thick films are too porous to get an accurate value

during profilometry scans
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Creating cuts manually with razor blades presents several reproducibility issues, as the cut size
might depend on the force applied by the operator and the angle of the blade with respect to the
film. In order to achieve a controlled cut size, we adopted a novel method based on lithography
and oxygen reactive ion etching (see the Experimental Section for details), which permits the
patterning of squares of PEDOT:PSS films (thickness to <500 nm) on a glass substrate, separated
by gaps with widths ranging from 5 to 100 pm (Figure SD4, Supporting Information)[44]. Even if
the reactive ion etching can significantly change the chemistry of the PEDOT:PSS films, we found
that a water drop enabled us to bridge gaps having a width of 5 um and led to a significant increase
in the current flowing between them (Figure 7.4a). Optical microscopy images and profilometry
scans perpendicular to the channel clearly confirm the presence of material in the gap after wetting,
even after water evaporation (Figure 7.4b,c, Figure SD5, Supporting Information). However, for
larger gaps (10-100 um), water droplets cannot successfully “heal” the gap, likely due to the limited
volume expansion of thin PEDOT:PSS films during swelling.
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Figure 7.4 a) Current versus time profile of PEDOT:PSS squares and 5 um width gap patterned by
photolithography before and after the water drop on the gap area, and b) the optical images of
PEDOT:PSS patterned squares before and c) after the water drop and baking. The thickness of
PEDOT:PSS squares was kept to =500 nm. The applied voltage was 0.2 V.
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So far, we have discussed different methods used to tailor the water-enabled healing behavior of
conducting polymer PEDOT:PSS. Besides PSS, other dopants such as para-toluene sulfonate,
trifluoromethanesulfonate, and inorganic anions are used in PEDOT-based conducting polymers
for wearable electronics and bioelectronics (Figure SD6, Supporting Information)[82, 223, 232].
We produced PEDOT:Tos and PEDOT:OTT films via chemical polymerization, which showed

electrical conductivities of ~1600 and ~2200 S cm™'

, respectively. Interestingly, the healing
experiments showed that these materials can also be healed repeatedly by water, similarly to
PEDOT:PSS (Figure 7.5a). Healing experiments were also carried out on conducting polymer films
synthesized by electropolymerization and transferred to a glass substrate (details described in the
experimental section). Here ClO4™ is adopted as the dopant for PEDOT in electropolymerization
because to small dopants generally have better electrochemical properties with respect to larger
ones (e.g., PSS)[81, 82, 234, 235]. In this case, upon one cut, the water droplet cannot restore the
initial current of PEDOT:ClO4 film, and only induces a transient ionic current flow similar to that
observed in PEDOT:PSS films soaked in sulfuric acid for 3 days (Figure 7.5a). The difference
between the water-enabled healing abilities of these various conducting polymers is probably based
on their ability to swell in water. To confirm this hypothesis, we performed water-soaking tests.
PEDOT:Tos and PEDOT:OTT films show a slightly lower but still consistent weight increase
compared to PEDOT:PSS upon immersion in water for 10 min, reaching values of =<310% and
~250%, respectively. PEDOT:CIO4 films do not show any weight gain under the same conditions
(Figure 7.5b). We hypothesize that organic dopants (Tos, OTf) occupy larger volumes compared
to the inorganic dopant (ClO4"), leading to a less compact structure of the conducting polymer, and
provide the film with many sites which may interact with water molecules, leading to significant
volume expansion[17, 204, 236, 237]. The HSO4 and ClO4 are reported to be similar in size, with
a thermochemical radius of 0.225 and 0.221 nm, respectively[236]. This can also explain why
PEDOT:PSS films, after soaking in sulfuric acid for 3 days, lose their water-enabled healing
behavior due to the removal or replacement of PSS with HSO4™. However, the different swelling
behavior of the PEDOT films investigated in this work deserves further investigation, as
differences might arise from several factors, such as the size and type of dopants, the film

morphology and the PEDOT chain length[82, 232, 238].
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Figure 7.5 a) Current versus time profile of PEDOT:Tos and PEDOT:OTT film after several cuts
in different areas of film, and of PEDOT:ClO4 film after one-time blade cut and b) water uptake
versus soaking time profile of different PEDOT films (N = 4). The thickness was =4-6 pm for
PEDOT:Tos and PEDOT:OTHT, and between 3 and 8 um for PEDOT:CIO4 films.

