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ABSTRACT

Organic electronics, which use thin films or single crystals of organic n-conjugated materials as
semiconductors, enable technologies for large-area, mechanically flexible and low-cost

electronics.

Intense research in organic electronics started in the 90s, with the demonstration of the first light-
emitting diodes, transistors and solar cells based on organic materials. Today, such devices are
becoming ubiquitous in our society as they can be found in displays based on organic light-
emitting diodes in mobile phones, televisions and many other consumer devices. Other organic
electronic devices, such as transistors for radio frequency identification tags, are expected to enter
the market in the near future. Organic electronic materials present several advantages over
inorganic ones, which make them more viable for targeted applications. One the most significant
advantages of organic materials is their ability to transport both ionic and electronic charges,
which can be exploited in bioelectronics, a multidisciplinary field that deals with the coupling of

electronic devices with biological systems.

The primary goal of bioelectronics is to exploit electronic devices for biological applications,
such as implants, drug delivery systems, artificial skin, and sensors for in vivo or in vitro
environments. Interfaces between biological systems and electronics require devices that are
mechanically flexible and stretchable, chemically inert and in some cases biodegradable.
Bioelectronics based on organic materials, known as organic bioelectronics, especially promising
because promise to yield devices that are able to combine ionic and electronic transport and to
offer improved mechanical interfaces with living tissues, due to the soft nature of the polymer

surface.

An example of a bioelectronic device is the organic electrochemical transistor (OECT), which
has found applications in biosensors and implantable devices. OECTs are attractive because of
their ability to operate at low voltages (< 1 V) in aqueous solutions, where biological processes
take place. OECTs can be composed solely of conducting polymers and consist of source and

drain electrodes and a channel in ionic contact with a gate electrode via an electrolyte solution.
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The gate voltage modulates the current flowing in the channel. In most OECTs, the application of
a positive gate bias induces a reversible redistribution of positive ions within the conducting
polymer channel and the electrolyte. This, together with charge injection from source and drain,
results in electrochemical dedoping of the conducting channel, accompanied by a decrease of the

source-drain current.

In this thesis, we have fabricated rigid, flexible and degradable OECTs on glass, plastics and
degradable shellac substrates. Unconventional techniques such as parylene patterning and
orthogonal photolithography have been used for device fabrication. These processing techniques
let us avoid placing organic materials in contact with other materials (such as photoresists,
solvents and strippers) typically used in photolithography, which can result in the degradation of
the electrical properties of the organics. To understand how OECTs work and to optimize their
performance, we have investigated the role of their main components (electrolyte, gate electrode
and substrate). Moreover, we have realized a flexible device integrating a transistor and a

supercapacitor, for applications in energy micro-storage.

Ionic liquids (ILs) are interesting candidates as gating media in OECTs. However, ILs can exhibit
excessively high viscosity that prevents their straightforward use. We report two ways to employ
the highly viscous ionic liquid triisobutyl(methyl)phosphonium tosylate (Cyphos® IL 106) in
OECTs based on poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS), namely
IL-H,0 binary mixtures and ion gels. The use of these formulations as gating media increases the
OECT modulation with respect to experiments where pure ionic liquids are used. Using high
surface area activated carbon gates, we achieved ON/OFF ratios as high as 5000 with Cyphos®
IL 106—H,0 mixtures at 5 and 10% H,O v/v.

Planar OECTs using PEDOT:PSS as the channel material, nanostructured carbon as the gate
electrode material and poly(sodium 4-styrenesulfonate (PSSNa) gel as the electrolyte were
fabricated on flexible polyethylene terephthalate (Mylar®) substrates. Nanostructured carbon was
deposited at room temperature by supersonic cluster beam deposition (SCBD). Interestingly, the
OECT acts as a hybrid supercapacitor to give a device that we called transcap. The energy

storage ability of transcaps has been studied with two configurations: one features PEDOT:PSS
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as the positive electrode and nanostructured carbon as the negative electrode; the other has a
reversed electrode polarity. Potentiostatic charge/discharge studies show that both
supercapacitors show good performance in terms of voltage retention, particularly when
PEDOT:PSS is used as the positive electrode. Galvanostatic charge-discharge characteristics
show typical symmetric triangular shape, indicating a nearly ideal capacitive behaviour with a

columbic efficiency close to 100%.

Finally, we developed “green” OECTs, which employ degradable substrates and water as the
gating medium. OECTs were patterned onto degradable shellac substrates by transfer printing. To
explore the gate effect in presence of water as the gating medium, we have employed AC gate
electrodes and PEDOT:PSS gate electrodes. Results indicate that OECTs with AC gates have
slower current response and higher current modulation than those with PEDOT:PSS gates. The

shellac substrate can be degraded in 1 M KOH solution.

Our study of various electrolytes, high specific surface area gates and diverse substrates has
significantly advanced the knowledge in the field of OECTs, thereby paving the way to
applications in vivo and in vitro. Interestingly, OECTs can be used as energy storage devices.
The concept of a transcap integrating an organic electrochemical transistor and a supercapacitor
can be further optimized to achieve faster time responses, decreased self-discharge and optimized

electrical and energy storage properties.
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RESUME

La bioélectronique est un domaine pluridisciplinaire dont 1’objectif est le couplage des dispositifs
¢lectroniques avec les systémes biologiques. La bioélectronique vise 1I’exploitation des dispositifs
¢lectroniques pour des applications biologiques, comme les systémes de livraison de médicament
implantables, la peau artificielle, ou encore les capteurs capables d’opérer in vivo ou in vitro. Les
interfaces entre la biologie et 1’¢lectronique nécessitent des dispositifs qui soient a la fois
mécaniquement flexibles et étirables, chimiquement inertes, ainsi que, dans certains cas,
biodégradables. La bioélectronique basée sur des matériaux organiques, ou bioélectronique
organique, donne les moyens technologiques de produire des dispositifs ¢électroniques

mécaniquement flexibles ou dégradables, le tout a faible cotit sur de larges surfaces.

Les recherches intensives dans le domaine de 1’électronique organique ont commencé dans les
années ‘90, avec les premicres diodes ¢lectroluminescentes, transistors ainsi que cellules
photovoltaiques basés sur des matériaux organiques. Les dispositifs électroniques organiques
deviennent omniprésents dans notre société moderne avec I’introduction sur le marché d’écrans
basés sur l’utilisation de diodes électroluminescentes pour les téléphones cellulaires, les
télévisions et d’autres produits commerciaux. D’autres dispositifs électroniques organiques, tels
que les transistors organiques pour les tags d’identification radiofréquence, devraient faire a leur
tour une entrée sur le marché dans un futur proche. Les matériaux organiques électroniques
présentent plusieurs avantages sur leurs homologues inorganiques, ce qui les rend plus adaptés a
certaines applications spécifiques. L’un des avantages les plus importants réside sans doute dans
la capacité des matériaux organiques électroniques a transporter les porteurs de charge ioniques et
¢électroniques, pour pouvoir développer de nouveaux dispositifs faisant I’interface avec les
systémes biologiques. Le transistor organique électrochimique (OECT), qui a trouvé de
nombreuses applications dans les biocapteurs ou dans les dispositifs implantables, en est un bon
exemple. Les OECTs offrent la capacité prometteuse a opérer a de faibles voltages (<1 V) en
solutions aqueuses, ou les procédés biologiques ont lieu. Les OECTs peuvent étre réalisés
entierement a I’aide de polymeres conducteurs et sont composés d’¢lectrodes appelées source et
drain, ainsi que d’un canal en contact ionique avec une électrode appelée grille via une solution

¢lectrolytique. Le potentiel appliqué a la grille module le courant qui circule dans le canal. Dans
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la plupart des OECTs, ’application d’une différence de potentiel positive a la grille induit une
redistribution réversible des ions positifs a I’intérieur du polymeére conducteur composant le canal,
ainsi qu’a I’intérieur de 1’¢lectrolyte. Ceci, couplé avec I’injection de charges par la source et le
drain, résulte en un dédopage électrochimique du canal conducteur, qui s’accompagne d’une

diminution du courant source-drain.

Dans cette thése, nous décrivons la fabrication de différents types d’OECTs, rigides, flexibles ou
encore dégradables, sur des substrats de verre, de plastique ou de shellac dégradable. Des
techniques non-conventionnelles comme la gravure sur paryléne et la photolithographie
orthogonale ont été utilisées pour la fabrication des dispositifs. Ces méthodes permettent d’éviter
le contact direct entre les matériaux organiques et d’autres matériaux (i.e. les photorésines, les
solvants et les décapants) typiquement utilisés en photolithographie, évitant ainsi une dégradation
des propriétés électriques. Afin de mieux comprendre le mécanisme de fonctionnement des
OECTs, qui est toujours largement méconnu, ainsi que d’optimiser leurs performances, nous
avons étudié le role de leurs composants clé, i.e. I’¢électrolyte, I’¢lectrode de grille et le substrat.
Nous avons aussi exploré la possibilité de fabriquer un dispositif flexible intégrant un transistor et
un supercondensateur, qui pourrait étre intéressant pour des applications dans le domaine du

micro-stockage d’énergie.

Les liquides ioniques (ILs) sont des candidats intéressants pour servir de milieu de grille (gating
medium) dans les OECTs. Néanmoins, les ILs présentent une viscosité excessivement élevée qui
empéche de les utiliser directement dans les OECTs. Nous rapportons ici deux approches
permettant d’utiliser le liquide ionique hautement visqueux triisobutyl(méthyl)phosphonium
tosylate (Cyphos® IL 106) dans des OECTs basés sur le poly(3,4-éthylénedioxythiophéne)
polystyrénesulfonate (PEDOT:PSS). Ces deux approches sont 1’utilisation d’un mélange binaire
IL-H,O et I'utilisation de gels ioniques. Ces formulations du milieu de grille ménent a une
augmentation de la modulation de I’OECT, comparativement aux résultats obtenus avec le
liquide ionique pur. En utilisant des grilles en carbone activé de grande surface, des ratios
ON/OFF allant jusqu’a 5000 ont été obtenus avec les mélanges Cyphos® IL 106—H,0 a 5% et 10%
de H,O, v/v.

Des OECTs planaires utilisant du PEDOT:PSS comme matériau pour le canal, du carbone

nanostructuré comme matériau pour 1’¢lectrode de grille et du gel poly(sodium 4-styrénesulfonate)



(PSSNa) comme ¢électrolyte ont été fabriqués sur des substrats flexibles de poly(téréphtalate
d'éthyléne) (Mylar®). Le carbone nanostructuré a été déposé a température ambiante par
déposition supersonique de faisceaux en agrégats (SCBD). L’OECT résultant se comporte
comme un supercondensateur hybride (ce qui donne un dispositif que nous avons appelé
transcap). La capacité a stocker I’énergie des transcaps a été étudiée dans deux configurations :
I’'une utilise le PEDOT:PSS comme ¢électrode positive et le carbone nanostructuré comme
¢lectrode negative, tandis que la deuxiéme configuration inverse la polarité des électrodes. Les
¢tudes de la charge/décharge potentiostatique révelent que les deux supercondensateurs montrent
de bonnes performances en termes de rétention de voltage. Ceci est particulierement vrai quand
du PEDOT:PSS est utilis¢ comme électrode positive. Les caractéristiques de la charge/décharge
galvanostatique présentent une forme triangulaire symétrique typique, ce qui indique un
comportement capacitif quasiment idéal, avec une haute efficacité coulombienne (proche de

100%).

Enfin, nous avons développé des OECTs “verts”, qui emploient des substrats dégradables et de
I’eau comme milieu de grille. Des OECTs fabriqués sur du PET (polytéréphtalate d’éthylene) ont
été transférés sur un substrat de shellac par transfer printing. Afin d’étudier I’effet de grille en
présence d’eau comme milieu de grille, nous avons utilisé une électrode de grille en carbone
activé ainsi qu’une électrode de grille en PEDOT:PSS. Les résultats ont montré que les OECTs
utilisant des grilles en carbone activé présentent une réponse en courant plus lente et une
modulation de courant plus €levée que les grilles en PEDOT:PSS. Le substrat en shellac peut étre

dégradé en utilisant une solution de KOH a une concentration 1 M.

Nos études sur différents électrolytes, grilles de grande surface spécifique et substrats ont permis
des avancées significatives dans le domaine des OECTs, qui vont mener vers de nouvelles
applications in vivo et in vitro. De plus, les OECTs peuvent étre utilisés comme des dispositifs de
stockage d’énergie. Le concept de transcap intégrant un transistor organique ¢électrochimique et
un supercondensateur peut étre davantage optimisé pour obtenir des temps de réponse plus
rapides et une autodécharge plus faible, ainsi que des propriétés électriques et de stockage

d’énergie optimisées.



xi

TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt sttt ettt ettt ettt s ebe b eaeeneens il
ABSTRAC T ...ttt b et b e st s et e et et e e bt bt es e e st e nten et e beeaeene e A%
RESUME ..o s e viil
TABLE OF CONTENTS ...ttt ettt ettt b et st sne s s enes Xi
LIST OF TABLES ...ttt ettt st et a ettt e b et sbeebe st eneenes xiii
LIST OF FIGURES ....c.oiiiiiiiiitcee ettt ettt ettt st ebe st enes Xiv
LIST OF SYMBOLS ...ttt sttt ettt et e bt sbe bt eneeneenes XX1
LIST OF ABBREVIATIONS .. .ottt ettt sttt ettt sbe st sne e eneas xxiil
LIST OF APPENDICES .......oiiiiiiiteeee ettt XXVi
Chapter I =~ INTRODUCTION .....cciiiiieiiieiieeie ettt ettt ettt ettt sbeesaeesseessaesnseeseesnseenseas 1
Lol OVEIVIEW ...ttt ettt ettt ettt s h ettt e at e bt e st e htenbe et e eat e bt enteesaesbeeneeentens 1
1.2 ReSearch ProbIemiS. ......c.cocuiiiiieiiiie ettt ettt e et e e bee e ennaas 9
1.3 IMIOTIVATION. ¢ttt sttt ettt et b et et s b et es e bt et e estenbeenteeaeenneenees 10
1.4 Organization 0f the WOTK .........cccieiiiiiiiiiiiie e s 11
Chapter 2 LITERATURE REVIEW L...cooiiiiiiiiiiieeeee e 14
2.1 The working principle of an organic electrochemical transistor ...........cc.cceceveereriennene 14
2.2 Key components Of OFECTS .....cccuiiiiiiiiiiiiiiieiiecie ettt e e eseesaneens 16
22,1 CRANNEL...coiiiiiiicee ettt ettt e 16
2.2.2 EILECLIOLYLR ..c.evieniieiieeiie ettt ettt ettt ettt et sttt e st e e esnbeenbeesnneesaeenbaens 20
2.2.3 0 GALE ettt ettt ettt e b e at e et e st e beenareeas 25
224 SUDSIIALE ..coueieeiieieeieest ettt ettt ettt ettt et h et ettt et s 30

Chapter 3 ARTICLE 1: Ionic liquid—water mixtures and ion gels as electrolytes for organic

electroChemiCal TrANSISEOTS ....c..vitieiiriietiete ettt sttt ettt st et e b enees 39
Bl AUEROTS ittt ettt sae b 39
3.2 ADSIIACE ..ttt b e ettt b et a e bt et ebe e b entes 39
3.3 INErOAUCTION. ..cueiiietieiiecitete ettt ettt sttt et b et sae et e e saeenbeentes 40

3.4 ReESUILS ANd AISCUSSION .coeieeieieieeeeeeeeeeeeeeeee e, 41



xii

3.5 CONCIUSIONS. ...ttt sttt et ettt ettt sae et et sat e bt et e saeesbe et e seeenbeenees 47
3.6 EXPEIIMENTAL ....cuiiiiiiiiiiiiieiiece et ettt ettt et e st e e s e e nbeeseeenseenseeenne 47
3.7 ACKNOWICAZEIMENLS. ......eeoiiiiiieiiiieiieeie ettt ettt ettt e s e e sbeeseeenseenseeenne 50

Chapter 4 ARTICLE 2: Flexible conducting polymer transistors with supercapacitor function. 51

A1 AUTNOTS .ottt ettt ettt sae e 51
4.2 ADSIIACE ...ttt b ettt h et et h ettt e e h et et e nee 51
4.3 INEEOAUCTION. ...ttt ettt ettt sb et et sb et eate bt ebeentesaeenee 52
4.4 EXPETIMENTAL.....iiiiiiiiiiiieiii ettt ettt et e et eeteesate e b eessbeessaesaseesseassseenseennseens 54
4.5 Results and diSCUSSIONS.....c.eeviriiiriieiiiieteeteete ettt sttt st see e 56
4.6 CONCIUSIONS. ...c.ueiiiiiiieiieitiee ettt ettt b ettt et ettt ae e b et e see e 62
4.7  ACKNOWICAZEMENLS. ....cueiieiiiiiiiiieiie ettt ettt ettt et e s e eteesabeebeessseensaesnseens 63

Chapter 5 ARTICLE 3: Water gated organic electrochemical transistors on flexible/degradable

SHEIIAC SUDSITALE ...ttt ettt et sttt et e b 64
ST AUNOTS ettt sttt st na et 64
5.2 ADSIACE ...ttt ettt ettt h et sh e b et sate b enees 64
5.3 INrOAUCTION. ..eutitieiiiiecitet ettt ettt ettt et sat e bt et sae e bt e e saeebeenees 65
54 EXPErIMENLAL.....cciiiiiiiiiiiiiiiieiie ettt ettt et sttt b e s enbeenee e 66
5.5 Results and diSCUSSION ....ceueruiiriiriiiiiiieieeie ettt sttt 69
5.6 CONCIUSION ...ttt ettt b et sa et e e sat e bt et esat e be e esaeenbeenees 72
5.7  AcCKNOWIEAZEMENTS. ... .oiuiiiiiiiiiiiiieiiecteeee ettt st 72

Chapter 6 GENERAL DISCUSSION .....ooiiiiiiiiiieiieeieettesee ettt ettt siveebee e eseesnaeens 74
6.1  OECT fabIiCatION. .c..eeutiieietieieiiieteeie ettt ettt sttt ettt et beenee et enbeenees 74
6.2 Investigation of OECT processing on OECT performance............cccecvevveevieenirenieennenne. 77

6.2.1 Effect of the deViCe ZEOMELIY ...cueeviiiiiieiiieiieeieeie et s 77
6.2.2 Geometry (o) of the channel .............occeiiiiiiiiiiiiii e 78
6.2.3 Effect of 10nS Of €leCtrOlYLeS ....ooviiiiieiieeiieiieeeeee e 79
Chapter 7 CONCLUSIONS AND RECOMMENDATIONS ......coiiiiiiiirieieeieiee e 83
BIBLIOGRAPHY ...ttt ettt sttt ettt e et e e sbeebeeneas 85

APPENDICES . 102



xiii

LIST OF TABLES

Table 4.1: Discharge time (t), capacitance (C), delivered energy (£) and power (P) of type |
OECTs/supercapacitors at different values of the current (I), normalized to the geometric area

and volume (footprint) of the PEDOT:PSS electrode (0.16 cm® with a thickness of 470 nm).....61



X1V

LIST OF FIGURES

Figure 1. 1. Device structure of a single-layer polymer electroluminescent diode (ITO/PPV/Al). 2

Figure 1. 2. Layer structure of an organic solar cell (a) and (b) schematic of the layers in an OPV

MOAUIE 0N & T1EXIDIE SUDSIIALE. ...eveveeeeieeeeeeeee ettt eeeeeeeeeeeeeeeeeeeeeeeneneneeennnnnes 2

Figure 1. 3. (a) Schematic plot of a bottom-gate, top contact FET. (b) Device schematic in cross

section of an electrolyte gated top-gate FET (not to scale).. .....ccoccuveviieeiienieniiieieeiceiiee, 4

Figure 1. 4. (a) Cross-sectional scheme of an ion gel-gated organic thin-film transistor (GEL-
OTFT). The devices have channel lengths of 20 um and channel widths of 400 pum. (Not
drawn to scale: the gate is several times larger than the channel length). Typical gel
thicknesses in this work are on the order of 100 um; the polymer semiconductor thickness is
~20 nm. Source (/;), drain (1), and gate (/,) currents were measured simultaneously while
applying the source-gate (V) and source-drain (V) voltages. (b) Molecular structures of the

polymer semiconductors (left) and ion gel dielectrics (right).........ccccoevieriienieiciieniieiieee, 6

Figure 1. 5. (a) Carrier accumulation-mode operation of an EGT for un-doped ion-impermeable
(left) and permeable semiconductors (right) and (b) depletion-mode operation for

degenerately doped semiconductors without (left) and with (right) a gate voltage................. 7

Figure 1. 6. (A) Chemical structures of the anionic polyelectrolytes: (a) PSS, (b) PSTFSIX
(styrenic backbone, counter ion X = K'/Li"), and (c) PMATFSIX (methacrylic backbone,
counter ion X = K'/Li"). For PSTFSIK20 (styrene backbone, M, = 20 kDa, X = K+): n = 60;
for PSTFSIK250 (styrene backbone, Mn = 250 kDa, X = K'): n = 700-800; for
PSTFSILi100 (styrene backbone, Mn = 100 kDa, X = Li"): n = 60; for PMATFSILi80
(methacrylic backbone, Mn = 80 kDa, X = Li"): n = 220. (B) Chemical structure of
PEDOT:PSS. A hole is indicated on the PEDOT chain in red in the form of a positive

polaron. The acceptor on the PSS chain is indicated in blue. (C) The chemical structure of