7.5 Conclusion

We demonstrated that the water-enabled healing ability of PEDOT:PSS can be tailored via
processing. The presence of GOPS and sulfuric acid treatment weaken or eliminate water-enabled
healing. Replacing the dopant PSS with other organic anions (Tos™ or OTf") results in films
showing water-enabled healing, while replacement with the inorganic dopant ClO4™ leads to
suppression of the phenomenon, due to poor swelling ability. Finally, we showed that water
“healing” can be achieved on 5 pm wide gaps, created by photolithography and etching, between
two isolated squares of PEDOT:PSS films (thickness =500 nm). We believe this work will
stimulate the development of future organic healable wearable electronics and biomedical

applications.
7.6 Experimental section

Materials

The PEDOT:PSS aqueous suspension (Clevios PH1000) and Fe(Ill) p-toluenesulfonate in n-
butanol (Clevios CB 54 V3) were purchased from Heraeus Electronic Materials GmbH
(Leverkusen, Germany). Glycerol (99.5+% purity) was purchased from Caledon Laboratories Ltd.
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(Georgetown, ON). (3-Glycidyloxypropyl)trimethoxysilane (GOPS), sulfuric acid (95%-98%),
imidazole, LiClO4, 3,4-cthylenedioxythiophene (EDOT), polyethylene glycol-polypropylene
glycol-polyethylene glycol (PEG-PPG-PEG, Mw = 5800), N-methyl-2-pyrrolidone (NMP), ethanol
and liquid metal gallium-indium eutectic (EGaln 495425), phosphate buffer saline (PBS) tablets
and sodium chloride (NaCl) were purchased from MilliporeSigma. Fe (III)
trifluoromethanesulfonate (Fe(OTf)3) was purchased from Alfa Chemicals. Deionized water (18.2
MQ cm at 25 °C, Millipore), PBS (pH = 7.4), and NaCl solutions were used for healing experiments.
PBS solutions were prepared from tablets dissolved in 200 mL deionized water yielding a solution
of 0.01 phosphate buffer, 0.0027 m potassium chloride, and 0.137 m sodium chloride. The
concentration of NaCl solutions was 0.01 m. All materials and chemicals were used without further

treatment. Glass slides (Corning 2947—75 x 50) were purchased from Corning Incorporated.
PEDOT:PSS Processing and Patterning

Additives (glycerol, GOPS) were mixed with Clevios PH1000 in a centrifugal mixer (Thinky M310)
at 2000 rpm for 5 min. Glycerol does not interfere in the water-enabled healing behavior but can
raise the electrical conductivity of PEDOT:PSS, so it was added together with GOPS into
PEDOT:PSS suspension in the experiments because GOPS deteriorates film conductivity[28, 104,
225]. The films were processed by drop-casting PEDOT:PSS mixtures (<0.5 mL) onto glass
substrates. After drop casting, the films were baked on a hot plate with the following sequence:
50 °C for 1 h, 90 °C for 2 h, and finally 140 °C for 6 h. The gradual temperature increase permitted
us to obtain continuous films without the formation of bubbles. The thickness of the films was kept
to =5um, as we have previously shown that films with thicknesses ranging between 1 and 10 pm

show very similar healing performance[104].

Soaking of films in sulfuric acid was carried out in a glass petri dish. After soaking, films were

rinsed with DI water to remove excess acid and dried on a hot plate at 140 °C for 15 min.