Figure 2. 1. (a) Device structure and electrical circuit of a PEDOT:PSS OECT; [(b) and (c)]
OECT working principle. Circles filled with indicate PSS ions and + indicate mobile holes.
(b) Being PEDOT:PSS a hole conductor, the application of a negative V4 bias generates a

drain-source hole current (/g). (c) Upon application of a positive Vg, the electrolyte ions



XV

redistribute in solution. Part of these ions enter the PEDOT:PSS channel, thus affecting /4

(AE-AOPINZ PIOCESS ). ..eeuveeurieniieeirieiiieeteetteeteesteesteesseessteesseessseesseessseeseessseaseesssesnseessseenseennns 16

Figure 2. 2. Schematic of the device indicating the charge distribution around the dedoping front

according to the model (not to scale) of the electrolyte/conducting polymer junction. ........ 19

Figure 2. 3. OECT response |(I-1y)/lo| as a function of Vs, with V4 = -0.4 V, for different
concentrations of (a) CTAB and (b) NaCl. .......cociiiiiiiiiiieciieeceeeee e 20

Figure 2. 4. OECT modulation (|( - 1y)/Io|, where [ is the OFF current (¥, = 0) and the I, is the
ON current (¥, = 0)) versus molar concentration of CTAB and NaCl aqueous solutions at V,
=1V, with the drain-source voltage (V) kept constant at -0.4 V. The error bars correspond
to the maximum spread between the minimum and maximum value of the modulation

obtained on 5 repeated measurements. The lines are guides to the eye.........ccceevverveennennne. 21
Figure 2. 5. Reactions at (a) the gate electrode and (b) the channel of the OECT. ....................... 22

Figure 2. 6. (a) Transient response of the drain current of an OECT upon application of a gate
voltage of 0.4 V and duration of 3 min. The drain voltage was 0.2 V. (b) Current modulation
(represented as the dimensionless quantity Al/l) of the OECT as a function of glucose
concentration. Inset shows the concept of device operation, and the arrows indicate the

dissolution of the RTIL carrying the enzyme and the mediator into the analyte solution..... 23

Figure 2. 7. (a) Ionogel components and (b) a schematic representation of the OECT device with

10N0ZEL/ENZYME MIXEULE.....eeviiiiiieiieiiieiieeieeriee et ette et teeeteebeesbeesaesaseesseesaseeseessseenseennns 24
Figure 2. 8. Reactions at (a) the gate electrode and (b) the channel of the OECT. ....................... 25

Figure 2. 9. Potential distribution between the gate electrode and the channel for Ag and Pt gate

CLECITOAES. oo 25

Figure 2. 10. (a) Schematic diagram of an OECT-based epinephrine sensor with a nanomaterial-
modified gate electrode including Nafion (b) Oxidation of epinephrine at the gate electrode

modified with Nafion and carbon-based nanomaterials. .............eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 26

Figure 2. 11. Characteristics of PEDOT:PSS-based OECTs using AC and PEDOT:PSS gate
electrodes, employing an aqueous solution of NaCl (0.01 M) as the electrolyte. Typical
output characteristics obtained with an AC (A) or a PEDOT:PSS gate electrode (B). The V4

scan rate is 5 mV s ' and V, is varied from —0.4 to +0.6 V in steps of 0.2 V. Transfer



Xvi

characteristics (C) of PEDOT:PSS OECTs using an AC (black line) and a PEDOT:PSS gate
electrode (red line) at V4 = —0.5 V and —0.6 V' < V, < 0.8 V. Transient (/g vs time)
responses (D) normalized with respect to the current at J; =0 V of OECTs using AC (black
solid line) and PEDOT:PSS (red dashed line) gate electrodes at V4 = —0.5 V. From left to
right, V, is pulsed from 0 to —0.6, —0.4, —0.2, +0.2, +0.4, +0.6 and +0.8 V with a pulse
AUTAtION OF TO0 S. .veeieiieiieiete ettt ettt et et sa ettt e b et saee b enees 27

Figure 2. 12. Cyclic voltammograms of various electrochemical cells where the electrolyte is a
0.01 M aqueous solution of NaCl, a doped (pristine) PEDOT:PSS film acts as the working
electrode (WE) and different counter electrodes (CE) and reference electrodes (RE) are
compared. (A) Three-electrode configuration with a Pt wire CE and a saturated calomel
electrode (SCE) RE (black solid line), three-electrode configuration with a Pt wire CE and
an AC electrode RE (red dashed curve) and two-electrode configuration with an AC
electrode acting as CE and RE (blue dotted curve). (B) Two-electrode configuration with an
AC electrode (black solid curve) or a doped (pristine) PEDOT:PSS film (red dashed curve)
or a dedoped PEDOT:PSS (blue dotted curve) acting simultaneously as CE and RE. The CV

scan rate is 50 mV s . The top x-axis indicates the corresponding Ve in OECTs. ............... 28

Figure 2. 13. 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 recording (V; = 0.5 V, V4 = —03 V) and comparison with 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. ............... 30

Figure 2. 14. (a) Schematic diagram of an OECT integrated in a flexible microfluidic system,
which is characterized before and after the modification and the hybridization of DNA on
the surface of Au gate electrode. (b) Photographs of a device bent to both sides. (c) Transfer
characteristics (/g vs. V) and output characteristics (/g vs. Vy) of an OECT measured in
different bending states. The microfluidic channel is filled with PBS solution. (d) Time-
dependent channel current of an OECT measured after applying different gate voltages. Vg =

T 0.1 Ve 31

Figure 2. 15. Resistance of OECTs to mechanical deformation. (a) An array of devices removed

from the sacrificial glass substrate (active area shown as boxed region). (b) The array



xvii

aggressively crumpled. (c) The crumpled array converted back to a flat sheet. Scale bar = 1
cm. (d) Output characteristics and (e) transfer characteristics for the same device as-
prepared (black), after peeling (red) and after crumpling (blue). (f) Transconductance and
time response for devices after peeling (red) and after crumpling (blue), normalized to the
performance of each device as prepared. Error bars represent standard deviation of

normalized values for N = 16 devices, on three different substrates. ........ccccccevvvvvvvvveeneennnn. 32

Figure 2. 16. Bioresorbable, silicon-based mechanical/physical/chemical sensors for biomedical
applications. (a) Schematic illustration of a biodegradable pressure sensor. The inset shows
the location of the silicon nanomembrane (Si-NM) strain gauge. (b) Optical micrograph of
the strain-gauge region. ‘Trench BD’ represents the boundary of the trench. (¢) Image of a
complete device. The outer diameter of the hypodermic needle is 1 mm. (d) Image on the
left shows the distribution of principal strains across the PLGA layer, including the Si-NM
strain gauge at the left edge, determined from finite element analysis (FEA) for an external
pressure of 50 mm Hg. The image on the right shows the corresponding displacement
profile evaluated along the red dotted line in the left panel. emax and dz are the principal
strain and vertical displacement, respectively. (e) Responses of a commercial pressure
sensor (blue) and a calibrated biodegradable device (red) to time-varying pressure over a
range relevant to intracranial monitoring. (f) Response of a similar biodegradable device
(red), but configured as an accelerometer, with comparison to a commercial sensor (blue). (g)
Comparison of the calibrated response of such a bioresorbable temperature sensor (red) to a
commercial device (blue). (h) The difference in temperature measured by two separate Si-
NM temperature sensors placed near a Si-NM element for Joule heating, which allows
assessment of flow rate. (i) A single serpentine Si-NM used as both a temperature sensor
and a heating element allows measurements of thermal conductivity and heat capacity. The
graph shows time-dependent changes in temperature upon actuation of Joule heating in
devices immersed in different liquids. The coefficients of thermal conductivity (x, measured
through the rate of resistance change) of hexane, toluene, ethylene glycol and water are 0.12,
0.13, 0.26, and 0.60 W m™'K™', respectively. (j) When the Si-NM is exposed to aqueous
surroundings, its conductance depends on pH. The graph shows measurements for

immersion in solutions with pH values between 2 and 10. (k) Images collected at several



xviii

stages of accelerated dissolution of a bioresorbable pressure sensor upon insertion into an

aqueous buffer solution (pH 12) in a transparent PDMS enclosure at room temperature..... 34

Figure 2. 17. (a) Chemical structure of the imidazolium-based ionic liquid:polymer ionic liquid
(IL:PIL) electrolyte mixture [bmim][Tf;N]:poly[ViEtIm][Tf;N] and the conjugated
polyelectrolyte dye PEDOT-S. (b) Microscopy image of a silk fiber-based ECT device with
source (S), drain (D) and gate (G) as indicated. A drop of IL:PIL bridges the gap between
the two fibers at the cross-junction. Note that the source-drain fiber has split into

IMONOTTIAIMENTS CLOSE TO S. ..ottt ettt eeeeeeeeeeeeeeeeseseneseseseseeennnennnennnns 36

Figure 2. 18. (a) The main chemical components of shellac resin. The constituents can readily
undergo polyesterification to produce a cross-linked solid. (b) Schematic of the OFET
devices reported in this paper, where shellac functions both as substrate material and
QICLECLIIC LAY ...ttt ettt st st e b enees 37

Figure 2. 19. Concept of the OECT-breathalyzer. (A) Simply breathing on the printed
PEDOT:PSS OECT allows for alcohol detection. (B) The alcohol dehydrogenase (ADH)
enzyme and the OECT are the key components of the sensor. The OECT is printed on paper,
and comprises a channel, source (S), drain (D), and gate (G) electrodes made of
PEDOT:PSS. The enzyme electrolyte gel is deposited to the OECT bridging the channel and
gate. (C) I response of the OECT upon exposure to ethanol.............cccoeevvevieniienieniieeneenne, 38

Figure 3. 1. Current modulation |(/-/y)/lo| vs. V, for PEDOT:PSS OECTs making use of a
PEDOT:PSS gate for: (a) Cyphos® IL 106, and Cyphos® IL 106/H,O mixtures at 2%, 5%,
99% H,0 v/v and (b) pure Cyphos® IL 106 and ion gels A (SMMAS:Cyphos® IL 106 1:10
g/g) and B (SMMAS:Cyphos® IL 106 1:5 g/g). V4= —0.2 V. Inset (a): Molecular structure
of Cyphos® IL 106. The current modulation is obtained from transient measurements
(current vs time at different V) and it is defined as |(/~/)/lo|, where I is the drain-source
current at V;70 V and the Iy is the current at V,=0 V taken before each V, pulse. Lines are

GUIAES 10 thE CYC...eeuiiiiieiiieiieceee et ettt ettt e s e et e st e ebeesebeeseesnseenseennns 43

Figure 3. 2. (a) Shear viscosity (1) of pure Cyphos® IL 106, Cyphos® IL 106-H,O mixtures (2%,
5%, 10%, 30%, 50%, 70% H,O v/v, filled black squares) and viscosity of pure H,O (filled
star symbol). The dashed line between the values of the viscosities of the two pure

components represents the viscosity of an ideal mixture. Inset: Variation of the storage (G,



Xix

solid symbols) and loss (G, empty symbols) modulus with the angular frequency for pure
Cyphos® IL 106 (blue triangles) and Cyphos® IL 106/H,O mixture at 5% H,O v/v (red
circles). The slope 1 is reported as a reference for the classic behavior of G’ for a liquid, at
low frequency. (b) Storage Modulus (G', solid symbol), loss Modulus (G", empty symbol)
and Complex Viscosity #* (half-filled symbol) of ion gel A (triangle) and ion gel B (circle).

Figure 3. 3. Transfer characteristics of PEDOT:PSS OECTs making use of activated carbon as
the gate electrode and different Cyphos® IL106/H,O mixtures as the gating media. Vg =
—0.5 V. Inset: ON/OFF ratio for different Cyphos® IL 106/H,O mixtures. .............cvn...... 46

Figure 4. 1. A schematic representation of the process used to fabricate a patterned PEDOT:PSS
OECT/supercapacitor utilizing conventional (a-f) and orthogonal photolithography (g-k).
Devices patterned on Mylar® can be peeled off from the PDMS-glass support for later use
(THI0) ettt ettt b e b bt n et n e et et et e benbeeteens 56

Figure 4. 2. Transfer curves of micron-sized (L= 5 pym, W= 80 um) OECTs making use of a
PSSNa-based gel electrolyte. V4 = -0.5 V (a). SEM image of the microscale device (b). S:

SOUTCE. D2 AIAIN. oo e e e e e e e e e e e e e e e e e aeaeaaaeaaaaaaaaaasesaaaaaaaaas 57

Figure 4. 3. Working principle of hybrid supercapacitors of type I (a) and type II (b).
Supercapacitor characteristics of OECTs with PEDOT:PSS positive electrodes and nsC
negative electrodes (type I, ¢), with PEDOT:PSS negative electrodes and nsC positive
electrodes (type II, d). In 3d and 3c, voltage (black solid line) and current (red dotted line)
vs. time upon potential step at 1 V for 10 s (supercapacitor charge), followed by 10 s rest in

open circuit conditions, and potential step at 0 V (supercapacitor discharge)....................... 60

Figure 4. 4. Galvanostatic charge-discharge cycles at different currents from 1 to 10 pA for type I
OECTs/supercapacitors (i.e. cells with nsC as negative electrode and PEDOT:PSS as
positive electrode). Voltage profiles over a) time and b) cycled capacity (the charge is

normalized to PEDOT:PSS footprint area of 0.16 ¢m>). ..........oooveweereereeeeeeereeeeeeeeeeeenae 62

Figure 5. 1. Schematic of the process used to fabricate a patterned PEDOT:PSS
OECT/supercapacitor utilizing conventional (1-6) and orthogonal photolithography (7-11).
Devices patterned on Mylar® can be peeled off from the PDMS-glass support for later use
(1214 ettt ettt h e bttt a et n et et e bt e beeaeens 68



XX

Figure 5. 2. Schematic view of the water-gated OECT. .........cccoceiiiiiiniiiinicieeeeeeee, 69

Figure 5. 3. Transfer curves (a) and current modulation (b) of OECTs with AC gate (red solid
circle) and PEDOT:PSS gate (black empty square) by making use of Milli-Q water as the
gating medium. V4 =-1 V. Lines are guides to the €ye. ........cccecveeviirriiniiiiniecieeieeeee 70

Figure 5. 4. Temporal response of the drain current of OECTs with an AC gate (a) and a
PEDOT:PSS gate (b). A pulse of 0.8 V was applied at the gate and the drain-source voltage
was -1 V. The red line is an exponential fit with a time constant of 4.9 s for (a) and 1.5 s for

(b). The red lines are the simulation results. The black lines are guides to the eye............... 71

Figure 5. 5. Images collected at several stages of accelerated dissolution of a piece of shellac

upon insertion into 1 M KOH solution at room temperature. ...........ccceeceereererreeneenreeneeneenne 72
Figure 6. 1. Schematic representation for the process used to fabricate a patterned PEDOT:PSS
OECT utilizing a photolithography method with positive photoresist and parylene C. [1] The
photoresist is AZ5214. [2] The photoresist is SPR220. 3........ccccciiiiieiieniieiieieeieeie e 75
Figure 6. 2. A schematic representation for the process used to fabricate a patterned PEDOT:PSS

OECT utilizing photolithography with both conventional and orthogonal (fluorinated)
PROLOTESISES. ..eeiiieuiiieiiieiie et et ettt et e et e e tte et e e steeeabeesteeesbeensaeenseeseessseeseesnseenseesnseesaesnsaans 76

Figure 6. 3. OECT response |(I-y)/Io| as a function of V; for 10% M NaCl with y=1, y< 1 and y>
1. I is the OFF current (Vg = 0) and Iy is the ON current (V;=0). Vg=-02 V....ccccceeuenene. 77

Figure 6. 4. Transfer curves (a) and the OECT response |(/-/y)/Io| as a function of V, (b) for I, I
and II-type OECTs with AC gates and nsC gates. Vg =-0.5 V. .ccccooviiriiiniinciinieeieeeene, 79

Figure 6. 5. Transfer curves (a) and OECT response |(I-1o)/]o| as a function of V, (b) with CTAB
concentrations at 107, 107 and 10° M. Vg =-0.2 V. ...covrumrrremrrirerineeineeeeeei e 80

Figure 6. 6. OECT modulation |(I-Io)/Io| vs. 10> M NaCl and CTAB with variation of gate voltage
inthe range 0f 0.1 t0 -1 V. Vg =-0.2 V. oottt 81

Figure 6. 7. OECT response |(I-1y)/]o| as a function of V, (a) and transfer curves (b) for 0.01 M
CTAB, 0.01 M NaCl, pure IL108 and pure IL106. Vg =-0.2 V. .ccccvriiiriiiieeiieieeieeee 82



Lon

=~ gvscTeg

Vcell
Vi

LIST OF SYMBOLS

Channel area

Gate area

Channel capacitance per unit area
Gate capacitance per unit area
Capacitance

Thickness

Dissipated charge

Electron

Stored energy

Conductance of the channel
Dynamic storage modulus
Loss modulus

Drain-source current at V,#0 V
Drain-source current at V,=0 V
Source-drain current

ON-state current

OFF-state current

Gate-source current

Drift length

Length

Cations

Power

Stored charge

Time

Drift velocity

Cell voltage

Drain-source voltage

Gate-source voltage

xxi



Pinch-off voltage
Solution voltage
Width

Newtonian viscosity

Complex viscosity

xxii



AC

ADH

Al

Ag

AgCl

Ar

Au
[BMIM][PF6]
[bmim][Tf,N]

[C2mIm][EtSO4]
CE

CMC

Cyphos® IL 106
CTAB

D

DBSA

DMPA

EG
[EMIM][TFSI]

EIS
Et,O
Fc
FET

GOy
H,0,

LIST OF ABBREVIATIONS

Activated carbons

Alcohol dehydrogenase

Aluminum

Silver

Silver chloride

Argon

Gold

1-butyl-3-methylimidazolium hexafluorophosphate
1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonimide)
1-ethyl-3-methylimidazolium ethylsulfate
Counter electrode

Critical micellar concentration
Triisobutyl(methyl)phosphonium tosylate
cetyltrimethylammonium bromide

Drain

Dodecyl benzene sulfonic acid
(Dimethoxyphenyl)acetophenone
Electrolyte-gated
1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
Electrochemical Impedance Spectroscopy
Ethyl acetate

Ferrocene [bis(n-5-cyclopentadienyl)iron
Field-effect transistor

Gate

Glucose oxidase

Hydrogen peroxide

xxiii



IL

KCl
MBAAmM
MEH PPV
NaCl

NAD
NIPAAmM
nsC

OECTs
OFETs
OLEDs
OTFTs
[P1,4,4,4][Tos]
P3HT

PBS

PDMS
PEDOT:PSS
PEDOT-S

PET
PLGA
PMATFSI

poly[ ViEtIm][Tf;N]

PPV
PQT-12

PSPEO-PS
PS-PMMA-PS
PSS

PSSNa

XX1v

Ionic liquid

Potassium chloride

N,N’-methylenebis(acrylamide)
Poly[2-methoxy-5-(20-ethylhexyloxy)-1,4-phenyl-enevinylene
Sodium chloride

Nicotinamide adenine dinucleotide
N-isopropylacrylamide

Nanostructure carbon

Organic electrochemical transistors

Organic field-effect transistors

Organic light-emitting diodes

Organic thin-film transistors
Triisobutyl-(methyl)phosphonium tosylate
Poly(3-hexylthiophene)

Phosphate-buffered saline

Poly(dimethylsiloxane)
Poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
Poly(4-(2,3-dihydrothieno[3,4-b]-[ 1,4]dioxin-2-yl-methoxy)-
1-butanesulfonic acid)

Polyethylene terephthalate

Poly(L-lactide-co-glycolide)

Polymethacrylate trifluoromethylsulfonyl)sulfonylimide
Poly(1-vinyl-3-methylimidazolium)
bis(trifluoromethanesulfonimide)

Poly(p-phenylene vinylene)
Poly(3,3""-didodecylquaterthiophene

Poly(styrene-b-ethylene oxide-b-styrene)
Poly(styrene-b-methylmethacrylateb-styrene)
Polystyrenesulfonate

Poly(sodium 4-styrenesulfonate)



PSTFSI
Pt
PTHS

RFID
RIE

S

SCBD
SMMAS
SWNT
transcap

WE

Polystyrene (trifluoromethylsulfonyl)sulfonylimide
Platinum
Poly(6-(thiophene-3-yl)hexane-1-sulfonate)
tetrabutylammonium

Reference electrode

Radio-frequency identification

Reactive ion etching

Source

Supersonic cluster beam deposition
Polystyrene-b-poly(methyl methacrylate)-b-polystyrene
Single-walled nanotube

Transistor-capacitor

Working electrode

XXV



XXvi

LIST OF APPENDICES
APPENDIX A—SUPPORTING INFORMATION FOR ARTICLE 1.....cccccociiiiiiiiiiiniicenn 102
APPENDIX B-SUPPORTING INFORMATION FOR ARTICLE 2.....cccccocveiiiiiiiiiinieeiene 108
APPENDIX C-SUPPORTING INFORMATION FOR ARTICLE 3.....ccccociiiiiiiiiiiniceeee 112



CHAPTER 1 INTRODUCTION

1.1 Overview

Organic electronics, based on m-conjugated organic molecules and polymers, is attracting
enormous interest for applications that complement and extend silicon based electronics, such as
colorful displays and large-area mechanically flexible devices [1]. Organic semiconductors have
captured the interest of the research community because of their intriguing properties, such as i)
solubility in organic solvents, ii) ease of processing by several techniques (e.g. evaporation, spin
coating, printing) and 1iii) compatibility with a variety of substrates including mechanically
flexible ones. Research on organic electronics dates back to the 1960s, when the first studies of
the properties of organic single crystals were carried out [2]. At the end of the 1970s, A. J.
Heeger, A. G. MacDiarmid and H. Shirakawa demonstrated that the conjugated polymer
polyacetylene could become highly conducting when doped with iodine [3]. In 2000 they were

awarded the Nobel Prize in chemistry for contributing to the discovery of conducting polymers.

Much progress has been made in the optimization of electrical, structural, chemical, mechanical
and optical properties of various organic materials for electronic device applications [4]. Organic
semiconductor materials including conjugated polymers and small molecules exhibit excellent
performance in many electronic devices, including organic light-emitting diodes (OLEDs),

organic solar cells, and organic thin-film transistors (OTFTs) [5-13].

In 1990, Burroughes et al. reported the first example of electroluminescence from conjugated
polymers, which used a poly(p-phenylene vinylene) (PPV) film coated by two metallic electrodes
in a vertical geometry to construct a single-layer OLED (Figure 1.1) [5]. A transparent indium-tin
oxide (ITO) electrode was used, which allowed the generated light to leave the device. The
electrode on the top consisted of thermally evaporated aluminum, magnesium or calcium. In the
OLED:s, electrons and holes are injected by the cathode and the anode, and bound excitons are
formed from electron-hole capture within the semiconductor film. The decay of this excited state
results in radiative emission [6]. Nowadays, OLEDs use a much more complex multilayer

structure to enhance the efficiency and improve the lifetime [12].
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Figure 1. 1. Device structure of a single-layer polymer electroluminescent diode (ITO/PPV/AI)
[6]. Adapted with permission. Copyright © 1999, Rights Managed by Nature Publishing Group.

After the discovery of the photoelectric effect by E. Becquerel, a great deal of attention has been
dedicated to the conversion of solar light into electric power [7]. Investigation of organic solar
cells can be considered to have originated in 1959, when Kallmann and Pope observed a
photovoltaic effect in a single crystal of anthracene [9]. The structure of organic solar cells
involves a sandwich geometry (Figure 1.2), which is similar to that of OLEDs. The active layer,
which consists of electron donors and acceptors mixed together, is typically a polymer blend
sandwiched between the electrode and the hole-transport layer (typically made of poly(3.4-
ethylenedioxythiophene):polystyrenesulfonate, PEDOT:PSS, a p-type conducting polymer). The
working mechanism of an organic solar cell for converting light into electricity consists of the
following steps: 1) capture of photons, which leads to the formation of an excited state in the form
of an electron-hole pair, ii) exciton dissociation into electrons and holes, and iii) charge (electrons

and holes) transport in the organic semiconductor layer to the respective electrodes [10].
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Figure 1. 2. Layer structure of an organic solar cell (a) and (b) schematic of the layers in an OPV

module on a flexible substrate [10]. Adapted with permission. Copyright © 2011 Elsevier Ltd.



OTFTs are attracting a great deal of interest due to their potential for applications in flexible
active matrix displays, radio-frequency identification (RFID) tags, sensors and
flexible/stretchable electronics [14-17]. An OTFT is composed of source and drain electrodes in
contact with an organic semiconductor channel and a gate electrode, which acts as an ON/OFF
switch of the channel and modulates the magnitude of the source-drain current. Current
modulation in OTFTs can be induced either by field-effect doping or by electrochemical doping,
depending on the materials used for the various device components. According to the type of
organic film and gate electrode, OTFTs can be roughly divided into two classes: organic field-

effect transistors (OFETs) and organic electrochemical transistors (OECTs).

The field-effect transistor (FET), which was introduced in 1925 by Lilienfeld [11], uses
an electrostatic field to modulate the current in the channel. Shockley, Bardeen and Brattain were
awarded the Nobel Prize in Physics in 1956 “for their research on semiconductors and their
discovery of the transistor effect” [18]. In a FET, a dielectric layer is employed to separate the
semiconducting layer from the gate electrode (Figure 1.3a). Application of a gate-source potential
increases the density of charge carriers in the semiconductor channel and consequently increases
channel conductance. The operating voltage of a FET depends on the capacitance at the
channel/dielectric interface. The higher the capacitance, the lower the operating voltage. A high
gate operating voltage (tens of volts) is usually needed in OFETs making use of conventional

dielectrics, due to their low capacitance (usually less than 20 nF/cm?) [19].
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Figure 1. 3. (a) Schematic plot of a bottom-gate, top contact FET [19]. (b) Device schematic in
cross section of an electrolyte gated top-gate FET (not to scale) [20]. Adapted with permission. (a)
Copyright © 2002 American Physical Society. (b) Copyright © 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

In an alternative device structure, an electronically insulating but ionically conducting electrolyte
replaces the gate dielectric (Figure 1.3b) [20]. This device is known as electrolyte-gated transistor
[21]. Electrolyte-gated (EG) transistors were first proposed in the 1950s. In EG transistors the
application of a gate bias leads to the formation of an electrical double layer at the
electrolyte/semiconductor interface. The low thickness of the electrical double layer leads to a
high capacitance (in the wF/cm® range); therefore, these transistors can be operated at low voltage

(<2V).

Although EG transistors could work at low voltage compared to conventional transistors, their
applications are rather limited, due to the presence of the liquid electrolyte [22]. Nevertheless, in
the last couple of decades there has been a resurgence of the research on EG transistors and

several devices based on organic and inorganic materials, such as organic semiconductors [20, 23,



24, 25], conducting polymers [26, 27], metal oxides [28, 29] and carbon nanomaterials [30, 31]

have been reported.

Frisbie et al. [23] have utilized polymer semiconductors as the channel and ion gels as the gate
dielectric to fabricate EG transistors (Figure 1.4a). The semiconductors employed as channel
materials were poly(3,3'"-didodecylquaterthiophene) (PQT-12) and poly(3-hexylthiophene)
(P3HT), in which the hole densities are in the order of 10'* charge carriers/cm”. Ion gels are
mixtures of ionic liquids and block copolymers (Figure 1.4b), which can provide specific
capacitances of ~30 puF/cm®at 10 Hz. The details of ion gels will be given in Chapter 2. The
working mechanism of EG transistors includes both electrochemical and electrostatic
contributions. The electrochemical doping process happens in time scales greater than 1 ms,

while the electrostatic process occurs in time scales shorter than 1 ms.
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Figure 1. 4. (a) Cross-sectional scheme of an ion gel-gated organic thin-film transistor (GEL-
OTFT). The devices have channel lengths of 20 pm and channel widths of 400 um. (Not drawn to
scale: the gate is several times larger than the channel length). Typical gel thicknesses in this
work are on the order of 100 um; the polymer semiconductor thickness is ~20 nm. Source (/;),
drain (I4), and gate (Iy) currents were measured simultaneously while applying the source-gate
(V) and source-drain (V) voltages. (b) Molecular structures of the polymer semiconductors (left)
and ion gel dielectrics (right) [23]. Reprinted with permission. Copyright © 2009, American

Chemical Society.

The electrostatic and the electrochemical working mechanism can be understood with the scheme
in Figure 1.5 [20]. For a transistor working under an electrostatic regime, with an applied gate
bias, an electric double layer (EDL) forms at the interface between the electrolyte and the channel.
In an electrochemical process, the ions permeate into the channel and dope/dedope the channel,
which lead to electrochemical doping/dedoping (by oxidation or reduction of the channel
material). For EG transistors with semiconductors or conducting polymers channels impermeable
to ions, the working mechanism is electrostatic. By application of a gate bias (V,), EDL form at
the interfaces between the gate and the electrolyte and also between the electrolyte and the
channel (Fig. 1.5a, left). For EG transistors employing ion-permeable channels, one EDL forms
at the interface between the gate and the electrolyte, the other EDL vanishes due to the ions
permeating into the channel, causing an electrochemical doping/dedoping process (Figs. 1.5a and

b, right).

Considering the effect of the gate bias on the density of the charge carriers, EG transistors can be
divided into accumulation and depletion mode transistors (not related with the permeability of the

channel material, Fig. 1.5).
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Figure 1. 5. (a) Carrier accumulation-mode operation of an EGT for un-doped ion-impermeable
(left) and permeable semiconductors (right) and (b) depletion-mode operation for degenerately
doped semiconductors without (left) and with (right) a gate voltage [20]. Reprinted with
permission. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

First reported by Wrighton and coworkers in the 1980s [32], OECTs are nowadays intensively
investigated for applications in bioelectronics, owing to their ability to operate at low voltages (<
1 V) in aqueous solutions, where biological processes take place [33]. As OECTs are relatively
new devices, intense investigations of the effect of device components on the electrical
characteristics, including the polymer channel, the electrolyte and the gate, are carried out by

several groups worldwide [34-40].



OECTs can work under accumulation mode or depletion mode depending on the pristine property
of the conjugated polymer channel. Malliaras group has contributed to investigate conjugated
polymers that can be used in OECTs working both on accumulation and depletion mode (Figure

1.6) [25-27].
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Figure 1. 6. (A) Chemical structures of the anionic polyelectrolytes: (a) PSS, (b) PSTFSIX
(styrenic backbone, counter ion X = K'/Li"), and (c) PMATFSIX (methacrylic backbone, counter
ion X = K+/Li+). For PSTFSIK20 (styrene backbone, M, = 20 kDa, X = K+): n = 60; for
PSTFSIK250 (styrene backbone, Mn = 250 kDa, X = K"): n = 700-800; for PSTFSILi100
(styrene backbone, Mn = 100 kDa, X = Li’): n = 60; for PMATFSILi80 (methacrylic backbone,
Mn = 80 kDa, X = Li"): n = 220 [26]. (B) Chemical structure of PEDOT:PSS. A hole is indicated
on the PEDOT chain in red in the form of a positive polaron. The acceptor on the PSS chain is
indicated in blue [41]. (C) The chemical structure of PTHS [25]. Adapted with permission. (A)
with copyright © 2015 Wiley Periodicals, Inc. (B) Copyright © Materials Research Society 2010.

(C) © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



We have recently investigated the role of the gate electrode materials, the electrolytes and the
conductivity enhancers on the performance of PEDOT:PSS OECTs [165] on rigid and flexible
substrates [168]. In particular, we have demonstrated that high current modulations are achieved
using high surface area activated carbon gate electrodes, regardless of the channel materials [135,
75, 165, 166, 169]. We have also investigated the effects of the electrolyte ions, including ionic
liquids, CTAB, PSSNa and NaCl.

1.2 Research problems

Despite the impressive improvements achieved in recent years in the field of OECTs, a number
of challenges are open. The main issues that need to be addressed are: 1) the effect of the type of
electrolyte ions on OECT characteristics, ii) the role of the -electrolyte/channel and
electrolyte/gate interfaces, iii) the influence of the gate materials on the performance of OECTs,
and iv) the fabrication of OECTs on unconventional substrates (rigid, flexible, stretchable or

degradable) in OECTs.

In an OECT, the electrolyte serves as the ionic conductor and thereby connects ionically the gate
electrode with a conducting polymer film (channel). By application of a potential difference
between the gate and the source, which constitutes the common ground, (V;), a reversible
redistribution of ions within the electrolyte occurs, which results in electrochemical
doping/dedoping, hence in the modulation of the current. Although the operating mechanism of
OECTs has been thoroughly investigated, the effect of the type of electrolyte on the device

performance is not yet very well understood.

The electrical characteristics of OECTs also depend on the effective electrochemical potential of
the gate electrode, affecting the doping/dedoping of the conducting polymer channel. The
application of a gate vbias has a direct influence on OECT modulation. For example, a gate
electrode with a high surface area would supply more opportunities for ion accumulation, thus

resulting in high modulation of OECTs.

The substrate is another important key component of the OECT device. Properties such as
flexibility, stretchability and degradability partially establish the device performance and the
applications of OECTs.



10

1.3 Motivation

Studying the organic electrochemical transistor requires a multidisciplinary approach,
including chemistry, physics, engineering and biology. The area has great potential for
original high-impact research. The main motivation of our work is to advance the state-of-
the-art of OECTs and to develop novel organic bioelectronic devices. The general
objective of this thesis is to provide a understanding of the working mechanism of OECTs,
considering the effect on device performance of different kinds of substrates, different
electrolyte ions and gate electrode materials as well as possible electrochemical reactions

taking place within the OECT channel.
The specific objectives of this Ph. D. work are the following:

1) Development of the working mechanism of unconventional electrolytes based on water/ionic

liquids mixtures.

The role played by electrolyte ions on OECT operation is still not completely understood,
although several electrolytes have been investigated in OECTs. Most OECTs use electrolytes,
such as sodium chloride (NaCl) and aqueous buffer solutions. Unconventional electrolytes that
are still under investigation include ionic liquids and charged micellar systems, which are
interesting for potential applications in drug loading and release. However, the complex chemical
structures of these unconventional electrolytes is expected to lead to more complex mechanisms

of dedoping/doping in OECTs.
2) Development of gate electrode materials

The type of material and structure of the gate strongly affects the behavior of OECTs. Gate
electrodes with high surface areas enable high conductivity modulation in channel materials
prone to bulk electrochemical doping and/or electrostatic doping. Carbon materials with high
surface area and high conductivity are among the most interesting candidates. Such materials are
expected to lead to a high double-layer capacitance at the electrolyte-gate interface, which is
expected to translate into a higher OECT modulation. Commercial porous carbon paper, which is
made of conductive carbon, is a good candidate for gate electrodes in OECTs. However, the
surface area is not large enough to produce high modulation: to increase the gate surface area, a

carbon ink made from activated carbon mixed with suitable liquids (such as water, isopropanol
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and ionic liquids), can be drop-cast on the carbon paper to be used as the gate electrode.
Activated carbon (AC) electrodes on carbon paper lead to high current modulation and good
operational stability in OECTs. However, of these electrodes are not bendable and mechanically
fragile. Flexible and bendable gate electrodes, can be assembled into planar devices, are required
to integrate with flexible circuits or textiles. Herein, we will contribute to develop high surface

area and flexible gate electrodes, which can be integrated with the flexible OECTs.
3) Development of new substrates used for OECTs

In devices based on thin films the substrate is by far the most bulky part. Therefore, there is a
great interest to move towards lightweight and thin substrates. In case of OECTs, various
substrates, such as paper, poly(L-lactide-co-glycolide) (PLGA) and shellac, are considered based
on requirements about use in implantation, drug delivery, artificial skin, sensing or monitoring
the behaviour of cells in vivo or in vitro (see 2.2.4.2 Degradable substrates). Herein, we will
develop OECTs with the natural resin shellac. Considering the low glass transition temperature of

shellac, we will concentrate on developing patterning methods to obtain shellac-based OECTs.

A current trend in organic electronics is to move towards disposable, low-cost and low power
devices. Rigid (glass or silicon), flexible, degradable and stretchable substrates are currently used.
Plastics and papers are the most intriguing candidates for flexible electronics applications. PDMS
is the most popular candidate for stretchable devices. Paper, silk, leather, cellulose-based
polymers, gelatine and shellac are interesting for biodegradable devices. In this thesis, we

focused mainly on flexible and biodegradable OECTs.

1.4 Organization of the work

This thesis starts with a literature review of organic electrochemical transistors (Chapter 2).
Chapter 2 introduces the general working mechanism of an OECT and describes the components
of an OECT, i.e. the channel, the gate, the conducting polymer and the substrate. Chapters 3 to 5

are reprints of three articles.

Article 1: Tonic liquid—water mixtures and ion gels as electrolytes for organic electrochemical
transistors (Published in the Journal of Materials Chemistry C). This article has been recognized
by Fonds de recherché du Québec—Nature et technologies (FRQNT) and a prize of “Lauréate du

concours étudiants-chercheurs étoiles” has been granted.
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Article 2: Flexible conducting polymer transistors with supercapacitor function (submitted to the

Journal of Polymer Science B: Polymer Physics).

Article 3: Water gated organic electrochemical transistors on flexible/degradable shellac substrate

(submitted to the Journal of Materials Research)
The following paragraphs describe how these articles contribute to the objectives of the thesis.

In article 1, we identified two approaches to use the highly viscous, hydrophilic, phosphonium-
based ionic liquid triisobutyl(methyl)phosphonium tosylate (Cyphos® IL 106) as the electrolyte
in OECTs. With PEDOT:PSS OECTs, the use of Cyphos® IL 106—H,0 binary mixtures and ion
gels as gating media determines an increase of the OECT modulation, with respect to the pure
ionic liquid. Similar modulations were obtained for ion gels based on the same ionic liquid, when
using PEDOT:PSS gates. Experiments with activated carbon gates point to the weak dependence
of the OECT performance on the ionic conductivity and viscosity of the electrolyte, for values >1
mS/cm and <500 mPa s, respectively. By making use of high surface area activated carbon gates,
ON/OFF ratios as high as 5000 were reached in OECTs making use of binary mixtures at 10%
H,0 v/v.

In article 2, we designed planar OECTs including PEDOT:PSS channel and planar porous carbon
gate deposited by SCBD on flexible Mylar substrates. OECTs with channel length as low as 5
um were patterned by orthogonal lithography. OECTs with PSSNa gel electrolyte exhibit much
higher OECT modulation than OECTs making use of aqueous NaCl electrolytes. These OECTs
can be used as supercapacitors, it is a continued work about the concept of transcap. The two
electrodes of the supercapacitor consist of a PEDOT:PSS transistor channel included between the
source and the drain electrodes and the carbon gate. This planar and flexible transcap can be
easily cut and paste onto different substrates. By using this OECT as the transcap, we observed
efficient charge retention and a satisfying energy storage mechanism to keep the ON status of the

OECT, without a power supply.

In article 3, we developed “green” OECTs, which employ degradable substrates and water as the
gating medium. OECTs patterned on PET were transferred onto degradable shellac substrate in
order to explore the gate effect in presence of water as the gating medium, we employed AC and
PEDOT:PSS gate electrodes. OECTs with AC gates present slower current response and higher
current modulation than those using PEDOT:PSS gates.
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Following these three articles, supplementary methods and results that have been obtained during
the work for this thesis are presented in Chapter 6. Finally, conclusions are drawn and

perspectives on future work are given (Chapter 7).
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CHAPTER 2 LITERATURE REVIEW

The primary goal of organic bioelectronics is to find biological applications for electronic devices
based on organic materials [41]. The interfacing of organic electronics with biology has recently
attracted attention from the research community as a way to create novel biosensors and tools for
nanomedicine [42, 43]. There are multiple advantages of integrating organic electronics with
biology. For example, organic electronic materials are compatible with mechanically flexible
substrates, a property that is highly demanded for certain types of implants. In addition, organic
electronic materials can serve as vehicles for transporting both electronic and ionic charge
carriers, thereby creating a communication channel with biological systems, where ion fluxes are
important. Finally, the formation of interfaces with electrolytes without dangling bonds or oxides
of the type frequently encountered in inorganic materials, which prevent the entry of ions in the

semiconductor.

A particularly interesting device for applications of bioelectronics is the organic electrochemical
transistor (OECT). OECTs have been utilized to exploit the ability of organic electroactive
materials to transport both ionic and electronic charge carriers [44-48]. OECTs have been used as
transducers between ionic currents in the electrolyte and electronic currents in the organic
channel [49], and as sensors to monitor the attachment of cancer cells and fibroblasts cultured
directly on the channel [35]. OECTs have also been employed as sensors for hydrogen peroxide
[36], glucose [37-39], dopamine [36], chloride ions [50] and bacteria [40]. OECTs with single-
strand DNA probes immobilized on Au gate electrodes have been used to detect complementary

DNA targets [40].

2.1 The working principle of an organic electrochemical transistor

OECTs consist of source and drain electrodes and a channel in ionic contact with a gate electrode
via an electrolyte solution. The gate voltage modulates the current flowing in the channel. In most
OECTs based on conducting polymers, the application of a positive gate bias induces a reversible
redistribution of positive ions within the p-type conducting polymer channel. This, together with
charge injection from source and drain, results in electrochemical dedoping of the conducting

channel, accompanied by a decrease of the source-drain current (/4) [50].
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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is commercially
available as an aqueous suspension and can be processed with easy methods, such as spin
coating and drop casting. PEDOT:PSS films can reach conductivities as high as ~1000
S/cm and are stable in water at neutral pH. A PEDOT:PSS-based OECT can be used as a

model to explain the working mechanism of a representative device (Figure 2.1).