PEDOT:PSS films used for self-healing tests on lithographically induced gaps were deposited by
spin coating two layers from Clevios PH1000 suspension on precleaned glass slide at 700 rpm for
30 s to get a thicker film. Thicker film here was desired for healing test according to our previous

work[104]. The sample was baked at 140 °C for 1 h after the deposition of each layer. A Karl Suss
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MA-6/BA-6 mask aligner (wavelength 365 nm, intensity of 8 mW cm™2) was used for
photolithography. Oxygen reactive ion etching was performed with an ENI OEM-6 apparatus.

Synthesis of PEDOT:OTf

PEDOT:OTf was synthesized by chemical polymerization of EDOT in presence of the oxidant
Fe(OTf)s3 in a mixture of 72 wt% ethanol, 8 wt% NMP, and 20 wt% PEG-PPG-PEG[222]. 126 mg
of Fe(OTf); were dissolved in 1 mL of solvent mixture and sonicated for 2 h. This solution was
mixed with 20 pL of EDOT for 30 s and then sonicated for 10 s, and finally was drop-cast or spin-
coated at 1000 rpm on a glass substrate. The resulting films were baked on a hot plate at 120 °C

for 40 min, rinsed twice with ethanol and dried. The film thickness of was ~4-6 um.
Synthesis of PEDOT:Tos

PEDOT:Tos was synthesized by chemical polymerization of EDOT in the presence of the oxidant
Fe (IIT) p-toluenesulfonate[223]. A solution composed of 2 mL of Fe(IIl) p-toluenesulfonate in n-
butanol and 0.073 g imidazole was stirred in a centrifugal mixer (Thinky M310) at 2000 rpm for
30 min. Then 0.1 mL of EDOT was added into the solution and mixed by the centrifugal mixer at
2000 rpm for 30 s. Then the solution was drop-cast or spin-coated at 1000 rpm for 30 s on the glass
substrate. Then the samples were baked at 140 °C for 20 min, rinsed twice with ethanol and dried

in nitrogen. The film thickness of was ~4-6 pm.
Synthesis of PEDOT:ClO4

Electropolymerization of PEDOT:ClO4 was carried out galvanostatically in an acetonitrile solution
containing 30 x 10 m EDOT monomer and 120 x 107 m LiClO4 in a three-electrode
electrochemical cell, using a Bio-Logic VSP-300 potentiostat equipped with the EC-Lab
software[82]. Silver/silver chloride (Ag/AgCl) was used as the reference electrode, a Pt wire as the
counter electrode, and a stainless-steel sheet with a size of =(6 x 1) cm as the working electrode.
All working electrodes were rinsed in acetone, IPA, and deionized water and dried with nitrogen.
The solutions were degassed for 10 min with nitrogen prior to electropolymerization and a nitrogen
blanket was maintained during the electropolymerization to limit the oxygen concentration in the
solution and avoid unwanted oxidation reactions[239]. After electrodeposition, the PEDOT:CIO4
films were gently transferred from the stainless-steel sheet to the glass slide using a thermal release

film tape (TFA1106, Koan Hao Technology Co Ltd.) because of the higher adhesion force of
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PEDOT:CIOs4 film onto tape with respect to the stainless-steel sheet. Then the glass slide was baked
at 120 °C for 5 min to ensure the decomposition of the tape. The films were finally gently rinsed
with deionized water and dried on a hot plate at 140 °C for 20 min. The film thickness was of =3-