The OECT shown in Figure 2.1 consists of a PEDOT:PSS conducting polymer channel in contact
with the gate electrode through the electrolyte (Figure 2.1a) [50]. PEDOT:PSS is a p-type
material, it conducts holes upon application of a drain-source voltage (V4). When no gate voltage
is applied, holes drift from source to drain in the channel to generate a drain-source current (V, =
0) ({g) (Figure 2.1b). When a positive gate-source voltage (V) is applied, anions from the
electrolyte move towards the gate electrode, and cations (M") from the electrolyte permeate into
the channel (Figure 2.1c). PEDOT" accepts electrons (e') and is reduced to the non-conductive
PEDOT’, while M" cations neutralize the PSS™ dopant to form M'PSS". The overall result of the

process is a decrease of the source/drain current /3 (¥, = 0). The process can be reversed (1) [51].
PEDOT*:PSS + M* + e~ & PEDOT? + M*: PSS~ (1)
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Figure 2. 1. (a) Device structure and electrical circuit of a PEDOT:PSS OECT; [(b) and (c)]
OECT working principle. Circles filled with indicate PSS ions and + indicate mobile holes. (b)
Being PEDOT:PSS a hole conductor, the application of a negative V4 bias generates a drain-
source hole current (/). (¢) Upon application of a positive V,, the electrolyte ions redistribute in
solution. Part of these ions enter the PEDOT:PSS channel, thus affecting /4 (de-doping process)
[50]. Reprinted with permission. Rights managed by AIP Publishing LLC.

OECTs can work in non-Faradaic (capacitive) regime and Faradaic regime at the gate/electrolyte
interface. In the non-Faradaic regime, the application of V, induces a transient current in the
electrolyte and determines exclusively a capacitive current at the gate electrode; the OECT acts
as an ion-to-electron converter. In the Faradaic regime, the application of V,; determines a steady-
state current at the gate electrode due to reduction/oxidation (redox) reactions. The redox reaction
alters the potential within the electrolyte and results in a change of the drain-source current (/g).
In both regimes, two interfaces in OECTs, which are the electrolyte/channel interface and the
electrolyte/gate interface, are involved. As reported in the literature, device geometry is an
important parameter to establish the performance of OECTs operated both as ion-to-electron

converters and electrochemical sensors.

2.2 Key components of OECTs

2.2.1 Channel

PEDOT:PSS (Figure 1.6b) is the most used and commercially available conductive polymer in
OECTs. PEDOT:PSS is a degenerately doped p-type conducting polymer, in which hole transport
takes place in the PEDOT phase while the PSS phase supports the sulfonate acceptors.

2.2.1.1 The effect of the channel size with respect to a gate electrode

For operation as an ion-to-electron converter, the gate electrode needs to be larger than the
channel [52]. For an OECT composed of a polarizable electrode, such as platinum (Pt), as a gate

and PEDOT:PSS as a channel, the electrolyte potential Vs is calculated by equation (2) [52]:
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Vgt = ——8
B8 1 Cch ° Ach (2)
4 —_
Cg - Ag

where A and A, are the areas of the channel and the gate, cch and ¢, are the channel and gate
capacitance per unit area, respectively, with the assumption that cc, = ¢, for better understanding
of the influence of device geometry. As shown in Figure 2.2a, in a device having a small channel
and a big gate (4n/4, < 1), the potentials of the electrolyte and the gate are similar, which results
in a large potential drop between the electrolyte and the channel, leading to a high modulation of
the drain current. In the case of Figure 2.2b, which illustrates a big-channel and a small-gate
(Aecn/4g> 1) device, the large potential drop at the interface between the gate and the electrolyte

results in a weak modulation of the drain current.

Gate Gate

Electrolyte _r

Potential
Channel Electrolyte_ Channel
—
(a) Ac/Ag<1 (b) Ac/Ag>1

Figure 2.2. Potential distribution between the gate electrode and the channel for two device

geometries [52]. Reprinted with permission. Copyright © 2010 Wiley Periodicals, Inc.

For a nonpolarizable gate electrode (such as Ag/AgCl) [50], there will be no potential drop at the
gate/electrolyte interface. The potential distribution will be similar to the one sketched in Figure

2.2a.

In addition, in order to optimize the conductance of the channel, a geometry that maximizes
channel width and minimizes channel length is necessary [53]. The response of an OECT with a

large gate depends on the conductance of the channel. The conductance depends on the
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conductivity of the polymer and the geometrical factor W d/L (W: channel width; L: channel
length; d: thickness of the polymer film).

For operation as an electrochemical sensor, OECTs with a gate electrode smaller than the
channel show higher sensitivity and lower background [36]. The sensitivity can be increased by
improving the material parameters of the conducting polymer, such as hole mobility and
capacitance per unit area, and the ability of ions from the electrolyte to enter the polymer film. A
geometry that maximizes channel width and minimizes channel length can also improve
sensitivity, and a faster response time of OECTs was observed when the length of the source-

drain line was decreased [54].

Cicoira et al. investigated the effects of the gate area (4,) and channel area (4cn) on the ability of
OECTs to detect hydrogen peroxide (H,O,) via an electrochemical reaction at the Pt gate
electrode [36]. Working under the non-Faradaic regime (i.e. without H,O; in the electrolyte),
there are no charge transfer reactions at the gate electrode. When H,0, is added to the electrolyte,

the current modulation is greatly enhanced due to the Faradaic contribution (Figure 2.3).

- Potential
'/
[H,0,]>0
[H,0,]=0
0 - N
Gate Electrolyte Channel

Figure 2.3. Sketch of potential profiles in the electrolyte in the absence and presence of H,O, [36].
Adapted with permission. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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2.2.1.2 Ion transport in the channel

Ions transport is of primary important to understand OECT working mechanism. Malliaras et al.
also designed a new OECT device structure (Figure 2.4) and reported the direct measurement of
ion mobility in a conducting polymer [55]. In this device structure, PEDOT:PSS was sandwiched
between an ion barrier (Su-8: negative photoresist) and a glass substrate. The electrolyte (0.1 M
aqueous NaCl), located on the left side, was confined in a PDMS well. Ag/AgCl was used as the
gate electrode. Upon application of a positive gate voltage, cations of the electrolyte began to
move into the PEDOT:PSS channel and reduction occurred. The typical color switching from

light blue (oxidized PEDOT) to dark blue (reduced PEDOT) can be observed during this process.
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O ‘ ® +
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Electrolyte PEDOT:PSS Au —]

Substrate

e

Figure 2. 2. Schematic of the device indicating the charge distribution around the dedoping front

according to the model (not to scale) of the electrolyte/conducting polymer junction [55].
Adopted with permission. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

OECTs working in the non-Faradaic regime (at the interface between gate and electrolyte) are the
main subject of the project. In the process of ion-to-electron conversion, ions from an electrolyte
enter a polymer film and change its electronic conductivity. This results in ionic-to-electronic
signal transconduction. Mixed electronic/ionic conductivity is of particular importance for

devices that interface electronics with biology.
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2.2.2 FElectrolyte

The electrolyte plays an important role in supplying an environment for connecting the gate and
the channel ionically in an OECT. Aqueous solutions of salts, such as NaCl and potassium
chloride (KCI) and aqueous buffer solutions, such as phosphate-buffered saline (PBS), are
commonly used for studying the working mechanism of an OECT. Investigations of the role of
the electrolyte in device performance are of primary importance for various applications of

OECTs
Micelles

Micelles are of primary interest for drug delivery systems, and a compact sensor that detects
micelle formation would constitute a technological breakthrough. Cicoira et al. exploited OECTs
to monitor the formation of micelles [56]. As shown in Figure 2.5, the modulation of an OECT
increased with the increase of the concentration of CTAB (cetyltrimethylammonium bromide). /
is the OFF current (V, = 0) and the [y is the ON current (V' = 0). There was no major difference
for concentrations above 107 M, the critical micellar concentration (CMC). Furthermore,
investigation of NaCl proved that modulation of the OECT with conventional electrolytes does

not depend on concentration.
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Figure 2. 3. OECT response |(I-1y)/lo| as a function of Vs, with V4 = -0.4 V, for different
concentrations of (a) CTAB and (b) NaCl [56]. Reprinted with permission. Copyright © 2012,
Royal Society of Chemistry.
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Further study of the modulation of OECTs with different concentrations of CTAB and NaCl as
electrolytes shows that the CTAB electrolyte-based OECT clearly differs from that of an
analogous OECT employing an aqueous solution of NaCl as the electrolyte, which does not form
micelles (Figure 2.6). Obviously, positively charged CTA" micelles modulate PEDOT:PSS
OECTs more efficiently than CTA" dissociated ions. The results reveal that PEDOT:PSS OECTs

can be used for monitoring the formation of micelles.

(V4 T BT T BT BTy .
10 10° 10 10° 4.0
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2

Figure 2. 4. OECT modulation (|( - 1y)/Io|, where [ is the OFF current (¥, = 0) and the I, is the
ON current (V, = 0)) versus molar concentration of CTAB and NaCl aqueous solutions at V, = 1
V, with the drain-source voltage (V4) kept constant at -0.4 V. The error bars correspond to the
maximum spread between the minimum and maximum value of the modulation obtained on 5
repeated measurements. The lines are guides to the eye [56]. Reprinted with permission.

Copyright © 2012, Royal Society of Chemistry.

lonic liquids

Ionic liquids are molten salts at relatively low temperature (typically below 100 °C) that possess

high thermal and chemical stability, optical transparency, low volatility and wide electrochemical
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stability windows [57-61]. In particular, phosphonium ionic liquids are interesting for their
thermal stability and wide window of electrochemical stability [62].

Usually, the glucose concentration is around 0.008-0.21 mM in human saliva and 2-30 mM in
blood. Monitoring glucose concentrations is important in healthcare. The ionic liquid can be used
as an immobilization medium for the enzyme and the mediator in a glucose sensor [38]. The
phosphornium ionic liquid triisobutyl-(methyl)phosphonium tosylate (Cyphos® IL106) has been
selected due to its hydrophilicity. The experiments were carried out by placing the enzyme
glucose oxidase (GO, 500 wunits per mL) and the mediator ferrocene [bis(n-5-
cyclopentadienyl)iron] (Fc, 10 mM) into 1.43 mL of Cyphos® IL106 followed by mixing with 50

mL of glucose-PBS solution as an electrolyte.
D-glucono-1,5-lactone GOxred Fct PEDOT":PSS-+¢
D-glucose GOx Fc PEDOT":PSS-
(b) PEDOT":PSS-+ M + e — PEDOT + M":PSS-

Figure 2. 5. Reactions at (a) the gate electrode and (b) the channel of the OECT [38]. Reprinted
with permission. Copyright © 2010, Royal Society of Chemistry.

The glucose is oxidized by application of a gate voltage, while the enzyme (GOy) is reduced. In
the back cycle, oxidation of GOy is coupled with conversion of Fc to ferricenium ion (Fc'), and
formation of Fc' shuttles electrons to the gate electrode (Figure 2.7a). Meantime, the
PEDOT:PSS channel was dedoped by cations from solution (M") (Figure 2.7b), which decreases
the drain current to a certain degree depending on the glucose concentration. The sensitivity is in

the range of 107 to 10 M (Figure 2.8) [38].
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Figure 2. 6. (a) Transient response of the drain current of an OECT upon application of a gate
voltage of 0.4 V and duration of 3 min. The drain voltage was 0.2 V. (b) Current modulation
(represented as the dimensionless quantity Al/I) of the OECT as a function of glucose
concentration. Inset shows the concept of device operation, and the arrows indicate the
dissolution of the RTIL carrying the enzyme and the mediator into the analyte solution [38].
Reprinted with permission. Copyright © 2010, Royal Society of Chemistry.

lon gels

Ion gels are solid or gel-like materials, formed from the room temperature ionic liquids (RTILs)
crosslinked by polymers to realize structural and dimensional stability. lon gels have recently
found application in bioelectronics, such as for DNA sensing [35]. Owens et al. reported a lactate
sensor with an ionogel-based electrolyte [63]. The ionogel was prepared by dissolving a
ferrocene mediator Fc (10 mM) in the hydrophilic ionic liquid 1-ethyl-3-methylimidazolium
ethylsulfate [C2mIm][EtSO4], followed by mixing with the monomer N-isopropylacrylamide
(NIPAAm), the cross-linker N,N’-methylenebis(acrylamide) (MBAAm) and the photo-initiator
(dimethoxyphenyl)acetophenone DMPA (Figure 2.9). When the mixture was heated at 45° C for

10 min, a clear and monophasic solution was obtained.
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Figure 2. 7. (a) lonogel components and (b) a schematic representation of the OECT device with
ionogel/enzyme mixture [63]. Reprinted with permission. Copyright © 2012, Royal Society of
Chemistry.

The working mechanism of the lactate sensor is similar to the one described for the glucose
sensor. Lactic acid is oxidized to pyruvate by application of a gate voltage, and Fc is converted
into ferricenium ion (Fc"). The creation of Fc' shuttles electrons to the gate electrode (Figure
2.10a). Meantime, the PEDOT:PSS channel was dedoped by cations from the solution, leading to
a decrease of the drain current (Figure 2.10b). This is the first flexible transistor-based biosensor

with solid electrolyte, which suggests potential applications in wearable sensors.
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Figure 2. 8. Reactions at (a) the gate electrode and (b) the channel of the OECT [63]. Reprinted
with permission. Copyright © 2012, Royal Society of Chemistry.

2.2.3 Gate

Several materials have been explored for OECT gate electrodes, namely PEDOT:PSS, Ag, Pt and
carbon materials [50, 64-66]. Cicoira et al. [50] reported that in a halide-based electrolyte (such
as NaCl solution), a large steady-state gate-source current (/) is found if a non-polarizable Ag
gate is employed, which indicates the presence of Faradaic processes at the gate electrode. On the
other hand, if a polarizable Pt gate electrode is used, a small /, is found, consistent with the
nature of a Pt electrode. A Faradaic process takes place on the Ag electrode, which results in a
large potential drop at the channel/electrolyte interface. As shown in Figure 2.11, an Ag OECT
leads to high current modulation compared to a Pt OECT. This was attributed to a redox reaction
between ions in the electrolyte and the Ag gate electrode. This could be explained by the fact that
an EDL forms at the Pt/NaCl interface (Vo1 < V), but no EDL forms at the Ag/NaCl interface
(Vsol = V).

Potential
vgj .%ﬂghﬂ‘-ﬂ-‘--‘--“-

0
1 Gate Electrolyte Channel

Figure 2. 9. Potential distribution between the gate electrode and the channel for Ag and Pt gate
electrodes [50]. Reprinted with permission. Rights managed by AIP Publishing LLC.

It should be noted that OECTs with a Pt gate can also be made to operate in a Faradaic regime,

and as such they have been used in enzymatic glucose sensors [35, 64, 67]. OECTs with Pt gate
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electrodes modified with enzyme glucose oxidase (GOy), carbon-based nanomaterials (single-
walled nanotube (SWNT), graphene flakes and biocompatible polymer (Nafion) show high
sensitivity to epinephrine (Figure 2.12) [68]. The sensitivity of the device was ensured by adding
Nafion, a material that can attract epinephrine molecules to the gate electrode. Furthermore, the
sensitivity has been improved by introducing a gate electrode modified by SWNTs and graphene
flakes, which enhanced electrocatalytic activity of the gate electrode, hence a decrease in the
detection limit of the device. The detection limit is around 0.1 nM with a modified gate electrode
incorporating Nafion and SWNTs. This level of sensitivity is adequate for some practical

applications.

(a) (b) OH OH

HO NH NH\
N\ + 2HY 2e°
HO

Epinephrine u Epinephrine quinone

Figure 2. 10. (a) Schematic diagram of an OECT-based epinephrine sensor with a nanomaterial-
modified gate electrode including Nafion (b) Oxidation of epinephrine at the gate electrode
modified with Nafion and carbon-based nanomaterials [68]. Reprinted with permission.

Copyright © 2015, Royal Society of Chemistry.

Carbon electrodes have been intensively investigated for electrochemical sensors, owing to their
low cost, good chemical stability, biocompatibility and good electron transfer kinetics [69-72].
Carbon-based sensors include glassy carbon electrodes [73], carbon fibers [74], pyrolytic graphite
[74] and graphene [68].

Activated carbons (ACs) have a large specific surface area around 1000-2000 m’ g .
Considering the fast reversible electrostatic process owing to the utilization of high specific
surface area AC gate electrodes, the charge required to dedope/dope the channel would be in a

relatively narrow electrode potential excursion. As a result, AC gates can be used as quasi-
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reference electrodes, which simplify the OECT structure and facilitates the characterization of
OECTs by cyclic voltammetry. At the same time, employing an AC electrode ensures that
undesired Faradaic (redox) processes at the interface between the electrolyte and the electrode
will be limited. Cicoira et al. studied the effects of the gate electrode on the behavior of OECTs
[75]. They employed an AC gate combined with a PEDOT:PSS channel. High specific
capacitance of the AC gate electrodes leads to higher drain-source current modulation in OECTs

compared to PEDOT:PSS gate electrodes of comparable geometric area (Figure 2.13).
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Figure 2. 11. Characteristics of PEDOT:PSS-based OECTs using AC and PEDOT:PSS gate
electrodes, employing an aqueous solution of NaCl (0.01 M) as the electrolyte. Typical output
characteristics obtained with an AC (A) or a PEDOT:PSS gate electrode (B). The Vg4 scan rate is
5mV s and Vg 1s varied from —0.4 to +0.6 V in steps of 0.2 V. Transfer characteristics (C) of
PEDOT:PSS OECTs using an AC (black line) and a PEDOT:PSS gate electrode (red line) at V4 =
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—0.5 Vand —0.6 V' <V, < 0.8 V. Transient (/3 vs time) responses (D) normalized with respect to
the current at V; = 0 V of OECTs using AC (black solid line) and PEDOT:PSS (red dashed line)
gate electrodes at Vg = —0.5 V. From left to right, V; is pulsed from 0 to —0.6, —0.4, —0.2, +0.2,
+0.4, +0.6 and +0.8 V with a pulse duration of 100 s [75]. Reprinted with permission. Copyright
© 2015, American Chemical Society.

Cyclic voltammetry studies were carried out with a PEDOT:PSS working electrode (WE) and
AC as both reference electrode (RE) and counter electrode (CE). The high double-layer
capacitance and absence of Faradaic processes show that the potential of the channel is solely
determined by V,. The intrinsic quasi-reference characteristics of AC provide an opportunity
to monitor the potential of the channel of an OECT without an additional reference electrode

(Figure 2.14).

Vgs / 'V (the sign is opposite as £)

1.0 0.5 0.0 -0.5 -1.0
0.15 0.15 — T T T T
A — Ptas CE and SCE as RE Activated carbon as CE and RE
—— Ptas CE and Activated carbon as RE B —-— doped PEDOT:PSS as CE and RE
010 F e Activated carbon as CE and RE 010 F  eeeeens dedoped PEDOT:PSS as CE and RE
§ 005t £ 005t
< <
£ £
=z 0.00 ~ 0.00}
-0.05 -0.05
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
E / V (vs. RE) E/V

Figure 2. 12. Cyclic voltammograms of various electrochemical cells where the electrolyte is a
0.01 M aqueous solution of NaCl, a doped (pristine) PEDOT:PSS film acts as the working
electrode (WE) and different counter electrodes (CE) and reference electrodes (RE) are compared.
(A) Three-electrode configuration with a Pt wire CE and a saturated calomel electrode (SCE) RE
(black solid line), three-electrode configuration with a Pt wire CE and an AC electrode RE (red
dashed curve) and two-electrode configuration with an AC electrode acting as CE and RE (blue
dotted curve). (B) Two-electrode configuration with an AC electrode (black solid curve) or a
doped (pristine) PEDOT:PSS film (red dashed curve) or a dedoped PEDOT:PSS (blue dotted

curve) acting simultaneously as CE and RE. The CV scan rate is 50 mV s '. The top x-axis
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indicates the corresponding V, in OECTs [75]. Reprinted with permission. Copyright © 2015,

American Chemical Society.

Biocompatible gate materials have been widely investigated due to the rapid development of
OECTs and their potential for biological applications. As a representation of a non-traditional
gate electrode, skin is an interesting candidate for an OECT used as an electrocardiographic
(ECG) sensor. Traditional ECG sensors utilize Ag/AgCl to establish a Faradaic contact with the
skin [76]. Biscarini et al. demonstrated transparent transistor devices fabricated on a degradable
PLGA substrate and utilized the skin as the gate electrode and to transport the heart beating that
served as “V,” [77]. To reduce the skin’s impedance, electroconductive gel was used between the
skin and the PEDOT:PSS channel. The skin behaves as the gate, and its potential changes with
respect to a ground contact. The change of the gate potential modulates the drain current (Figure
2.15a). The OECT recorded the heartbeat with amplitude of 100 nA, whereas the traditional
potentiometric recorder monitored spikes of 500 puV (Figure 2.15 b and c).
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Figure 2. 13. 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 recording (V= 0.5V, V4=—0.3 V) and comparison with 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 [77]. Reprinted with permission. Copyright ©

2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.2.4 Substrate

The substrate is one of the most important components for organic electronics, due to the fact that
organic electronics are not free-standing except in some special conditions [78-82]. With the
development of organic bioelectronics, various substrates have been employed to meet the needs
of implantation [83], drug delivery [84], artificial skin [85], sensing [86] or monitoring behavior
of cells [87] in vivo or in vitro environments. The most interesting substrates studied in this thesis

are OECTs with flexible and degradable substrates.

2.2.4.1 Flexible substrates

The current generation of flexible electronics is highly motivated by the quest for devices that are
disposable, low-cost and energy efficient, as a route to cheap and environmentally friendly tools.
Substrates such as plastics, papers and metal foils are nowadays widely investigated for

applications in flexible electronics [88-90].

Films of the polyester polyethylene terephthalate (PET) are among the most interesting
candidates as plastic substrates, because they are lightweight, reasonably stable chemically and
thermally, smooth, able to yield thin layers suitable for roll-to-roll processing and show adequate

adhesion to organic thin films [91].

Several authors have reported about devices on flexible substrates. A label-free DNA sensor that
integrates a flexible PET substrate has been investigated [92]. The OECT was patterned by
photolithography. The ssDNA probes was immobilized on the surface of the Au gate electrode,
and a poly(dimethylsiloxane) (PDMS) microfluidic well was fixed on top of the patterned
PEDOT:PSS channel for the electrolyte (Figure 2.16a). The device can be bent to both sides very
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easily (Figure 2.16b). The transfer characteristics show that the device performance is consistent
before and after bending (Figure 2.16¢). The transient curves show that /4 arrives at stable values
in several seconds with different gate voltages (Figure 2.16d). Further investigation revealed that
the maximum strain is about 5% by bending, which will not affect the conductance of the

PEDOT:PSS film. Thus, the OECT performance is stable with bending in both sides.
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Figure 2. 14. (a) Schematic diagram of an OECT integrated in a flexible microfluidic system,
which is characterized before and after the modification and the hybridization of DNA on the
surface of Au gate electrode. (b) Photographs of a device bent to both sides. (c¢) Transfer
characteristics (I3 vs. V) and output characteristics (I3 vs. V) of an OECT measured in different
bending states. The microfluidic channel is filled with PBS solution. (d) Time-dependent channel

current of an OECT measured after applying different gate voltages. V4 =— 0.1 V [92]. Reprinted

with permission. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Malliaras et al. reported OECTs with high transconductance based on parylene C substrates [93].
Transconductance is the main transistor parameter that governs signal amplification, which
describes the ability of transistors to convert a change in the gate voltage AV, to a modulation in
the drain current Aly (gm = Als/AV,). As shown in Figure 2.17, the OECT can be peeled off its
glass substrate and can be used after being crumpled/un-crumpled. There are no major

differences in performance between the crumpled and uncrumpled OECTs.
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Figure 2. 15. Resistance of OECTs to mechanical deformation. (a) An array of devices removed
from the sacrificial glass substrate (active area shown as boxed region). (b) The array
aggressively crumpled. (c) The crumpled array converted back to a flat sheet. Scale bar = 1 cm.
(d) Output characteristics and (e) transfer characteristics for the same device as-prepared (black),
after peeling (red) and after crumpling (blue). (f) Transconductance and time response for devices
after peeling (red) and after crumpling (blue), normalized to the performance of each device as
prepared. Error bars represent standard deviation of normalized values for N = 16 devices, on

three different substrates [93]. Copyright © 2013, Rights Managed by Nature Publishing Group.



33

2.2.4.2 Degradable substrates

Biodegradable, biocompatible and bioresorbable substrates and electronic materials are attractive
for use in organic bioelectronics designed for in vivo applications [94]. “Green” OFETs,
composed of natural organic semiconductors and dielectrics combined with biodegradable
substrates have been reported [86, 95-99]. Such substrates include paper [89, 100, 101], silk [95,
102-104], leather [105], cellulose-based polymers [106], gelatin [107] and shellac [108].

Synthetic polyesters PLGA are typical materials used for temporary implants [109-110]. They are
bioresorbable, hence are transient objects in the body, which is ideal for implants since this
minimize the systemic reaction to foreign bodies. The most successful degradable electronic

sensors have been recently developed by Rogers et al. [86].

The construction of a millimeter-size biodegradable device involves the use of a ~70 um-thick
nanoporous silicon supporting substrate or ~70 um-thick magnesium foil, with a membrane of 30
um PLGA on top (Figure 2.18a and c) transfer printed on the supporting substrate with a
microtip-patterned PDMS stamp. In order to have the largest deflection-induced strain, a silicon
nanomembrane in a serpentine geometry serves as a piezoresistive element (Figure 2.18b). The
silicon nanomembrane is designed to sit on the surface of the membrane near one of the edges of
the cavity, because the maximum strain occurs at the midpoint of the left (and right) edge of the
trench with any applied pressure (Figure 2.18d). The device can be used as a pressure sensor
(Figure 2.18e), motion sensor (Figure 2.18f), temperature sensor (Figure. 2.18g), flow sensor
(Figure 2.18h), thermal conductivity/diffusivity sensor (Figure 2.18i) and pH sensor (Figure
2.18j). The sensor degraded after 15 h in buffer solution at pH 12 and room temperature (Figure
2.18Kk).
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Figure 2. 16. Bioresorbable, silicon-based mechanical/physical/chemical sensors for biomedical
applications. (a) Schematic illustration of a biodegradable pressure sensor. The inset shows the
location of the silicon nanomembrane (Si-NM) strain gauge. (b) Optical micrograph of the strain-

gauge region. ‘Trench BD’ represents the boundary of the trench. (¢) Image of a complete device.
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The outer diameter of the hypodermic needle is 1 mm. (d) Image on the left shows the
distribution of principal strains across the PLGA layer, including the Si-NM strain gauge at the
left edge, determined from finite element analysis (FEA) for an external pressure of 50 mm Hg.
The image on the right shows the corresponding displacement profile evaluated along the red
dotted line in the left panel. emax and dz are the principal strain and vertical displacement,
respectively. (e) Responses of a commercial pressure sensor (blue) and a calibrated biodegradable
device (red) to time-varying pressure over a range relevant to intracranial monitoring. (f)
Response of a similar biodegradable device (red), but configured as an accelerometer, with
comparison to a commercial sensor (blue). (g) Comparison of the calibrated response of such a
bioresorbable temperature sensor (red) to a commercial device (blue). (h) The difference in
temperature measured by two separate Si-NM temperature sensors placed near a Si-NM element
for Joule heating, which allows assessment of flow rate. (i) A single serpentine Si-NM used as
both a temperature sensor and a heating element allows measurements of thermal conductivity
and heat capacity. The graph shows time-dependent changes in temperature upon actuation of
Joule heating in devices immersed in different liquids. The coefficients of thermal conductivity (x,
measured through the rate of resistance change) of hexane, toluene, ethylene glycol and water are
0.12, 0.13, 0.26, and 0.60 W m 'K, respectively. (j) When the Si-NM is exposed to aqueous
surroundings, its conductance depends on pH. The graph shows measurements for immersion in
solutions with pH values between 2 and 10. (k) Images collected at several stages of accelerated
dissolution of a bioresorbable pressure sensor upon insertion into an aqueous buffer solution (pH
12) in a transparent PDMS enclosure at room temperature [86]. Reprinted with permission.

Copyright © 2016, Rights Managed by Nature Publishing Group.

Miiller et al. developed the first silk fiber-based electrochemical transistors [111]. The silk
fibers were obtained from the silkworm (Bombyx mori) and were dyed by water-soluble poly(4-
(2,3-dihydrothieno[3,4-b]-[ 1,4]dioxin-2-yl-methoxy)-1-butanesulfonic acid) (PEDOT-S) via
electrostatic interactions throughout the bulk. The fibers are arranged in a cross-junction
configuration (Figure 2.19b). The gaps between adjacent fibers are filled with the electrolyte, 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonimide) ([bmim][Tf;N]) mixed with
poly(1-vinyl-3-methylimidazolium) bis(trifluoromethanesulfonimide) (poly[ViEtIm][Tf;N]) (1:1
w/w) (Figure 2.19a).
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Figure 2. 17. (a) Chemical structure of the imidazolium-based ionic liquid:polymer ionic liquid
(IL:PIL) electrolyte mixture [bmim][Tf;N]:poly[ViEtIm][Tf,N] and the conjugated
polyelectrolyte dye PEDOT-S. (b) Microscopy image of a silk fiber-based ECT device with
source (S), drain (D) and gate (G) as indicated. A drop of IL:PIL bridges the gap between the two
fibers at the cross-junction. Note that the source-drain fiber has split into monofilaments close to
S [111]. Reprinted with permission. Copyright © 2011 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Shellac, a natural polymer secreted by the insect Kerria lacca, which is native to India, Thailand
and China, is a biodegradable resin containing polyhydroxy acids, shellolic acid, jalaric acid and
aleuritic acid (Figure 2.20) [108]. Shellac has found applications in the past as a coating material
for phonograph records and wood, as a binder and encapsulate for pharmaceuticals and food
supplements and in other areas, such as in cosmetic products, barrier coatings against gases and
moisture for fruits and vegetables, and sacrificial molds for 3D interconnected microchannel

networks [112-117].

Shellac can be dissolved in alcoholic solvents and then processed into thin films by simple

methods, such as spin coating or drop casting. The films, being robust and smooth, can be used as
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substrates for OFETs. The roughness of the shellac surface is around 1 nm for a ~500 pm film.
Moreover, the shellac film presents excellent insulating properties and can be used as a high-

quality dielectric layer, with a roughness of about 0.4 nm [108].
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Figure 2. 18. (a) The main chemical components of shellac resin. The constituents can readily

undergo polyesterification to produce a cross-linked solid. (b) Schematic of the OFET devices
reported in this paper, where shellac functions both as substrate material and dielectric layer

[108]. Reprinted with permission. Copyright © 2013, Royal Society of Chemistry.

Paper, composed of compact moist wood cellulose fibers, is a low-cost biodegradable material
that is compatible with many chemical and biochemical moieties [89, 118]. Paper can be used as
a substrate for biosensors [119], strain sensors [120], energy storage systems [121] and
microfluidic devices [122]. The properties and morphology of paper, such as roughness, porosity,
impurities, mechanical damping and the type and orientation of fibers, have dominant influences

on the performance of the sensors.
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Bihar et al. [123] developed OECTs printed on paper substrates, which found applications as
alcohol sensors. The ethanol concentration can be detected with breathing onto the device (Fig.
2.21A). Planar OECTs have been utilized with PEDOT:PSS as channel, source (S), drain (D),
and gate (G) electrodes. A collagen-based gel was used as the electrolyte, which contains enzyme
alcohol dehydrogenase (ADH) and its cofactor nicotinamide adenine dinucleotide (NAD") (Fig.
2.21B). The transient curve shows that the /3 decreases with exposing OECT-breathalyzer to
ethanol (Fig. 2.21C).
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Figure 2. 19. Concept of the OECT-breathalyzer. (A) Simply breathing on the printed
PEDOT:PSS OECT allows for alcohol detection. (B) The alcohol dehydrogenase (ADH) enzyme
and the OECT are the key components of the sensor. The OECT is printed on paper, and
comprises a channel, source (S), drain (D), and gate (G) electrodes made of PEDOT:PSS. The
enzyme electrolyte gel is deposited to the OECT bridging the channel and gate. (C) /4 response of
the OECT upon exposure to ethanol [123]. Copyright © 2016, Rights Managed by Nature
Publishing Group.
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CHAPTER 3

ARTICLE 1: Ionic liquid—water mixtures and ion gels as electrolytes for

organic electrochemical transistors

This chapter has been published in the Journal of Materials Chemistry C. The supporting

information for this article is reprinted in Appendix A of this thesis.
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3.2 Abstract

Organic Electrochemical Transistors (OECTs) are widely investigated for applications in
bioelectronics. lonic liquids (ILs) are, in principle, interesting candidates as gating media in

OECTs. Nevertheless, ILs can exhibit excessively high viscosity that prevents their
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straightforward application in OECTs. Here we report two processing approaches to apply the
highly viscous ionic liquid triisobutyl(methyl)phosphonium tosylate (Cyphos® IL 106) in
OECTs based on poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS), namely
IL-H,0 binary mixtures and ion gels. The use of Cyphos® IL 106—H,O binary mixtures and ion
gels as gating media determines an increase of the OECT modulation, with respect to the pure
ionic liquid. This increase cannot be explained simply by the change of the viscosity and ionic
conductivity of the ionic liquid—H»>O mixtures with the increase of the H,O content. Using high
surface area activated carbon gates, ON/OFF ratios as high as 5000 are achieved with Cyphos®
IL 106—H,0 mixtures at 5 and 10% H,O v/v.

3.3 Introduction

Ionic liquids are molten salts at relatively low temperature (typically below 100 °C) that possess
high thermal and chemical stability, optical transparency, low volatility, and wide
electrochemical stability windows [71,73,74,124]. Owing to these unique properties, ionic liquids
have found several technological applications, such as solvents for organic and inorganic
synthesis and (bio)catalysis, electrolytes in electrochemical devices, and media for enzyme
storage and reactions [33,73,124-129] In particular, phosphonium ionic liquids are interesting for
their thermal stability and wide electrochemical stability window [62].

The diverse molecular structures of the anionic and cationic species constituting an ionic liquid
can give rise to a variety of interactions, such as electrostatic, van der Waals, and hydrogen
bonding. These interactions control the physicochemical properties of ionic liquids, such as ionic
conductivity and viscosity [71,73,74,124,130]. The physicochemical properties of ionic liquids
can be tailored for specific applications by mixing with a solvent [131].

Electrolyte-gated organic transistors make use of organic materials for the transistor channel and
of electrolytes, such as aqueous saline solutions, ionic liquids, and ion gels, as the gating media.
These transistors exhibit current modulations of several orders of magnitude upon application of
gate voltages as low as 0.5-2 V [21,39,132-135]. On the basis of their operating mechanism,
electrolyte-gated transistors can be divided into two groups: electrical double layer transistors and
electrochemical transistors. In electrical double layer transistors, current modulation relies on

electrostatic doping of the channel at the channel/electrolyte interface. In electrochemical
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transistors, the current is modulated by doping/dedoping of the bulk of the organic channel by
electrolyte ions. Organic Electrochemical Transistors (OECTs) are investigated in bioelectronics
because of their low operating voltage (< 1 V), which is compatible with aqueous media, where
biological processes take place [4, 24, 26]. Depending on the targeted application, OECTs can
make use of various types of electrolytes, including aqueous or organic solutions, ionic liquids
and gels. Among the properties that make electrolytes suitable for OECTs are wide

electrochemical stability window, good ionic conductivity and low viscosity.

Here we investigate the wuse of a highly viscous ionic liquid, 1i.e.
triisobutyl(methyl)phosphonium tosylate (Cyphos® IL 106, inset Figure 3.l1a), as
electrolyte for OECTs. Cyphos® IL 106 is interesting for bioelectronic applications because
of its miscibility with aqueous media, electrochemical stability, ability to act as a reservoir
for enzymes and mediators in electrochemical sensors [33, 62]. Furthermore, it is an
active and selective solvent for conversion of fructose into hydroxymethylfurfural without
any catalyst addition [136, 137]. The interaction between Cyphos® IL 106/H,O binary
mixtures and thin films of the conducting polymer poly(3,4-ethylenedioxythiophene)
doped with tosylate has been recently explored [138].

Specifically, we propose two processing approaches to employ Cyphos® IL 106 as electrolyte
for OECTs. The first approach consists in using ionic liquid/H,O binary mixtures. The second
consists in incorporating the ionic liquid into an ion gel. With the aim to establish a correlation
between the physicochemical properties of the gating media and device characteristics, we

studied the viscosity and the ionic conductivity of the electrolytes.

3.4 Results and discussion

The gating properties of Cyphos® IL 106/H,O binary mixtures were first investigated on planar
OECTs employing the conducting polymer poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS) as the transistor channel and the gate electrode (Figure ESII
in Appendix B). The OECT current modulation, |(/-/)/lo|, where I and I, are the drain-source
currents at Vy# 0 and at V,= 0, is shown as a function of the gate-source voltage, V,, for pure

Cyphos® IL 106 and for Cyphos® IL 106/H,0 binary mixtures (Figure 3.1a). Mixing Cyphos®
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IL 106 with 2% H,0 v/v (i.e. 98% Cyphos® IL 106 v/v) leads to a considerable increase of the
current modulation with respect to pure Cyphos® IL 106 (e.g. from ~0.15 to ~0.25 at V,=0.8 V).
Increasing the H,O content to 5% v/v further increases the modulation up to ~0.5. Upon further
H,O addition, i.e. for 50%, 90%, 95%, and 99% H,O v/v, the OECT modulation remains
substantially unchanged (Figure 3.1a and Figure ESI2). The transfer curves of OECTs using as
the gating medium pure Cyphos® IL 106 and Cyphos® IL 106/H,O mixtures (Figure ESI3)
show that the drain-source current (I5) decreases with the increase of Vg, consistently with the

depletion mode of operation of PEDOT:PSS OECTs.
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Figure 3. 1. Current modulation |(/-/y)/lo| vs. V, for PEDOT:PSS OECTs making use of a
PEDOT:PSS gate for: (a) Cyphos® IL 106, and Cyphos® IL 106/H,O mixtures at 2%, 5%, 99%
H,0 v/v and (b) pure Cyphos® IL 106 and ion gels A (SMMAS:Cyphos® IL 106 1:10 g/g) and
B (SMMAS:Cyphos® IL 106 1:5 g/g). V4= —0.2 V. Inset (a): Molecular structure of Cyphos® IL
106. The current modulation is obtained from transient measurements (current vs time at different
V) and it is defined as |(I-lo)/Io|, where I is the drain-source current at V,#0 V and the I is

the current at V,=0 V taken before each V, pulse. Lines are guides to the eye.

To gain insight into the improvement of the OECT performance upon H,O addition to Cyphos®
IL 106, we investigated the effect of H,O on viscosity and ionic conductivity. As shown in Figure
3.2, the Newtonian viscosity (77) decreases dramatically from about 4000 mPa-s, for the pure
Cyphos® IL 106, to about 110 mPa-s, for a mixture containing 10% H,O v/v. For higher H,O
content, the viscosity decreases gradually to a few mPa-s (e.g. about 3 mPa-s for 70% H,O v/v).
The presence of complex interactions between H,O and Cyphos® IL 106 is revealed by Figure
3.2, which shows that the viscosity of our mixtures always lies below the line corresponding to
the viscosity of an ideal mixture (the dashed line between the values of the viscosities of the two
pure components). The effect of H,O on the viscosity can be further understood considering the
results reported in the inset of Figure 3.2, where the dynamic storage modulus, G’, and loss
modulus, G”, are shown for the pure Cyphos® IL 106 and for Cyphos® IL 106/H,O mixture
with 5% H,O v/v. The addition of H,O causes a decrease in the values of both G’ and G”. The
lower values of G” and G” are compatible with a scenario where the interactions between ions
with opposite polarity are partially reduced, thus leading to higher ion mobility. G’ of the pure
Cyphos® IL 106 shows a strong deviation from the classic Maxwell behaviour of fluids at low

frequencies, while the viscosity is completely Newtonian [139].

The ionic conductivity, as measured by a conductivity meter, increases from a few fractions of
mS/cm for pure IL up to ~12 at 70% H,O v/v, then decreases to ~8 mS/cm at 90%, and ~1.5
mS/cm at 99% H,O v/v (Table ESI1). Upon addition of molecular solvents to viscous ionic
liquids, a significant drop of the viscosity and an increase of the ionic conductivity, followed by a

decrease with further addition of solvent, are generally expected [140-144].
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Figure 3. 2. (a) Shear viscosity (1) of pure Cyphos® IL 106, Cyphos® IL 106-H,O mixtures
(2%, 5%, 10%, 30%, 50%, 70% H,O v/v, filled black squares) and viscosity of pure H,O (filled
star symbol). The dashed line between the values of the viscosities of the two pure components
represents the viscosity of an ideal mixture. Inset: Variation of the storage (G, solid symbols) and

loss (G”, empty symbols) modulus with the angular frequency for pure Cyphos® IL 106 (blue
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triangles) and Cyphos® IL 106/H,O mixture at 5% H,O v/v (red circles). The slope 1 is reported
as a reference for the classic behavior of G’ for a liquid, at low frequency. (b) Storage Modulus
(G', solid symbol), loss Modulus (G", empty symbol) and Complex Viscosity #* (half-filled
symbol) of ion gel A (triangle) and ion gel B (circle).

Ion gels have recently found application in bioelectronics, e.g. for sub cutaneous recordings [145]
and DNA sensing [146]. We prepared ion gels from Cyphos® IL 106 and the triblock copolymer
polystyrene-b-poly(methyl methacrylate)-b-polystyrene (SMMAS, PolymerSource Inc.) at
Cyphos® IL 106: SMMAS mass ratios 1:10 (ion gel A) and 1:5 (ion gel B). The OECT
modulations obtained with ion gels A and B (corresponding transfer curves shown in Figure ESI
4) are similar and both higher than those observed with analogue OECTs making use of pure
Cyphos® IL 106 (Figure 3.1b). At V,= 0.8 V, the modulation is ~0.5 for both ion gels and ~0.15
for pure Cyphos® IL 106. The ionic conductivity measured by electrochemical impedance
spectroscopy for ion gel A is 3-107 mS/cm whereas for ion gel B it is 7-10° mS/cm, in

agreement with the higher ionic concentration in ion gel A.