8 um.
Film Characterization

The film thickness was measured with a profilometer (Dektak 150) using a 12.5 pm stylus tip with
a 10 mg load. Optical microscopy images were obtained with a Carl Zeiss microscope. SEM was
performed with a JEOL JSM-7600TFE field emission (FE-SEM) with a voltage of 5.0 kV (LEI)
under a vacuum of 10~* Pa. Electrical conductivity measurements were carried out on thin films
deposited by spin coating at 1000 rpm and baked at 140 °C for 1 h. Sheet resistance was measured
by a four-point probe (Jandel Engineering) connected to an Agilent B2902A voltage-current source
measure unit. XPS was performed using a VG ESCALAB 3MKII system with MgK X-ray source

in an ultrahigh vacuum.
Self-Healing Test

Self-healing experiments were carried out in ambient air on films with a size of =(6.0 x 1.5) cm,
and a thickness of =15 um. Electrical contacts were made via two tungsten probes immersed into
EGaln contacts at the two sides of the film and the current was measured with an electrical probe
station equipped with a National Instruments NI PXIe-1062Q source-measure unit controlled by
Labview software. The voltage applied in the healing test was 0.2 V. A droplet (=40 pL) of
deionized (DI) water (18.2 MQ cm at 25 °C, Millipore) was used as the healing agent for water-
enabled healing. The time for current recovery is referred as the healing time; the ratio
77=(/healed— Zdamaged)/(Ipristine— /damaged), Where [ is the current measured for pristine, damaged, and

healed films, as the healing efficiency.
Swelling Test

PEDOT:PSS films were weighed by an analytic balance (Sartorius BP 210 D) right after baking to
record their initial mass and successively soaked in DI water for 10-30 min. They were then
removed from the water and transferred onto a piece of lint-free paper using tweezers. The water

on the surface of the films was dried off and the samples were weighed for a second time. The mass
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increase of each sample was calculated using the following formula, where Mw is the mass of the

wet film and Mb is mass of dry film

Weight Increase (%) = (Mw — Mp)/Mp % 100

7.7 Acknowledgments

This work was supported by grants NSERC Discovery and Department of National Defence
Discovery supplement and IDEAS CFPMN1-008, awarded to F.C. Y.L. is grateful to the Centre
de Recherche sur les Systemes Polymeres et Composites a Haute Performance (CREPEC) and
Polytechnique Montréal for partial financial support. N.H. acknowledges support from FRQNT
through a Scholarship for Reentering the Research Community. The authors are grateful to CMC

Microsystems for support through the program MNT financial assistance.



98

CHAPTER 8 GENERAL DISCUSSION

In the following, the results of Chapter 4 to 7 are discussed as a whole with reference to the
literature presented in Chapter 2. A detailed study of the fundamental properties of PEDOT:PSS is
presented in this thesis, and many insights have been gained in terms of processing, mechanical
stretchability and self-healing ability. Advanced methods have been developed to enhance both
stretchability and transistor performance of stretchable OECTs. We also demonstrate a facile
method to achieve autonomic healing behavior of PEDOT:PSS and are able to tailor the healing

performance of conducting polymer films via processing methods.

In the chapter 4, OECTs were fabricated on PDMS elastomer substrate via adding fluorosurfactant
Zonyl to obtain stretchability. However, the strain range for the stable operation of OECTs is up to
30%, and there is a trade-off between the stretchability and transistor performance when a ultrathin
parylene layer is deposited between the PEDOT:PSS channel and elastomer substrate. To solve
this problem, we hypothesize that if the secondary plasticizer can also improve the conductivity
and ion transport of PEDOT:PSS, the transistor performance of the stretchable OECTs may also
be improved. As a result, in the article 1, we enhanced both stretchability and the transistor
performance via the addition of PEG. Due to the excellent plasticizing effect of PEG, we have
shown that PEG can increase the strain-insensitive range and failure strain of PEDOT:PSS film on
PDMS. More importantly, PEG addition creates a thickness-independent strain-insensitive range
for PEDOT:PSS films, allowing us to fabricate stretchable OECTs with thicker film for higher
transconductance. This is a very important discovery in the field of stretchable OECTs, because
usually channel material thickness is lowered to obtain better stretchability, while the

transconductance is sacrificed.

The knowledge we gained in article 1 inspired us to achieve the autonomic healing behavior of
PEDOT:PSS film via using PEG to change the mechanical properties. Since polymer chain
diffusion plays an important role in the healing ability of polymers, we also hypothesize that change
of flow ability of PEDOT:PSS after plasticizer addition may lead to the variation of healing
property. In article 2, we used PEG to soften PEDOT:PSS film and achieve repeatable, fast, and
high-efficiency autonomic healing. We also found that the healing behavior of PEDOT:PSS/PEG



99

film can be tuned from autonomic healing to water-enabled healing by decreasing PEG addition

amount, post treatment with methanol, and increasing the molecular weight of PEG.

As the water enabled healing behavior of PEDOT:PSS is hypothesized mainly to be related with
the swelling, we believe that any change of PSS concentration in the films would lead to a change
in self-healing properties. In article 3, we further studied the healing behavior of PEDOT under
diverse processing conditions or synthetic methods. We confirmed that the swelling of dopants
plays the importance role in the healing behavior of conducting polymers. The presence of
crosslinker GOPS as well as a long-time post-treatment with concentrated sulfuric acid
significantly decrease the swelling and impair the healing ability of PEDOT:PSS. Organic dopants
of PEDOT have high water swelling ratios and lead to water-enabled healing, while inorganic
dopants fail in the healing of PEDOT. Besides, we preliminarily studied the effect of cut width and
film thickness on healing of PEDOT:PSS. The cuts made by various blades on ~ 5 pum thick
PEDOT:PSS film with width ranging from ~ 10 to ~ 50 um are all healed by water. The “healing”
of nanoscale PEDOT:PSS film (~ 500 nm) is also achieved by narrowing down the gap to ~5 um
via photolithography and reactive ion etching. From article 2 and article 3, we have gained more

profound understanding of the healing behavior of conducting polymers.

We believe the principle we adopt in Article 1 for fabrication of high-performance stretchable
electronics as well as the knowledge regarding to the self-healing properties of conducting
polymers in Article 2 and Article 3, will pave the way to self-healing wearable electronics in the
areas of conductors, surface coatings, energy storage devices, and biomedical sensors. Despite
there are still limitations for the materials or devices (discussed in chapter 9), this thesis contributes
to the advancement of technology in organic bioelectronics and we believe a significant
improvement can be realized in the near future to meet the requirements for commercial

applications.
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CHAPTER 9 CONCLUSION AND RECOMMANDATIONS

This thesis explored the possibility to tune the stretchability and healing property of conducting
polymer PEDOT:PSS for organic bioelectronics. We further improved the device performance of
our stretchable OECTs previously reported and gained deeper knowledge about the healing
behavior of the conducting polymer PEDOT:PSS. A lot of work have been done on enhancing the
stretchability of PEDOT:PSS, reporting a maximum fracture strain of 800%[31]. However, our
goal is totally different because we want to have a maximum strain that allows us to have stable
during stretching and releasing. As for the healing, we mainly work on the healing property of
conducting polymers, which has been done by very few groups. And we want to enhance the
healing property of PEDOT:PSS without sacrificing the biocompatibility, since our target is

organic bioelectronics.

Our first goal is to fabricate stretchable OECTs on PDMS substrate without buckling method and
improve the transistor performance without sacrificing stretchability. We have demonstrated that
the addition of PEG can both increase the stretchability of PEDOT:PSS films, enabling us to
fabricate OECTs with thicker channel film for higher transconductance. In addition, OECTs
fabricated with PEDOT:PSS/PEG channel also shows higher ON/OFF ratio and faster response
time. However, the mechanism of performance improvement is still not well understood. Future
study can focus on the detailed effects of PEG addition on PEDOT:PSS film, such as the improved
ionic transport and overall lowered impedance, as well as possible antifouling and anti-freezing
properties. Furthermore, due to the good solubility of PEG in water, the long-term stability of these
OECTs operating with aqueous electrolyte needs to be improved. Compared with thin PEDOT:PSS
films, PEDOT hydrogels described in the literature review section have much smaller modulus and
comparable mechanical properties to human tissues. Despite the promising future of these
hydrogels in the organic bioelectronics, they suffer a poor stability due to the loss of water. In the

future, PEG could be exploited as a stabilizer for PEDOT hydrogels due to its non-volatile property.