The linear viscoelastic properties of the two ion gels were studied (Figure 3.2b). Ion Gel A
presents G values larger than G’ in all the range of frequencies probed. The slope of G” is ®*%
confirming the weak frequency dependence. The ion gel B is about two orders of magnitude
more viscous than ion gel A (at 0.01 rad/s). This is consistent with the lower content of SMMAS
in ion gel A. The storage modulus shows a plateau at low frequencies and it is higher than its
complex counterpart. A crossover point is observed at about 0.64 rad/s, where G’” overcomes G’.
Despite the high viscosity observed for ion gels, compared to ionic liquid/H,O mixtures, OECTs

with PEDOT:PSS gates show relatively similar values of the modulation.

With the aim to improve the performance of OECTs gated by electrolytes based on Cyphos® IL
106, we used high surface area (1000-2000 m” g ') activated carbon gate electrodes (Figure ESI1)
[39,135]. Figure 3.3 shows transfer curves for pure Cyphos® IL 106 and various Cyphos® IL
106/H,0O mixtures. Transfer curves, where the current is reported on a logarithmic scale, are more

appropriate than modulation vs ¥V, curves, to display the characteristics of devices with high
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ON/OFF ratios. The OECT ON/OFF ratio strongly depends on the water content in the mixtures
and increases from ca. 40 (pure Cyphos® IL 106) to ca. 5000 (Cyphos® IL 106/H,O 10% H,O
v/v). Further increasing the H,O content leads to a decrease of the ON/OFF ratio yielding to a
value close to that found for pure Cyphos® IL 106 for 99% H,O v/v (inset Figure 3.3 and Table
ESI2). The transfer curves of the mixture at 99% H,O v/v and pure Cyphos® IL 106 overlap. For
the sake of comparison, transfer characteristics were measured for 0.1 M NaCl and ionic
liquid/H,O mixture at H,O 70% (v/v): in the latter case higher values of the ON/OFF ratio are
observed (Figure ESIS5). The highest values of the ON/OFF ratio are not observed in
correspondence to the lowest viscosity (Figure 3.2a) neither to the highest ionic conductivity. The
variation of the ON/OFF ratio with the H>O content suggests that contributions other than the
viscosity and the ionic conductivity of the gating medium have to be considered to completely
understand the doping/dedoping process of PEDOT:PSS channels exposed to electrolytes based
on Cyphos® IL 106.
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Figure 3. 3. Transfer characteristics of PEDOT:PSS OECTs making use of activated carbon as
the gate electrode and different Cyphos® IL106/H,O mixtures as the gating media. V4 =—0.5 V.

Inset: ON/OFF ratio for different Cyphos® IL 106/H,O mixtures.
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3.5 Conclusions

In conclusion, we identified two processing approaches to use the highly viscous, hydrophilic,
phosphonium-based ionic liquid Cyphos® IL 106 as the electrolyte in OECTs. The transistor
modulation improves from about 0.15 for pure Cyphos® IL 106 to about 0.5 for a binary mixture
5% H,0O v/v. Similar modulations were obtained for ion gels based on the same ionic liquid,
when using PEDOT:PSS gates.

Furthermore, by making use of high surface area activated carbon gates, ON/OFF ratios as high
as 5000 were reached in OECTs making use of binary mixtures at 10% H,O v/v. Experiments
with activated carbon gates point to the weak dependence of the OECT performance on ionic
conductivity and viscosity of the electrolyte, for values >1 mS/cm and <500 mPa s, respectively,
at least within the time scale of our experiments. Time resolved experiments, at different gate
pulse duration, are expected to improve the understanding of the role played by the
physicochemical properties of the gating media on the rate of the doping /undoping process, thus
helping to develop high performance OECTs. Our work suggests that the microstructure of the
electrolyte (e.g. ion association) might also play a role in the doping/dedoping process in OECTs

to be applied in bioelectronics.
3.6 Experimental

Device fabrication and characterization

An  aqueous suspension of  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate),
PEDOT:PSS (Clevios™ PH1000, Heraeus Electronic Materials), was mixed with ethylene glycol
(EG, Sigma Aldrich) 25 % v/v and with a 0.5 % v/v of the surfactant dodecyl benzene sulfonic
acid (DBSA, Sigma Aldrich), in order to enhance film electrical conductivity and improve film
processability [147,148]. Transistor gate electrodes (only in case of using PEDOT:PSS gate
electrode) and channels with a width (W) of 2 mm and a length (L) of 8 mm were patterned on
glass slides using a technique described elsewhere [142]. The Clevios'™ PH1000/EG/DBSA
mixture was spun onto the substrate at 500 RPM for 9 s followed by 1500 RPM for 40 s. The
films were then dried on a hot plate at 140 °C for 60 min. The resulting film thickness was about
200 nm. A glass cloning cylinder (VWR), attached to the glass slide with polydimethylsiloxane

(Dow Corning Sylgard 184), was used to confine the electrolyte solution upon the channel and
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the gate electrode of the transistor, the channel being defined by the overlapping of the electrolyte

with the organic polymer.

OECT electrical characterization was performed using an Agilent B2902A two-channel
source/measure unit, controlled by a LabView software. The gate pulse duration ranged between

50-200 s.

The activated carbon gate electrodes were prepared using carbon paper (Spectracorp 2050, 10
mils) coated with an ink of activated carbon (PICACHEM BP9, 28 mg mL™") and Nafion binder
(2.4 mg mL™") in isopropanol solvent. Drop casting of the carbon ink was followed by thermal
treatment at 60 °C for 24 h to remove the solvent. We used carbon paper stripes 1 cm x 0.4 cm

sized.
Electrolyte preparation and characterization

Cyphos® IL 106 (CAS No.: 344774-05-6, product status: developmental), donated by Cytec
Industries Inc. (Canada), was mixed with Milli-Q water using a Vortex mixer (VWR). Ion gels
based on Cyphos® IL 106 and the triblock copolymer polystyrene-b-poly(methyl methacrylate)-
b-polystyrene (SMMAS, Polymer Source Inc.) were prepared in a nitrogen-purged glove box
[149]. Cyphos® IL 106 and SMMAS were co-dissolved in ethyl acetate (Et,0).
SMMAS/Cyphos® IL 106/Et,O mass ratios of 1:10:10 (ion gel A) and 1:5:10 (ion gel B) were

used. The mixture was stirred for 2 hrs at room temperature.

For OECT fabrication and characterization, 100 uL ion gel precursor were transferred into the
glass tube well, which was fixed on an OECT to confine the electrolyte. The device was then

cured at 70° C for 24 hrs to evaporate the ethyl acetate solvent.

The ionic conductivity of pure Cyphos® IL and 106 Cyphos® IL 106/H,O binary mixtures (with
H,0 2%, 5%, 10%, 30%, 50%, 70%, 90% and 99% v/v, respectively) was measured with a
Traceable Expanded Range Conductivity Meter at room temperature (22°C). Electrochemical
Impedance Spectroscopy (EIS) was used to validate the conductivity meter measurements and to
evaluate the ionic conductivity of the ion gels. EIS was carried out with a two-electrode cell with
stainless steel electrode plates (electrode geometric area 0.5 cm?, electrode spacing 0.15 cm),
using a BioLogic equipment (Model: VSP300). An ac amplitude of 5 mV was used and data were

collected in the range 200 kHz—10 mHz, in open circuit conditions. In order to provide a good
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contact between the ion gel and the stainless steel plates we proceeded as follows. The plates
were immersed in the ion gel precursor. Afterwards, the baking of the precursor was carried out
at 80 °C, in situ, for 36h, followed by a final treatment at 50 °C in a vacuum oven. The
conductivity of the pure ionic liquid and of the ionic liquid/H>O binary mixtures was calculated
from the high frequency real impedance (R), which in turn was evaluated by fitting the EIS
Nyquist plots (lines parallel to the imaginary axis) to an RQ equivalent circuit in the high
frequency region. For the ion gels, the Nyquist spectrum consisted in a semicircle in the high
frequency range, followed by a low frequency tail. In this case, the electrolyte resistance was
obtained by fitting the plots to the (RQ)Q equivalent circuit and taking the semicircle diameter as
the bulk electrolyte resistance. O are constant phase elements that model the geometric and

double-layer capacitance of the cell.

Rheological measurements on the pure ionic liquid and on the ionic liquid/H,O binary mixtures
were performed at 25 °C using a Physica MCRS502 (Anton Paar) rheometer equipped with a
rough profiled Couette flow geometry in order to improve the signal. The diameters of the cup
and the shaft were 18.09 mm and 16.66 mm, respectively. Shear viscosity data were obtained in
simple shear flow using shear rate ramps between 0.01 and 100 s. The data reported in Figure
3.2a were measured at a shear rate of 1 s™'. The behavior of the different mixtures was essentially
Newtonian. Dynamic shear tests were also performed in the linear viscoelastic regime for the

pure Cyphos® IL 106 and the Cyphos® IL 106/H,O mixture at 5% v/v.

For the rheological measurements of the ion gels, a parallel-disk geometry was used. The
diameter of the top disk was 2.5 cm. A disposable metal cup (diameter 5.3 cm, depth 0.8 cm) was
used as the bottom disk. The ion gel was baked directly on the bottom disk to ensure good
adhesion during the rheological characterization, after confinement into a PDMS well (diameter
2.8 cm, height 0.45 cm). To favor the removal of the ethyl acetate, the solution of the precursors
was poured in four steps (one every two hours), while the temperature was kept at 70°C.
Afterwards, the material was left to bake at 50°C for 48 hours and finally at 70°C, in a vacuum
oven, for 12 hours. The rheological measurements were performed only once per ion gel, and, as

a consequence, they only provide the order of magnitude of the measured values.
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CHAPTER 4

ARTICLE 2: Flexible conducting polymer transistors with supercapacitor

function
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4.2 Abstract

Planar organic electrochemical transistors (OECTs) using PEDOT:PSS as the channel material
and nanostructured carbon as the gate electrode material and poly(sodium 4-styrenesulfonate

(PSSNa) gel as the electrolyte were fabricated on flexible polyethylene terephthalate (Mylar®)
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substrates. Nanostructured carbon was deposited at room-temperature by supersonic cluster beam
deposition (SCBD). Interestingly, the OECT acts as a hybrid supercapacitor (to give a device that
we indicate as transcap). The energy storage ability of transcaps has been studied with two cell
configurations: one featuring PEDOT:PSS as the positive electrode and nanostructured carbon as
the negative electrode and another configuration with reversed electrode polarity. Potentiostatic
charge/discharge studies show that both supercapacitors show good performance in terms of
voltage retention. In particular, when PEDOT:PSS is used as the positive electrode. Galvanostatic
charge-discharge characteristics show typical symmetric triangular shape, indicating a nearly

ideal capacitive behaviour with a high columbic efficiency (close to 100%).

4.3 Introduction

Electrolyte gated transistors are widely investigated for applications in bioelectronics as well as
flexible and printed electronics, because of their low operating voltage and ease of process [132,
133, 149, 150]. Several electrolyte-gated transistors have been reported so far, based on organic
and inorganic materials, such as organic semiconductors [23, 24, 151-153], conducting polymers
[27, 75, 154], metal oxides [28, 29, 155-157] and carbon nanomaterials [30, 31, 158-160]. In
particular, organic electrochemical transistors (OECTs) based on the conducting polymer
poly(3,4-ethylenedioxythiophene)  (PEDOT) doped with  poly(styrenesulfonate)(PSS)
(PEDOT:PSS) are playing a major role in novel bioelectronics applications, such as neural

electrodes and biosensors [34, 38, 39, 40, 41, 157, 161, 162].

The performance of PEDOT:PSS OECTs in terms of current modulation, mechanical and
environmental stability strongly depends on several factors, such as the formulation used for the
channel material [163], the thickness of the channel [164], the gate electrode material [75], the
device geometry [165]. We have recently investigated the role of the gate electrode materials, the
electrolytes and the conductivity enhancers on the performance of PEDOT:PSS OECTs [163] on
rigid and flexible substrates [166]. In particular, we have demonstrated that high current
modulations are achieved using high surface area activated carbon gate electrodes, regardless of
the channel materials [135, 75, 163, 164, 167]. In our previous works activated carbon gates have

been either immersed in the electrolyte (in the case of aqueous electrolytes) [75, 163, 164] or
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casted onto membranes or separators soaked with electrolytes (in case of ionic liquid electrolytes)
[155]. The configuration with an external gate electrode, however, results in a device architecture
that is not easily integrated into flexible circuits or textiles, for which a planar device architecture
is more suitable. A method to deposit and pattern planar activated carbon from carbonized
sucrose films have been proposed [168]. However, this process involves temperatures as high as
900°C, which are not compatible with plastic substrates. Therefore, the fabrication of planar and
flexible OECTs making use of high specific area carbon gate electrodes represents a major

challenge.

Recently, nanostructured carbon (nsC) deposited by supersonic cluster beam deposition (SCBD)
has been proposed as promising electrode material for electrochemical energy storage devices
[169]. SCBD consists in the room temperature deposition, under high vacuum, of nanoparticles
accelerated in a free jet expansion to form a beam in the molecular regime [170]. Characterized
by low kinetic energy at impact (upon particle deposition), it produces a random stacking of
nanoparticles leading to nanostructured materials with high surface-to-volume ratio. Carbon films
deposited by SCBD are characterized by a substantial dominance of sp” hybridization, a very
low-density (ca. 0.5 g cm™) [171] and a high specific surface area (ca. 700 m* g™') [172] that
results in high double layer capacitance both in aqueous and ionic liquid electrolytes [171, 173,
174]. Compared to more traditional physical vapor deposition methods, fabrication of nsC
electrodes by SCBD presents several advantages, such as (i) low deposition temperature, which
makes it compatible with thermolabile flexible and stretchable polymeric substrates, (ii) high
deposition rate, (iii) access to a wide range of thicknesses (from a few nanometers to a few
micrometers), (iv) compatibility with standard microfabrication techniques and (v) avoidance of

binders and post deposition treatments (e.g. carbon activation) [169, 170, 173, 174].

In this work, we report on planar and flexible PEDOT:PSS OECTs using nanostructured carbon
gate electrodes, fabricated at room temperature by SCBD, on plastic substrates. The same
architecture was used to demonstrate flexible and planar devices integrating the OECT and the
supercapacitor functions. This device, besides showing high specific capacitance and high power
density, allows to modulate the OECT current for short times, even in absence of an applied

voltage.
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4.4 Experimental

Materials and equipment

Mylar® polyethylene terephthalate (PET) sheets were purchased from Dupont. The poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) PEDOT:PSS aqueous suspension (Clevios
PH1000) was purchased from Heraeus Electronic Materials GmbH (Leverkusen, Germany).
Ethylene glycol, D-sorbitol (99%), dodecylbenzenesulfonic acid (DBSA, >95%) and
poly(sodium 4-styrenesulfonate) (PSSNa, M,, ~70,000) were obtained from Sigma-Aldrich.
Glycerol (>99.5%) was purchased from Caledon Laboratories Ltd (Georgetown, ON). The
fluorinated photoresist kit (photoresist OSCoR 4000, developer 103 and stripper 700) for
orthogonal patterning was obtained from Orthogonal Inc. (Rochester, NY, USA).

Device fabrication

Planar OECTs using PEDOT:PSS channels and nanostructured carbon (nsC) gate electrodes were
fabricated on flexible biaxially-oriented polyethylene terephthalate (Mylar®) substrates. Mylar®
is among the most interesting candidates for flexible electronics, since it combines lightweight,
reasonable chemical and thermal stability, low thickness suitable for roll-to-roll processing with a

good adhesion for organic films.

Patterning of the Au electrodes and the PEDOT:PSS channel was achieved by a procedure
illustrated in Figure 4.1 (a-k) and detailed in the Supporting Information. The Au source and
drain contacts of the OECTs were patterned by conventional photolithography and the
PEDOT:PSS channel by orthogonal lithography and reactive ion etching (RIE) using a Karl Suss
MAG6/BA6 mask aligner and an ENI OEM-6 RIE apparatus. A clean glass slide was covered with
PDMS; afterwards, a Mylar® sheet was attached to the PDMS to ensure rigidity during the
photolithography process (a-b). After patterning the metal contacts (c-f), a PEDOT:PSS
suspension was spin coated on the substrate (g). After drying, the PEDOT:PSS film was coated
with a layer of fluorinated photoresist (h), which was then exposed and developed (i). The
unprotected PEDOT:PSS film was etched by O, plasma (j). The orthogonal photoresist was then
removed with a fluorinated stripper (k) and the Mylar® was peeled off from the glass substrate
(I). A picture of an array of OECTs on Mylar® is shown in Figure 4.1m.
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We employed two different device geometries: one featuring a micron-scale OECT channel
(channel width, W = 80 um, channel length L = 5 pum) and another one using a larger scale
OECT channel (W = 0.2 cm and L = 0.8 cm). The active surface areas of PEDOT:PSS and nsC
exposed to the electrolyte were 400 pm* and 4 mm” for the former geometry and 0.16 cm® and

0.2 cm” for the latter. The larger OECT geometry was used for supercapacitor tests.

Nanostructured carbon films (area 1 cm?, thickness 750 nm) were deposited by SCBD at room
temperature on flexible Mylar® sheets, previously coated by a thin platinum film (200 nm
thickness), required to ensure an electrical contact with the measuring probes. Carbon
nanoparticles were deposited on top of the Pt coated Mylar® in high vacuum (~10” mbar) by a
SCBD apparatus equipped with a pulsed microplasma cluster source (MPCS) [170, 175]. In the
reaction cavity of the PMCS a A-graphite rod was sputtered by a plasma confined by exploiting
the pressure gradient produced by a jet of inert gas (He) impinging on its surface. Sputtered C
atoms thermalize within the He and condense to form clusters. The mixture of clusters and inert
gas leaves then the microplasma cluster source by expanding through a nozzle, thus forming a
seeded supersonic beam of aerodynamically accelerated nanoparticles that are finally collected on
the substrate to form a carbon film [170, 176]. nsC films to be used as gate electrodes were cut
into stripes (I mm x 4 mm), which were pasted, using PDMS, parallel to the PEDOT:PSS

channel with a distance of 1 mm, in planar configuration.

As the electrolyte, we used a gel consisting of a mixture of PSSNa, D-sorbitol, glycerol and
deionized water in a mass ratio of 4:1:1:4, that has been already used in PEDOT:PSS OECTs
[69]. The gel electrolyte was drop cast on top of the planar OECT channel and gate electrode and

left to dry at room temperature overnight.
Characterization of materials and devices

The film thickness was measured with a Dektak 150 profilometer. Scanning electron microscopy

(SEM) was performed with a JEOL FEG-SEM, JSM 7600F.

Transistor characterization and electrical measurements were carried out with a two channels
source/measure precision unit (Agilent B2902A), controlled by a Labview software.
Electrochemical measurements were performed with a VSP-300 electrochemical workstation

(BioLogic Instruments).
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Figure 4. 1. A schematic representation of the process used to fabricate a patterned PEDOT:PSS
OECT/supercapacitor utilizing conventional (a-f) and orthogonal photolithography (g-k). Devices
patterned on Mylar® can be peeled off from the PDMS-glass support for later use (I-m).

4.5 Results and discussions

The transfer curves of a micron-sized planar OECT using a nsC gate and PSSNa-based

electrolyte show the typical behavior of a PEDOT:PSS OECT working in depletion mode (Figure
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4.2). The drain-source current (I4) decreases, in absolute terms, with the increase of the gate
voltage (V). The ON/OFF ratio of the device is about 60, which demonstrates that nsC fabricated
by SCBD is very promising as gate material for OECTs.

-l I mA

0.01

0.8 04 0.0 04 0.8

- PEDOT:PSS channel

Figure 4. 2. Transfer curves of micron-sized (L= 5 pym, W= 80 um) OECTs making use of a
PSSNa-based gel electrolyte. V4 =-0.5 V (a). SEM image of the microscale device (b). S: source.
D: drain.

We have recently demonstrated that electrolyte-gated transistors based on organic polymers can
be also exploited for energy storage purposes into a novel device structure named transcap
(transistor-capacitor) [154]. This device exploits the high pseudocapacitance and capacitance
displayed by organic conducting polymers and high surface area carbons at the interface with an
electrolyte. Specifically, transcaps combine charge transport and charge storage features to yield
a low-energy cost device that can drive/power additional elements [75, 154]. We fabricated

transcaps on rigid substrates and employing the organic semiconductor poly[2-methoxy-5-(20-
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ethylhexyloxy)-1,4-phenyl-ene vinylene (MEH PPV) as the channel material, the ionic liquid 1-
Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) as the electrolyte
and activated carbon on carbon paper as the gate, in a stacked configuration [154]. Here, we
extend the transcap concept to a more versatile planar device architecture on a flexible substrate,

using PEDOT:PSS as the channel material and nsC deposited by SCBD as the lateral gate.

Our device acts as a hybrid supercapacitor that features one purely capacitive electrode, i.e. nsC,
electrostatically charged/discharged, and a pseudocapacitive one, i.e. PEDOT:PSS,
charged/discharged by a faradaic process. Transfer curves of the OECTs show that PEDOT:PSS
in its initial state (V;= 0 V) can be either dedoped, by application of a positive V,, or doped, by
application of a negative V, (Figure 4.2). Therefore, two different hybrid supercapacitor
configurations are possible: a cell where PEDOT:PSS is the positive electrode and nsC is the
negative electrode (type I supercapacitors), and another one with reversed polarity (type II
supercapacitors). Therefore, two different hybrid supercapacitor configurations can be considered:
type I, where PEDOT:PSS acts as a positive electrode and nsC as the negative one, and type II,

where the electrodes polarity is reversed.