Our second goal is to develop a stable, biocompatible, and autonomically healable conductor based
on PEDOT:PSS and obtain a deeper understanding on the water-enable behavior of PEDOT:PSS.
We have shown that addition of PEG can significantly soften the PEDOT:PSS and leads to a
repeatable autonomic healable conductor with high healing efficiency and fast response time. Via

in situ cutting monitoring and mechanical characterization, we hypothesize that PEDOT:PSS/PEG
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film can achieve healing via flowing back to damaged areas. The PEG addition also helps

conducting polymer film to obtain good water-stability and air-stability.

The swelling abilities of PEDOT based materials are believed to be likely related to their healing
behaviors. We have successfully proved that the healing performance of PEDOT based material
can be tuned by varying processing methods, dopants or polymerization methods. We also have
preliminarily demonstrated that the healing performance of PEDOT:PSS films is associated with
the film thickness and the cut width, which needs to systematically investigated in the future.

Self-healable conducting polymers are recent-established materials for the next-generation
electronics. In terms of the future work, the first challenge is to improve the healing property of
PEDOT-based material. Molecular structure design could be an alternative to gain healing ability,
via side chain grafting on the backbone or incorporation of specific ions upon doping, providing
more possible dynamic bonding sites. However, their effects on molecular chain alignment and
stacking, and the trade-off between conductivity and healing ability needs further investigation.
Substantial efforts need to be contributed to improving the healing performance of the current
healable materials, including increasing the healing efficiency with ultra-short response time (less
than 0.1 s). Processing PEDOT:PSS with plasticizer and hydrogel network can render the healable
composite with fast recovery speed and high efficiency. However, with the arising of bioelectronics,
biocompatible plasticizers and/or hydrogel network are often required to enable the further
implementation of on-skin or in vivo applications. The second concern is the stability or reliability
of self-healing materials based on PEDOT and its composites. For instance, physical molecular
diffusion assisted by the high water ratio inside hydrogels cannot guarantee the eternal healing
performance due to the unavoidable water evaporation at ambient conditions. The dynamic
reversible bonds embedded in healable materials are often sensitive to temperature, affecting the
mechanical properties. The third challenge is to provide healable materials with the ease of tunable
healing performance. Taking advantage of the excellent processability of PEDOT, the tunable and
diverse healing performance can significantly endow PEDOT-based materials with more

functionalities in potential applications, such as optoelectronic devices and actuators.
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APPENDIX A TUNING THE ELECTROMECHANICAL PROPERTIES OF
PEDOT:PSS FILMS FOR STRETCHABLE TRANSISTORS

——130 nm
—— 70 nm
—— 50 nm
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Figure SA1. Current-time measurements for PEDOT:PSS films on PDMS with thickness of 130
nm, 70 nm, and 50 nm at 0%-15%-0%, 0%-30%-0%, 0%-45%-0% strains. Each strain was repeated
for 3 cycles. All films were baked are 100 °C for 1 hour.
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Figure SA2. Transconductance of OECTs on PDMS Parylene/PDMS and micro-OECTs on
parylene/PDMS. For OECTs on PDMS Parylene/PDMS the transconductance is evaluated at 0%,
15% and 30% strain. The inset shows the image of 4 micro-OECTs with W/L= 400. The scale bar

is 5 mm.
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Figure SA3. Optical image of Parylene interlayers on PDMS: a) transferring parylene interlayer
onto PDMS via a PET carrier shows cracks at 10% strain; b-d) direct depositing parylene interlayer

on PDMS shows only show small microcracks at 30% strain. The scale bar is 50 pm.
a) b)
0% — 159% —
c) d)