To characterize the energy storage ability of the OECT/supercapacitor, potentiostatic
charge/discharge experiments were carried out in a two-electrode configuration, on
supercapacitors of type I and II. We used potentiostatic experiments because they mimic OECT
operation and permit, at the same time, the evaluation of the energy performance of the
supercapacitors. During such experiments, V. corresponds to -V, for type I devices and to V, for
type II devices. The following procedure was adopted: charging by chronoamperometry at 1 V
for 10 s, followed by 10 s rest in open circuit and discharging by chronoamperometry at 0 V for

10 s.

At V=0V, the nsC electrode is unpolarized and it is at the same potential of the PEDOT:PSS
channel. During the charge of type I supercapacitors, i.e. when a voltage bias V. is applied
(Figure 4.3a), PEDOT:PSS is doped with the charge AQ. Simultaneously, the nsC electrode is
negatively polarized and electrostatically stores the same charge AQ (with opposite sign). The
amount of the stored charge AQ is related to the capacitance of the cell. In the charged state, the
cell is storing the energy £ = AQ V. .;. During subsequent rest, partial self-discharge takes place

due to charge redistribution at the electrode/electrolyte interfaces and parasitic side reactions. The
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potential of the nsC electrode increases and that of the PEDOT:PSS electrode decreases, such that
part of the AQ charge previously stored is dissipated (dQ). Then, setting Ve at 0 V causes
depolarization of the surface of the nsC electrode and dedoping of the PEDOT:PSS electrode,
thus bringing both electrodes to their initial states. In this process the charge (AQ-dQ) and the
energy E = Vi (AQ-dQ) are delivered. During the charging of type II supercapacitors (Figure
4.3b), the PEDOT:PSS electrode is dedoped by the charge AQ, while the nsC electrode is
positively polarized and electrostatically stores the same charge AQ (with opposite sign). In this
process, the energy E = AQ V. is stored. During subsequent rest, the potential of the nsC
electrode decreases, the PEDOT:PSS potential increases, and part of the AQ charge previously
stored is dissipated (dQ). Setting V,.; at 0 V, causes the depolarization of the nsC electrode and
the re-doping of the PEDOT:PSS electrode, thus bringing both electrodes to their initial states.
The charge (AQ-dQ) and energy E = V..i; (AQ-dQ) are delivered during the process.

Figures 4.3c and 3d show the voltage vs. time and current vs. time plots for the potentiostatic
measurements. For both supercapacitor configurations, the charging step involves AQ values of
about 67 uC (evaluated by the integration of the current over time) and an energy E of about 67
wJ (i.e. 413 pJ em™ or 0.11 uWhem™). During rest (no current flowing through the cell), the
voltage decreases and a partial self-discharge occurred in both cases. However, type I devices
show a better voltage retention, i.e. lower self-discharge, after the open circuit step, i.e. 78% and
80% for two repeated sequences with respect to 69% and 57%, for type II devices. The lowest
self-discharge of type I supercapacitors can be explained with the presence of the doping anions
in the polymer chain and atmospheric oxygen [164]. Both these factors stabilize the highly doped
(oxidized) state of PEDOT:PSS. In the case of type II supercapacitors, the reduced state achieved
upon charge is not stabilized, therefore the PEDOT:PSS potential tends to increase (and Ve to

decrease) after the open circuit step.

During the discharge process, about 80% (type I supercapacitors) and 70% (type II
supercapacitors) of the energy used to charge the supercapacitors and hence to modulate the
OECT current, is delivered. The result is a highly energy efficient system. Figure 4.3c and 3d
show that the devices keep the applied V.. (corresponding, in absolute value, to V) over a short
period of time, without being connected to a power supply (at rest). This means that over this

period the OECT current modulation can be kept without an applied gate bias.
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Figure 4. 3. Working principle of hybrid supercapacitors of type I (a) and type II (b).
Supercapacitor characteristics of OECTs with PEDOT:PSS positive electrodes and nsC negative
electrodes (type I, ¢), with PEDOT:PSS negative electrodes and nsC positive electrodes (type II,
d). In 3d and 3c, voltage (black solid line) and current (red dotted line) vs. time upon potential
step at 1 V for 10 s (supercapacitor charge), followed by 10 s rest in open circuit conditions, and

potential step at 0 V (supercapacitor discharge).
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The electrochemical performance of type I OECTs/supercapacitors (PEDOT:PSS used as positive
electrodes and nsC as the negative electrodes) was also studied by galvanostatic charge/discharge
experiments carried out at currents (I) of 1, 2.5, 5 and 10 pA. Here, the / is equal to -/, and the
supercapacitor cell voltage Veen (equal to -Vg) is up to 1 V. The galvanostatic charge-discharge
characteristics exhibit a typical symmetric triangular shape, indicating nearly ideal capacitive
behaviour with a high coulombic efficiency, between 98% and 100% (Figure 4.4) [177]. From
this two-electrode system, the capacitance (C) for the entire cell, the delivered energy (E) and the
power (P) were calculated from equations (1), (2) and (3), respectively. The results are
summarized in Table 1. This data well compare with those reported in the literature for

PEDOT:PSS based micro-supercapacitors [178].

I

= Wensdt (1)

E= IfVce”(t)dt /3600 (2)
_ E

P=% (3)

Table 4.1: Discharge time (), capacitance (C), delivered energy (£) and power (P) of type |
OECTs/supercapacitors at different values of the current (/), normalized to the geometric area

and volume (footprint) of the PEDOT:PSS electrode (0.16 cm® with a thickness of 470 nm).

I(pA) t(s) C(mFem®) E@Whem?)  PuWem?) C@Fem®) EmWh/cm®) P (Wcem™)

1 143.5 1.08 0.10 248 23.0 2.1 0.05
2.5 39.3 0.87 0.06 5.25 18.5 1.2 0.11
5 11.7 0.61 0.03 8.56 13.0 0.6 0.18

10 1.6 0.25 0.005 10.56 5.32 0.1 0.22
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Figure 4. 4. Galvanostatic charge-discharge cycles at different currents from 1 to 10 pA for type I
OECTs/supercapacitors (i.e. cells with nsC as negative electrode and PEDOT:PSS as positive
electrode). Voltage profiles over a) time and b) cycled capacity (the charge is normalized to

PEDOT:PSS footprint area of 0.16 cm®).

4.6 Conclusions

We have demonstrated that nanostructured carbon (nsC) electrodes, prepared by supersonic
cluster beam deposition on flexible Mylar substrates can be used as gate electrodes for planar
PEDOT:PSS based organic electrochemical transistors (OECTs), patterned by orthogonal

lithography. The electrical characteristics reveal a good current modulation at low voltages.

Moreover, by coupling a lateral nsC electrode to a PEDOT:PSS electrode we were able to exploit
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the energy storage properties of OECT devices in planar configuration. The OECTs here reported
act as hybrid supercapacitors with efficient charge retention and a satisfying energy storage

characteristics.

The integration of transistor and a capacitor provides a very efficient and low—cost energy system,
of great interest for autonomous systems for flexible/stretchable electronics and bioelectronics.
Furthermore, the charge storage properties of the channel and the gate electrodes of the OECTs
permit the operation of the OECT without power supply, for short periods of time.

The concept of a transcap integrating an organic electrochemical transistor and a supercapacitor
can be further optimized to achieve faster time responses, decreased self-discharge and optimized

electrical and energy storage properties.
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CHAPTER 5

ARTICLE 3: Water gated organic electrochemical transistors on

flexible/degradable shellac substrate

This chapter has been submitted to Journal of Materials Research. The supporting information for

this article is reprinted in Appendix C of this thesis.
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5.2 Abstract

We developed “green” OECTs, which employ degradable substrates and water as the gating
medium. OECTs patterned on PET were transferred onto degradable shellac substrates by heating.
To explore the gate effect in presence of water as the gating medium, we employed hydrophobic
AC gate electrodes and hydrophilic PEDOT:PSS gate electrodes. OECTs with AC gates present
slower current response and higher current modulation than those with PEDOT:PSS gates. The

shellac substrate can be degraded in a 1 M KOH solution.
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5.3 Introduction

Electrolyte gated transistors are currently the focus of intense research for applications in
bioelectronics and large-area electronics, due to their ability to work at low voltage (< 1 V) [21,
39, 132, 149, 150, 151]. The mode of operation of electrolyte gated transistors is mainly
governed by electrostatic and/or electrochemical doping/dedoping [20, 25-27]. When channel
materials are ion impermeable, the electrostatic doping of the channel at the channel/electrolyte
interface induces the modulation of the current. This doping mechanism does not involve the
charge transfer or charge transfer occurs only in the electrolyte/channel material interface. A high
capacitance (typically higher than uF/cm®)is reached due to the formation of an electrical double
layer at the electrolyte/channel interface. This high capacitance allows transistors to operate at
low voltages [20, 75, 135, 167]. When the channel materials are ion permeable, the ions can
migrate into the bulk of the material thus leading to electrochemical doping/dedoping, this

phenomenon exploited in organic electrochemical transistors (OECT).

Different biocompatible electrolytes have been used in OTFTs, such as water, aqueous saline
solutions, ionic liquids and ion gels [23, 35, 63, 111, 132-135, 179]. Aqueous solutions are the
most important electrolyte for biological applications, in spite of some limitations, such as
occurrence of electrolysis around 1 V, charge carrier mobility reduction due to water polarization,
and trapping of electrons in n-type semiconductors by hydroxyl group. Pure water as the gating
medium has attracted a great deal of attention in organic and inorganic transistors since Kergoat
introduced the water gated Rubrene and P3HT transistors [179]. Ultra pure water shows an ionic
conductivity of 10° S m™ due to proton transfer and has a minimum ion concentration of solvated
protons (H") and hydroxyl ions (OH) of 107 M [180]. Grell et al. demonstrated electron
transporting in a water-gated transistor, where they avoided electron trapping by passivation of n-
type semiconductors with HMDS [181]. Further, the same group used a water gated OTFT as a
sensor for water-borne amines [182]. Water-gated phthalocyanine CuPc transistors have been

used as transducers tripeptide GSH and GST enzyme interaction [183].

OTFTs can be easily fabricated on flexible and biocompatible polymeric substrates, such as
poly(imide) [184], poly(ethylene terepthalate) [185, 186], poly(ether sulfone) [187], cellulose
[100, 188] and chitosan [189]. Recent works have shown the possibility of employing these

inexpensive biodegradable polymers, and natural insulating materials as substrates and dielectrics
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at the same time [108, 189]. The substrate of our choice is natural resin shellac. Shellac is a
biodegradable resin of animal origin composed of polyhydroxy acids, primarily aleuritic acid,
shellolic acid, and jalaric acid [108]. It is also edible and widely used for many applications in

pharmaceutical and food industry [190].

In this work we report on performance of organic thin-film transistor using a PEDOT:PSS in
combination with a biodegradable shellac substrate and water as a gating medium. We fabricated
devices that consist of nearly entirely biodegradable materials We compared the performance of
devices with two different gate electrode materials such as PEDOT:PSS and activated carbon

(AC) as well.

5.4 Experimental

Materials and equipment

The Mylar@Polyethylene terephthalate (PET) sheets were purchased from Dupont. The poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS aqueous suspension (Clevios
PH1000) was purchased from Heraeus Electronic Materials GmbH (Leverkusen, Germany).
Glycol, D-sorbitol (99%) and dodecylbenzenesulfonic acid (DBSA, >95%) were obtained from
Sigma-Aldrich. The fluorinated photoresist kit (photoresist OSCoR 4000, developer 103 and
stripper 700) for orthogonal patterning was purchased from Orthogonal Inc. (Rochester, NY,
USA). A Karl Suss MA6/BA6 mask aligner was used for photolithography. Reactive ion etching
was performed with an ENI OEM-6 apparatus. The film thickness was measured with a
profilometer (Dektak 150). Transistor characterization and electrical measurements were
obtained by a two channels source/measure precision unit Agilent B2902A, controlled by a
home-made Labview software. Milli-Q water was obtained from Milli-Q Reference purification
system with a resistance of 18.2 MQ-cm at 25 °C. The conductivity of the Milli-Q water was

measured with a Traceable Expanded Range Conductivity Meter.
Device fabrication

Planar OECTs, using a conducting polymer poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS) as the transistor channel, were fabricated on flexible
polyethylene terephthalate (PET) substrates followed by transferring onto a shellac substrate.
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Patterning of the Au electrodes and the PEDOT:PSS channel was achieved by a procedure shown
in Figure 5.1. A clean glass slide was spun coated with PDMS at a spin rate of 500 RPM for 30 s.
The PDMS was cured at 80 °C for 20 min (step 1). After cooling down to room temperature, a
piece of PET was stuck on top of the PDMS (step 2). A layer of photoresist AZ5214 was spun
coated on top of the PET at a rate of 4000 rpm for 30 s, followed by heating at 110 °C for 50 s
(step 3). After exposure to a UV light (35 J) through a photomask, the photoresist was developed
in an AZ726 developer (step 4). 4 nm titanium was deposited on the substrate followed by 40 nm
gold with an Ebeam evaporation method (step 5). The substrate was left in a PG remover to lift-
off (step 6). A solution of PEDOT:PSS mixed with ethylene glycol and dodecylbenzenesulfonic
acid (DBSA) in a volume ratio of 4:1:10™* was spun coated on the substrate. The spun rate is 500
RPM for 9 s followed by1500 RPM for 30 s. Slides were finally baked on a hot plate at 140 °C
for 60 min. The thickness of a PEDOT:PSS film is around 150 nm (step 7). A layer of a
fluorinated photoresist was spun coated on top of the PEDOT:PSS film, which was then exposed
through a photomask and developed with a fluorinated developer 103 (steps 8-9). The
unprotected PEDOT:PSS film was etched by O, plasma at a flow rate of 10 sccm for 2 min (step
10). The orthogonal photoresist was then removed with a fluorinated stripper 700 (step 11). The
OECTs patterned on a PET substrate was peeled off from the glass-PDMS substrate (step 12).
The PET was left on a 135 °C hot plate for 10 s, and was drop casted by a shellac/methanol
(1g/2mL) solution (step 13). The final OECTs with aspect ratio of L/'W =4 (W =0.2 cm and L =
0.8 cm) on a shellac substrate can be peeled off from the PET after being heated at 135 °C for 12
h (step 14).

The activated carbon gate electrodes were prepared using carbon paper (Spectracorp 2050, 10
mils) coated with an ink of activated carbon (PICACHEM BP9, 28 mg mL™") and Nafion binder
(2.4 mg mL™") in isopropanol solvent. Drop casting of the carbon ink was followed by thermal
treatment at 60 °C for 24 h to remove the solvent. We used carbon paper stripes 0.2 cm x 0.8 cm
sized, which was placed parallel to the PEDOT:PSS channel with a distance of 1 mm, in planar

configuration.

Water has been utilized as the electrolyte and the conductivity is zero measured by a conductivity

meter at 25 °C.
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Figure 5. 1. Schematic of the process used to fabricate a patterned PEDOT:PSS
OECT/supercapacitor utilizing conventional (1-6) and orthogonal photolithography (7-11).

Devices patterned on Mylar® can be peeled off from the PDMS-glass support for later use (12-
14).
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5.5 Results and discussion

It is noteworthy that films forming from a polymer solution involve two forces, i.e. the forces
among polymer molecules (cohesion) and between the film and the substrate (adhesion). It is
well known that an increased temperature benefits the adhesion [191]. Herein, the shellac was
gelated while the evaporation of ethanol (Fig. S1a). With the increase of temperature, adhesion
between the film and the substrate become strong. Devices were finally adhesive on shellac,

which can be peeled off from the Mylar® substrate.

To investigate the transfer characteristics of OECTs with a pure water gating medium, two kinds
of gate electrodes, i.e. a PEDOT:PSS gate and an activated carbon (AC) gate, have been
employed. A schematic cross-section of an OECT gated by pure water is shown in Figure 5.2.
The gate electrode was placed parallel with a PEDOT:PSS strip with a double side tape. The
PEDOT:PSS strip connected with the gate via carefully drop casted pure water without

confinement.

Shellac substrate

B nsC B PEDOT:PSS
1 Gold B Platinum

| Pure water
D: Drain S:Source G@G: Gate

Figure 5. 2. Schematic view of the water-gated OECT.

As shown in Figure 5.3a, the drain-source current (/4) decreases with the increase of the gate
voltage (V;), as expected for an OECT working in depletion mode. The water gated OECTs
exhibits typical OECT characteristics and behave similarly to other electrolyte-gated OECTs.
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However, the water gated OECTs present relative low ON/OFF ratio, which are 5 and 8 for
making use of a PEDOT:PSS gate and an AC gate at V; = 1.2 V and V4 =-1 V, respectively. The
OECT current modulation, |(/=o)/y|, where I and I, are the drain-source currents at V,# 0 and at
V=0, is shown as a function of the gate-source voltage, V. From the current modulation curves
shown in Figure 5.3b, the current modulation of an OECT with a AC gate is higher (~0.9) than
with a PEDOT:PSS gate (~0.7). The higher ON/OFF ratio and modulation with an AC gate
comparing with a PEDOT:PSS gate of an OECT has been observed from other electrolyte-gated
OECTs.
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Figure 5. 3. Transfer curves (a) and current modulation (b) of OECTs with AC gate (red solid
circle) and PEDOT:PSS gate (black empty square) by making use of Milli-Q water as the gating

medium. V4= -1 V. Lines are guides to the eye.

For further defining the performance of OECTs, we studied the response time, which measures
the switching speed of the I3 upon application of a V, (Figure 5.4). Interestingly, the OECT
making use of an AC gate, which exhibits higher ON/OFF ratio and current modulation, presents
slower time response than the OECT employing a PEDOT:PSS gate. By utilizing an exponential
fit of the transient curve, time constants of 4.9 s and 1.5 s are obtained for OECTs with the AC

gate and PEDOT:PSS gate, respectively. From our previous results, OECTs employing salt-based
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aqueous electrolytes, the time response of OECTs making use of AC gate is much faster than the

ones with PEDOT:PSS gate [75], which is different from the situation in this context.

Water molecules connect each other through hydrogen bonds as a whole, which benefits
transportation of electrons and charge carriers. The hydrophilic PEDOT:PSS supplies
opportunities to form hydrogen bonds with water molecules. The possible reason for the faster
response of an OECT making use of a PEDOT:PSS gate is that these hydrogen bonds creates
channels facilitating the current flow from the gate to the electrolyte. Hence, the formation of the
electric double layer at the interface between the gate and the electrolyte is faster in OECTs

employing PEDOT:PSS gates.
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Figure 5. 4. Temporal response of the drain current of OECTs with an AC gate (a) and a
PEDOT:PSS gate (b). A pulse of 0.8 V was applied at the gate and the drain-source voltage was -
1 V. The red line is an exponential fit with a time constant of 4.9 s for (a) and 1.5 s for (b). The

red lines are the simulation results. The black lines are guides to the eye.

The shellac was prepared as a 0.4 mm thick slide. Natural shellac can be dissolved in alcohol,
base and most of the molecular solvent. After baking at 135 °C for 12 h, the shellac can be
dissolved in 1 M KOH aqueous solution (Figure 5.5). We have also tried DMSO, methanol,
acetate acid and ammonia aqueous solution, which can dissolve the natural shellac. However, the
annealed shellac can no longer be dissolve in these solutions. This is probably due to the

annealing process promote the crosslinking of the shellac.
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Figure 5. 5. Images collected at several stages of accelerated dissolution of a piece of shellac

upon insertion into 1 M KOH solution at room temperature.

5.6 Conclusion

In conclusion, we developed a “Green” OECT, which employs a degradable substrate and water
as the gating medium. Poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS)
was patterned on a polyethylene terephthalate (PET) substrate followed by being transferred onto
a shellac substrate by a “heat and peel-off” method. In order to explore the gate effect in presence
of water as the gating medium, hydrophobic gate electrode-activated carbon (AC) and
hydrophilic gate electrode-PEDOT:PSS have been investigated. The current modulation of an
OECT by making use of an AC gate presents an increase of the OECT modulation, with respect
to the OECT employing a PEDOT:PSS gate. The result is consistent with the other electrolyte
gated OECTs making use of ion-based electrolytes. Interestingly, further investigation of the
response time shows that the OECT with a AC gate responses slower than making use of a

PEDOT:PSS gate. The shellac substrate can be degraded in a 1 M KOH solution.
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CHAPTER 6 GENERAL DISCUSSION

This chapter describes in details the fabrication methods employed in this thesis, and also results
that have not been incorporated in peer-reviewed articles but are believed to be useful for future

work.

6.1 OECT fabrication

Patterns of Au electrodes and PEDOT:PSS channels was achieved by a procedure shown in
Figure 6.1. Au source and drain contacts of OECTs were patterned by conventional
photolithography method. PEDOT:PSS channel were patterned both with Parylene C (Figure 6.1)
and orthogonal photoresist (Figure 6.2).