Figure SA4. Optical microscope images of PEDOT:PSS (50 nm, 100 °C baking) on

parylene/PDMS at different strains. The wrinkles at 0% strain are formed during the peeling-off

process of the film from the glass supporting substrate.
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Figure SAS5. Current change upon stretching/releasing PEDOT:PSS (50 nm) films on
parylene/PDMS between 0% to 30% strain for 60 cycles.
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APPENDIX B SUPPORTING INFORMATION OF ARTICLE HIGHLY
STRETCHABLE PEDOT:PSS ORGANIC ELECTROCHEMICAL
TRANSISTORS ACHIEVED VIA POLYETHYLENE GLYCOL ADDITION
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E-mail: fabio.cicoira@polymtl.ca

Figure SB1. SEM images of ~300 nm thick PEDOT:PSS/PEG film (a-b) and 50 nm thick
PEDOT:PSS film (c-d) on PDMS substrate under 45% strain. All films were baked at 100 °C for

1 hour.
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Figure SB2. XPS spectra of (a) S(2p), (b) C(1s) and (c) O(1s) core-level of pristine PEDOT:PSS,
and PEDOT:PSS with 4 v/v% PEG 400 addition.
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Figure SB3. Transfer characteristics of stretchable OECTs using PEDOT:PSS gate electrode and a

polyampholyte hydrogel containing NaCl electrolyte as the gate medium, under 0% and 45% strain.

PEDOT:PSS/PEG film is processed from a mixture of PH1000 and 4 v/v% PEG 400, 5 v/v%

glycerol and 1 v/v% Capstone FS-30. The films are baked at 100 °C for 1 h. The thickness of the

film is 310 nm. The Vgsis 0.6 V.
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Figure SB4. Transfer characteristics of OECTs using activated carbon gate electrode and 0.1 M
NaCl solution as electrolyte. PEDOT:PSS film is processed from a mixture of PH1000, 5 v/v%
glycerol and 1 v/v% Capstone FS-30 and PEDOT:PSS/PEG film is processed from a mixture of
PH1000 and 4 v/v% PEG 400, 5 v/v% glycerol and 1 v/v% Capstone FS-30. The films are baked
at 100 °C for 1 h. The Vs is 0.6 V.
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APPENDIX C SUPPORTING INFORMATION OF ARTICLE
AUTONOMIC SELF-HEALING OF PEDOT:PSS ACHIEVED VIA
POLYETHYLENE GLYCOL ADDITION
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Figure SC1. Current versus time plot of film processed from mixtures containing PEDOT:PSS and
4% PEG-400 after 100 cuts in different regions. The cut was performed every 20 s by Ultrasource
Single Edge blade 500205. The voltage applied during the healing test was 0.2 V.
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Table SC1: Blades used in this work and cut width measured on pristine PEDOT:PSS film. For

each blade, at least ten cuts were made to calculate the average cut width.

Name of Blade Picture Cut Size /pm

Gillette 7 O' Clock Super Stainless

15.1+4.1
Gillette Silver Blue
19.6+5.7
Gillette Platinum
14.9£1.0
Shark Super Chrome Blades
444432
Astra Superior Platinum Double Edge
16.4+6.1
Feather Hi Stainless Double Edge
19.3+8.7
Derby Extra Super Stainless Double-Edge
11.0+0.3

A2ZSCILAB Blue Wrapper Scalpel Blade # 12

53.4+£2.1
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A2ZSCILAB Blue Wrapper Scalpel Blade #11

13.5£1.0
A2ZSCILAB Green Wrapper Scalpel Blade #15
27.1+10.1
Slice 10520 Slice Ceramic Craft Blade
66.2+2 .4
Ultrasource Single Edge blade 500205
27.8+4.1

100 pm

Figure SC2. Optical images of damaged regions of a film processed from mixtures containing
PEDOT:PSS and 4% PEG-400 (a) and a pristine PEDOT:PSS film (b) via cutting by the edge of

quartz microscope slide.
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Figure SC3. SEM image of healed region of a film processed from mixtures containing