OECTs have been patterned on flexible substrates with the following process. Clean glass slides
were spun coated with polydimethylsiloxane (PDMS) (Curing agent:PDMS 1:10 w/w) at a spin
rate of 500 RPM for 30 s, and was cured at 80 °C for 20 min. After cooling down to room
temperature, a piece of PET was stuck on top of the PDMS to obtain a 3-layer substrate, which
the first layer is glass slide, the second layer is PDMS and the third layer is plastic (Figure 6.1,
step 1).

A layer of photoresist AZ5214 was spun coated on top of a clean substrate at a rate of 4000 rpm
for 30 s, and was dried at 110 °C for 50 s (step 1-2). The photoresist was exposed to a UV light
(35 J) with a photomask, and was developed in AZ726 developer (step 3). 4 nm titanium
followed by 40 nm gold was deposited on the substrate with an Ebeam evaporation method (step
4). The substrate was left in a PG remover for lift-off (step 5). In order to pattern the conducting
polymer channel, two methods have been employed in this thesis. Method 1: Positive
photoresists and Parylene C are involved to pattern the devices. Method 2: Both positive and
fluorinated negative photoresists are employed for simplifying and shorten the time of the

fabrication process.

Method 1: 1.2 g of Parylene C was thermal evaporated onto the substrate with Au patterns to
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obtain a 1.2 um-thick parylene C film (step 6). A layer of photoresist SPR 220.3 (Microchem)
was spun coated on the Parylene C (step 7). The photoresist was exposed to a UV light (35J) with
a photomask before being developed in an AZ726 developer (step 8). The unprotected Parylene C
was etched with O, plasma at 150W and a flow rate of 10 sccm min" for 2 min (step 9).
PEDOT:PSS was mixed with ethylene glycol and dodecylbenzenesulfonic acid (DBSA) in a
volume ratio of 4:1:10™. The mixture was spun coated on the device at 500 RPM for 9 s followed
by 1500 RPM for 30 s. The device was left on a 120 °C hot plate for 30 s and was cooled down to
room temperature (step 10). The parylene C was peeled off to obtain the patterned channel.
Devices were finally baked at 140 °C for 60 min. The thickness of a PEDOT:PSS film is around
150 nm (step 11).

1 : ‘
Preparation of the Substrate/ ? 7
substrate
2 | y , Spin-coating of positive photoresist (yellow)2
J
Spin-coating of photoresist (red) ' | Mask 2 /
4 | 8 =
J ;
3 Mask 1 - A ‘
. == - ; 4 s—-r/ Exposing to UV with mask 2 and development

with developer

y 1° v

4 ‘ Reactive ion etching with O, plasma

Exposing to UV with mask 1 and
development with developer

4 HE .
E-beam: 4 nm Ti + 400 nm Au

; / " > Ay

Lift-off with PG remover Spin-coating with PEDOT:PSS solution (blue)

6 vy v 7 /

Thermal evaporation of parylene C film (brown) Peeling off the parylene C film from the substrate

Figure 6. 1. Schematic representation for the process used to fabricate a patterned PEDOT:PSS
OECT utilizing a photolithography method with positive photoresist and parylene C. [1] The
photoresist is AZ5214. [2] The photoresist is SPR220. 3.
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Method 2: The PEDOT:PSS film was prepared on the substrate as described in Figure 6.1 (step
10) (step 6). Orthogonal photoresist was spun coated on top of the PEDOT:PSS film. The
photoresist was exposed to UV light through a photomask and was developed with fluorinated
developer 103 (steps 7-8). The unprotected PEDOT:PSS film was etched with O, plasma for 2
min at a flow rate of 10 sccm min™ (step 9). The orthogonal photoresist was then removed with

fluorinated stripper 700 (step 10).
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Figure 6. 2. A schematic representation for the process used to fabricate a patterned PEDOT:PSS
OECT utilizing photolithography with both conventional and orthogonal (fluorinated)

photoresists.

In some cases, glass cloning cylinders (VWR) were attached to confine the electrolyte upon the
channel and the gate electrode of the transistor. Channels are defined by the overlapping of the

electrolyte with the organic polymer.
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6.2 Investigation of OECT processing on OECT performance

6.2.1 Effect of the device geometry

Effects of the device geometry of PEDOT:PSS OECTs were studied with 0.01 M NaCl aqueous
electrolyte and PEDOT:PSS gate electrodes. The V4 was kept at -0.2 V, and V, was in the range
of 0 ~ 1 V. As shown in Figure 6.3, different ratios (y) of areas of channel (4.n) over gate (4,), 1.e.
y = Acn / Ag, are applied to OECTs with respect to y > 1 (Aeh > 4y), ¥ <1 (Aeh <Ag) and y=1 (Aen
= A,). Higher current modulation was observed in case of y > 1 compare to y=1 and y < 1. This
is attributed to the fact that, in a non-Faradaic regime, the Vi is determined by V, and 4cn/ A4, as
described in Figure 2.2 (Chapter 2). In case of an OECT in a y > 1 geometry, Vs is smaller than
OECTs in geometries of y = 1 and y < 1. This indicates that minimum voltage drop can be
observed near the electrolyte-channel interface, which enables maximum dedoping of the channel.
While in a y < 1 OECT, maximum voltage drop can be observed at the interface between the gate
and the electrolyte, and this non-Faradaic process prohibit the effective dedoping of polymer

channel, which is identity to equation (2) in Chapter 2.
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Figure 6. 3. OECT response |(I-y)/Io| as a function of V; for 10% M NaCl with y=1, y< 1 and y>
1. Iis the OFF current (V, = 0) and I is the ON current (V,=0). V4=-0.2 V.
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6.2.2 Geometry () of the channel

PEDOT:PSS OECTs with three different channel sizes have been investigated in presence of
activated carbon (AC) or nanostructured carbon (nsC) gate electrodes and imidazole ionic liquid
I-ethyl-3-methylimidazolium [EMIM] bis(trifluoromethanesulfonyl)imide [TFSI] electrolyte.
The channels are (I) W = 80 um, L = 50 um (a1l = 1.6); (I[) W =400 um, L = 50 um (a2 = 8);
and (IIT) W =0.2 cm, L = 0.8 cm (a3 = 0.25) (a = W/L). As shown in Figure 6.4 a, OECTs are
working under a depletion mechanism with a proof that /4 decreases with the increase of the gate
voltage (V). Comparing OECTs with channel geometries of type-I, type-II and type-III, which
the W/L is in a sequence of a2 > al > o3, the /4 increases with the increase of «, i.e. 14, type-11> 1a,
type-1 > 14, type-m. The modulation response |(I-Io)/y| as a function of V, confirms the depletion
working mode of the OECTs (Figure 6.4b). The modulation response of the OECTs show that
PEDOT:PSS in its initial state (V= 0 V) can be either dedoped, by application of a positive V,,
or doped, by application of a negative V,. The current modulation of OECTs decreases with the
increase of a, i.e. modulationype1 < modulationyp..1 < modulationyp..n while a2 > al > a3,

which is in an opposite trend comparing to the transfer characteristics.

We further compared two kinds of carbon gate materials with type-I OECT. One is the flexible
nanostructured porous carbon that we developed in Chapter 4. The other is the carbon paper with
activated carbon ink that employed in Chapter 3. The two carbon materials were cut into 0.2 cm *
0.8 cm and were dipped into the electrolyte with a perpendicular geometry referred to the
PEDOT:PSS channel. As shown in Figure 6.4, the transfer characteristics and the current
modulation of OECTs employing an AC gate (black squares) and a nsC gate (red circles) are

similar.
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Figure 6. 4. Transfer curves (a) and the OECT response |(/-/y)/Io| as a function of V, (b) for I, I
and IlI-type OECTs with AC gates and nsC gates. V4=-0.5V.

6.2.3 Effect of ions of electrolytes

CTAB aqueous solutions at different concentrations were applied to explore the influences of
concentrations of CTA" on the performance of OECTs (y = 1) (Figure 6.5). Transfer curves
decrease with the increase of V, (Figure 6.5a), which is consistent with the depletion working
mechanism. For the OECT modulation, the maximum modulation was obtained with 102 M
CTAB electrolyte (~0.8), and the minimum value was obtained with 10®* M CTAB electrolyte
(~0.5) (Figure 6.5b). The OECT response varies depending on concentrations of CTAB
electrolytes. The results are different from the ones discussed in Chapter 2, which the
concentrations of CTAB electrolytes have no impact on the OECT modulation when the

concentration is below 10 M (y> 1) [24].



80

0.1

T T T T T T T T T

00 02 0.4 0.6 08 10 00 0.2 0.4 06 0.8 1.0

MY VIV
Figure 6. 5. Transfer curves (a) and OECT response |(I-1o)/]o| as a function of V, (b) with CTAB
concentrations at 10'2, 10° and 10°M. V4=-02 V.

In order to understand the working mechanism of OECTs that works under negative gate voltage,
we employed cationic micelle forming CTAB electrolyte and NaCl electrolyte, both of which are
102 M (Figure 6.6). We adopted OECTs with y= 10 (channel area = 0.016 cm” and gate area =
0.16 cm®). V4 is equal to -0.2 V and V,, varies from -1 to 0 V. Upon application of negative ¥ on
PEDOT:PSS OECTs, anions penetrate into the PEDOT:PSS channel and doped the channel. By
making use of 10? M CTAB electrolyte, we observed lower OECT modulation than that with 10”
> M NaCl electrolyte. This may be due to the fact that chloride ions (CI") diffuse more effectively

into the channel than bromide (Br’) ions.
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Figure 6. 6. OECT modulation |(I-Io)/Io| vs. 10> M NaCl and CTAB with variation of gate voltage
in the range of 0.1 to -1 V. V4=-0.2 V.

Investigation of the influence of ions is further studied by employing more complicated
electrolytes, i.e. ionic liquids (ILs) and 0.01 M CTAB micelles with comparison of 0.01 M NaCl
aqueous solution. Two phosphornium ionic liquids are wused as received, i.e.
triisobutyl(methyl)phosphonium  tosylate  (IL106) and  tributyl(methyl)phosphonium
methylsulfate (IL108). It is noteworthy that the viscosities of IL106, IL108, 0.01 M CTAB and
0.01M NaCl are 4070 cP, 750 cP, 1cP and 1cP, respectively. At V; =1 V, the highest modulation
was obtained with a CTAB-OECT (~0.8), which was slightly higher than a NaCI-OECT (~0.6).
The OECTs making use of the two pure ILs exhibit similar trends of current modulation, and the
current modulation at V, = 1 V is around 0.3 (Figure 6.7a). From the transfer curves shown in
Figure 6.7b, aqueous solution electrolytes based OECTs exhibit higher modulation than IL
electrolytes based OECTs. The ON/OFF ratios of 1L106 and IL108 based OECTs are same
(~1.4), the 0.01 M NaCl aqueous solution based OECT exhibits slightly higher ON/OFF ratio
with a value of ~3, and the OECT with CTAB electrolyte at a concentration of 0.01 M, with
formation of micelles, reaches the highest ON/OFF ratio (~6).
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Figure 6. 7. OECT response |(I-1y)/1o| as a function of V, (a) and transfer curves (b) for 0.01 M
CTAB, 0.01 M NaCl, pure IL108 and pure IL106. V4 =-0.2 V.
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

OECTs have great potential to be a key technology in the near future. An improved
understanding of their working mechanism is expected to advance the state of the art of organic

bioelectronics.

In this thesis, we fabricated OECTs on rigid, flexible and degradable substrates patterned with
photolithography, which employs conventional photoresists and orthogonal photoresists. We
have studied the effects of electrolytes, gates and substrates on the performance of OECTs. With
respect to electrolytes, we have investigated the ion species, the chemical structures, as well as
concentrations, viscosities and ionic conductivities of electrolytes, and also we have compared
liquid and quasi-solid electrolytes (gels). In order to understand the gate effects, we have utilized
PEDOT:PSS, carbon paper with activated carbon ink and flexible nanostructured carbon as gate
electrodes. We have also studied the geometry effects, including device geometry and channel
geometry. In order to investigate the practical in vivo applications, we have fabricated degradable

OECTs by a newly developed pattern transfer method.

We identified two processing approaches to use the highly viscous, hydrophilic, phosphonium-
based IL 106 as the electrolyte in OECTs. This approach can be considered for utilization of
other highly viscous, hydrophilic, phosphonium-based ILs. For ionic liquids or other electrolytes,
which are able to permeate into or react with PEDOT:PSS, other factors have to be considered to
fully understand the electrochemical doping/dedoping process reacting with the exposed
PEDOT:PSS channel, besides the viscosity and the ionic conductivity of the electrolyte. The
microstructure of the electrolyte (e.g. ion association) might also play a role in the

doping/dedoping process in OECTs.

We have designed planar OECTs including a PEDOT:PSS channel and a planar nanostructured
carbon gate deposited by SCBD on flexible Mylar substrates. OECTs with channel lengths as low
as 5 um were patterned by orthogonal lithography. OECTs making use of the PSSNa gel
electrolyte exhibit much higher OECT modulations with respect to those making use of aqueous

NaCl electrolytes. These OECTs can be used as supercapacitors, leading to a practical example of
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transcap. The electrodes of the supercapacitors consist of i) a PEDOT:PSS transistor channel
included between source and drain electrodes and ii) the carbon gate. The planar and flexible
transcap can be easily cut and paste on different kinds of substrates. By using this OECT as the
transcap, we have observed efficient charge retention and satisfying energy storage to keep the

ON status of the OECT without power supply.

We developed “green” OECTs, which employ degradable substrates and water as the gating
medium. OECTs patterned on PET were transfer patterned onto degradable shellac substrates. In
order to explore the gate effect in presence of water as the gating medium, we have employed AC
and PEDOT:PSS gate electrodes. Results have indicated that OECTs with AC gates present
slower current response and higher current modulation than making use of PEDOT:PSS gates.

The shellac substrate can be degraded in a 1 M KOH solution.

We have studied geometry effects on OECT performance by investigating the ratios channel
area/gate area (Acn/Aen) and channel width/channel lenght (W/L). As expected, the OECT

performance highly depends on device and channel geometry.

In perspective, we propose to investigate patterning methods for degradable OECTs, expected to
simplify the fabrication process compared to commonly used patterning methods. It is also
important to investigate the degradation conditions/times for the devices, taking into account the

intrinsic properties of the materials, such as glass transition temperatures, solubility and reactivity.

Other interesting studies will include 1) investigation of OECTs interfaced with phosphonium
ionic liquids serving as both electrolytes and dopants, ii) developing electrolytes that can be used
for loading drugs or small molecular weight complexes to be delivered by the OECTs and iii)
investigation of soft orthogonal photolithography patterning methods for water sensitive

materials.
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Fig. ESI1 Device structure of the OECTs used in this work. Side view of an OECT
employing a planar PEDOT:PSS gate (a). The distance between the parallel
PEDOT:PSS stripes (channel and gate electrode) is 2 mm. Top view of an OECT
employing an activated carbon gate (b). The gate is immersed into the electrolyte

confined within a glass tube (cloning cylinder).
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Fig. ESI2: Current modulation |(/=lo)/Io| versus V, for an OECT using as the
electrolyte Cyphos® IL 106-H,O mixtures at different ratios, as specified in the
legend. V4=-0.2 V.
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Fig. ESI3: Transfer characteristics of an OECT using as the electrolyte pure
Cyphos® IL106 and mixtures of Cyphos® IL106 with H,O, as specified in the legend.

V4=-0.2 V. See main text for details.



105

<
E
—a— CYPHOS® IL106 3
lon gel A
— - |on gel B \

-0.10-

T T T T T

00 02 0.4 0.6 0.8 1.0
VQ(V)

Fig. ESI4: Transfer characteristics of an OECT using as the electrolyte pure

Cyphos® IL106, ion gels A and B, as specified in the legend. V3= -0.2 V. See main

text for details.
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Fig. ESIS: Transfer curves of a PEDOT:PSS OECTs making use of activated carbon
as the gate electrode and Cyphos® IL106/H,0 at 70% v/v and 0.1 M NaCl aqueous

solution as the gating media. V4=—-0.5 V.
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Table ESI1. Ionic conductivity of Cyphos® IL 106/H,O mixtures at different v/v
ratios measured with a conductivity meter. Values for pure Cyphos® IL 106 and
Cyphos® IL 106/H,O mixture at H;O 99% (v/v) have been validated by
Electrochemical Impedance Spectroscopy (EIS). The measurements have been

carried out at 22 °C.

H,0% (v/v) Tonic conductivity (c) by conductivity

meter (mS/cm)

Pure IL 0.06
2% 0.1
5% 0.3
10% 1
30% 6
50% 10
70% 12
90% 8

99% 1.5
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Table ESI2. ON/OFF ratios making use of activated carbon gates and Cyphos®

IL 106/H,O mixtures as electrolytes.

H,0 % (v/v) ON/OFF ratio

0 (Pure Cyphos® IL 106) 40

2% 100

5% 2500

10 % 5000

30 % 1200

50 % 700

70 % 70

90 % 60

99 % 40
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Experimental

Device fabrication and characterization

In this work we employed two different geometries for organic electrochemical transistors: 1)
channel length (L) = 5 pm and channel width (W) = 80 um and ii) and W =2 mm and L = 8 mm
(schemes in Figure S1). The former OECTs were patterned on a 0.001 inch-thick Mylar® film
(DuPont) with a photolithography process utilizing conventional photolithography for Au
patterning and orthogonal photolithography for PEDOT:PSS patterning. [36]. We utilized a
polydimethylsiloxane (PDMS) covered glass slide as a supporting substrate for facilitating the
photolithography process of the Mylar” film. A mixture of PDMS with curing agent (10:1 w/w)
(Sylgard 184, Dow Corning) was spin coated on a clean glass slide with a speed of 500 rpm for
30 s before baking at 70 °C for 20 min. After that, a Mylar® film was stuck on the PDMS and cut
to fit the size of the supporting substrate. Mylar® film was cleaned with acetone and isopropanol,
followed by a 10 min UV-Oj; treatment. For patterning the electrodes, lift-off resist LOR1A was
spin coated on the Mylar® film at 4000 rpm for 30s before baking at 190 °C for 3 min. A layer of
AZ5214, which covered the LOR1A, was spin coated at 4000 rpm for 30s and baked at 110 °C
for 1 min. After being exposed under a 35 mJ cm™ UV light with a mask, the Mylar® film was
developed in the developer AZ726 (MicroChemicals) for 1 min. A 10 s O, plasma treatment was
applied to further clean the patterned structure. 4 nm Ti followed by 40 nm Au was deposited by
electron-beam evaporation on the Mylar® film before lifting off. The Mylar® film was then

treated with UV-Os; for 10 min.

An  aqueous suspension of  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate),
PEDOT:PSS (Clevios™ PH1000, Heracus Electronic Materials) was mixed with ethylene glycol
(EG, Sigma Aldrich) 25 % v/v and with 0.5 % v/v of the surfactant dodecyl benzene sulfonic acid
(DBSA, Sigma Aldrich), in order to enhance film electrical conductivity and improve film
processability. The Clevios™ PH1000/EG/DBSA mixture was spin coated onto the Mylar® film
for 9 s at 500 rpm followed by 40 s at 1500 rpm before soft baking at 90° C for 2 min. This
procedure was repeated 2 times for the PEDOT:PSS film in Figure S1b. The PEDOT:PSS film
was then baked at 140° C for 1 h. The film thicknesses were 200 nm for micron-scale devices

(Figure S1a) and 470 nm for devices with a larger scale (Figure S1b).
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To achieve PEDOT:PSS patterning, the orthogonal photoresist OSCoR 4000 was spun coated
onto the Mylar® film at 500 rpm for 40 s, and baked at 85 °C for 2 min. The Mylar® film, which
was exposed under 5 mJ cm™ UV light with a second mask, was post-baked 2 min at 85 °C. The
unexposed photoresist was eliminated by developing in developer 103 (Orthogonal, Inc.) for 1.5
min, leaving unprotected PEDOT:PSS outside the OECT channel region. A reactive ion etching
process, which employed O, plasma (150 W, 125 mTorr) at a flow rate of 10 sccm for 1.5 min,
was used to remove the unprotected PEDOT:PSS. Finally the exposed photoresist was removed

by immersion in orthogonal Stripper (Orthogonal, Inc.) for 1.5 min.

To prepare the electrolyte, poly(sodium 4-styrene sulfonate) (PSSNa, MW ~70,000), D-sorbitol,
glycerol and deionized water in a mass ratio of 4:1:1:4 were put into a sealed plastic box. The
chemicals were mixed for 10 min at 2000 rpm with a Thinky® mixer. The electrolyte was left in

the sealed box overnight before using.

For the micro-scale OECTs, the active surface area of PEDOT:PSS and nsC exposed to the
electrolyte were 400 pm” and 4 mm’, respectively (Figure Sla). For the OECT at larger-scale, the
active surface area of PEDOT:PSS and nsC exposed to electrolyte were 0.16 cm® and 0.2 cm’

respectively (Figure S1b).

§.5 | / \ @

< ’ ]G S Q‘——-J/

(a) D (b) Sp— ) (-
Glass substrate

B nsC | PEDOT:PSS | Platinum L4 Gold

Electrolyte  S: Source D: Drain G: Gate

Figure S1. Micron-sized (a) and centimeter-sized (b) OECTs investigated in this work, making

use of planar configuration, with electrical contacts.
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