PEDOT:PSS, 5% glycerol and 4% PEG-400.
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Figure SC4. FTIR spectra of conducting polymer processed from mixtures of PEDOT:PSS and
different amounts of PEG-400.
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Figure SC5. XPS spectra of S2p (a), Cls (b) and O(1s) (c) core-level of pristine PEDOT:PSS, and
PEDOT:PSS/PEG-400-4% film.
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Figure SC6. Stress-strain curves of three films processed from mixtures of PEDOT:PSS and

different amounts of PEG-400.
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Figure SC7. current versus time plot of a film processed from a mixture containing PEDOT:PSS

and 4% PEG-400, rinsed in methanol and soaked in PEG-400 upon several cuts and water healings

in different regions. The films were soaked in PEG-400 for 30 min after the methanol treatment.

Then PEG was removed by lint-free paper and films were baked at 140 °C for 4 h. The voltage

applied during the healing test was 0.

2V.
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Figure SC8. Current versus time plot of films processed from mixtures containing PEDOT:PSS
and 4% PEG-200 (a), 4% PEG-1500 (b), 4% PEO-100000 (c) and 4% PEO-5000000 after several
cuts in different regions. The voltage applied during the healing test was 0.2 V.

W
o
1

N
o
|

e tomd
b

Weight increase (%)
=)

m 5% Glycerol

® 1%PEG
2% PEG

v 4% PEG

=

Figure SC9. Weight increase of PEDOT:PSS films containing different amounts of PEG-400

versus exposure time to water vapour into a humidity chamber. The RH is kept constant at 95%

during the experiments.
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Figure SC10. Weight increase versus water soaking time of PEDOT:PSS films containing different

amounts of Triton X-100
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Figure SC11. Current versus time plots of films processed from mixtures containing PEDOT:PSS

and 1% (a) and 4% Triton X-100 (b) after several cuts in different regions. The voltage applied
during the healing test was 0.2 V.
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Figure SC12. Current versus time plot of films processed from mixtures containing PEDOT:PSS

and 4% PEG after several cuts in different regions. The experiment was carried out in dry

conditions inside a N2-purged glove box after baking the film in situ for 14 h at 140 °C. The voltage

applied during the healing test was 0.2 V.
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Figure SC13. Optical images of films processed from mixtures containing PEDOT:PSS and 4%

PEG and from PEDOT:PSS only, immediately after water soaking and after drying for 30 and 60

minutes.
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APPENDIX D SUPPORTING INFORMATION OF ARTICLE TAILORING
THE SELF-HEALING PROPERTIES OF CONDUCTING POLYMER
FILMS
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10 pm

Figure SD1. SEM image of the damaged area of a pristine PEDOT:PSS film after 3 days of H2SO4
soaking. The film was cut with a razor blade and DI water was dropped into the damaged area.

Then the film was baked at 140 °C for 15 min.
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Figure SD2. S(2p) core-level spectra of pristine PEDOT:PSS and PEDOT:PSS film after sulfuric

acid post-treatment for 3 days.
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Figure SD3. Current versus time profile of a pristine PEDOT:PSS films after several cuts in
different areas of the films. The healing agents used were NaCl and PBS. The thickness of films

was ~5 pm.
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Figure SD4. The optical images of patterned PEDOT:PSS squares on glass with different gap width.
The gap width is 5 um (a), 10 um (b), 20 um (c), 50 um (d), 80 um (e) and 100 um (f), respectively.
The scale bar is 200 pm.
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Figure SDS5. The thickness variation of patterned PEDOT:PSS squares before (a) and after water
drop (b). The gap width is 5 um. The change of thickness in the middle of squares indicates the

“healing”.
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Figure SD6. Chemical structures of para-toluene sulfonate and trifluoromethanesulfonate.
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