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Introduction

Les polymeéres sont connus pour étre des isolants. Cependant, en fonction de leur
composition chimique et de leur conformation structurelle, certains polymeéres peuvent avoir des
propriétés électriques allant de complétement isolant a semi-conducteur en passant par les
diélectriques. Le polyacétylene est le premier polymeére semi-conducteur a I'état dopé, découvert
en 1977. Sa conductivité vient de la présence d’'une chaine carbonée conjuguée (i.e. alternance de
simple et double liaisons), et peut étre augmentée en améliorant 'empilement des chaines ainsi
qu’'en dopant le polymere. Le polymeére semi-conducteur le plus représentatif et étudié est
actuellement le poly(3,4-éthyléne dioxythiophene) (PEDOT). Il est commercialisé sous la forme
d’encres aqueuses PEDOT:PSS ou le PSS (poly(4-styrenesulfonate)) est un polyanion qui stabilise
le PEDOT dans I'eau.

D’autres polymeéres ont des propriétés diélectriques et peuvent donc étre polarisés sous
I'action d’'un champ électrique. Parmi eux, le polyfluorure de vinylidéne (PVDF) est beaucoup
étudié. Il peut cristalliser sous différentes formes et devient alors polarisable. La polarisation est
maintenue aprés suppression du champ électrique : le matériau est alors piézoélectrique. Un de
ces copolymeres, le poly(fluorure de vinylidéne-co-trifluoroéthylene) (P(VDF-TrFE)), cristallise
plus facilement en une conformation completement « trans », ce qui se traduit par une meilleure

polarisation. Il a été découvert au début des années 1980.

Ces deux types de polymeres, semi-conducteur et piézoélectrique, sont utilisés en
électronique imprimée. Un avantage important des polymeres sur les matériaux inorganiques
ayant des propriétés électriques est la possibilité de les déposer avec des techniques d'impression

déja bien étudiées dans l'industrie de la communication imprimée. De fortes pressions et
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températures ne sont pas nécessaires, contrairement au cas des céramiques, d’ou le récent

développement de I'électronique imprimée.

Il existe de nombreuses applications pour les polymeres en électronique imprimée. Parmi
elles, les diodes électroluminescentes organiques (OLED), les transistors organiques a effet de
champ (OEFT) et les cellules photovoltaiques organiques (OSC), sont bien connues. D’autres
applications, tels des dispositifs implantables pour l'administration de médicaments, des
affichages électrochromiques, des dispositifs thermoélectriques, des actionneurs, des capteurs de
pression, des dispositifs acoustiques, etc. Chaque dispositif est composé de plusieurs couches
ayant des propriétés différentes. Chaque couche nécessite une épaisseur, un motif, et des
conditions expérimentales (température, atmosphére inerte, etc.) spécifiques. Des dispositifs

flexibles peuvent étre congus, ouvrant la voie a une grande variété d’applications.

Pour obtenir ces dispositifs, les solutions de polymeéres peuvent étre déposées en utilisant
différentes techniques dont de nombreux procédés d’'impression. Principalement employés pour
la communication imprimée, ces derniers ont été développés depuis les premiéres presses au
milieu du 15¢me siecle. Chaque type de dépo6t a des avantages et inconvénients en matiere
d’épaisseur, de résolution, de motifs, d’homogénéité, etc... et nécessite des encres avec des
caractéristiques, notamment rhéologiques, spécifiques. En fonction du procédé de dépot, des
interactions capillaires peuvent avoir lieu entre 'encre et les mailles d'un écran, une buse, une
lame, etc. Les propriétés de mouillage des encres sur différents substrats jouent également un réle
important. Dans tous les cas, les propriétés capillaires et de mouillage des encres doivent étre
ajustées. En effet, pour former des dispositifs en électronique imprimée, un nombre important de
couches, composées de différents matériaux, sont déposées les unes sur les autres. La formulation
de I'encre doit donc étre optimisée en fonction de la couche inférieure qui devient son substrat.
Outre les propriétés capillaires et de mouillage, les propriétés rhéologiques des encres doivent
étre ajustées en fonction du procédé de déposition : une encre tres fluide est nécessaire pour des
impressions utilisant des buses, comme le jet d’encre, alors que des solutions plus visqueuses
permettent des dépdts homogeénes en utilisant une lame. Le comportement rhéologique des
solutions de polymeéres est alors essentiel pour permettre leur dép6t en utilisant différents

procédés.

Dans ce travail, deux types d’encres électroniques organiques ont été étudiées : elles

contiennent respectivement un polymere semi-conducteur et un polymere piézoélectrique.

La premiere encre est composée d’'un complexe entre le polymére semi-conducteur, le

poly(3,4-éthylene dioxythiophéne) (PEDOT), et un polyanion isolant, le poly(4-styréne



RESUME EN FRANCAIS 5

trifluorométhyl (bissulfonylimide)) (PSTFSI), qui stabilise le PEDOT dans l'eau. La structure de
I'encre, son comportement rhéologique, ainsi que les propriétés des films séchés déposés par jet
d’encre, lame rigide (doctor blade), sérigraphie et lame souple ont été étudiés. L'effet de la
concentration du complexe PEDOT:PSTFSI dans l'eau sur les propriétés rhéologiques de I'encre a

été examiné.

Le deuxieme type de polymeére étudié est composé d’'un copolymere piézoélectrique, le
poly(fluorure de vinylidene- co-trifluoroéthyléne) (P(VDF-TrFE)), dans des solvants organiques.
En raison de la structure du polymeére, des moments dipolaires sont créés dans la chaine carbonée.
Ceux-ci peuvent étre orientés sous I'action d'un champ électrique. La présence de dipdles dans le
matériau est utilisée dans des dispositifs piézoélectriques pour obtenir un déplacement
lorsqu’une tension est appliquée, ou pour obtenir une tension lors d’'un déplacement du matériau.
Dans ce cas, le polymeére piézoélectrique doit étre encapsulé entre deux électrodes. La réponse du
dispositif est augmentée avec I'épaisseur de la couche active. Parmi les techniques d'impression,
le motif le plus épais peut étre obtenu en sérigraphie. Cette technique requiert une encre trés
visqueuse et rhéofluidifiante. Des encres P(VDF-TrFE) ont été formulées pour devenir
rhéofluidifiantes en utilisant un agent gélifiant. Une étude plus complexe utilisant un bon et un

mauvais solvant du polymeére a aussi été réalisée.

Finalement, les encres formulées ont été utilisées pour créer des dispositifs
piézoélectriques. Les encres PEDOT ont permis de former les électrodes, et les encres
P(VDF-TrFE) ont permis de former la couche piézoélectrique. Deux objectifs étaient ciblés. Le
premier était de développer une matrice de capteurs de pression flexibles. Ces dispositifs devaient
notamment permettre la localisation précise ainsi que la mesure de la force appliquée a I'intérieur
d’'un ceeur imprimé en 3D. Cela sera utilisé comme simulateur pour exercer des étudiants en
chirurgie cardiovasculaire. Le second objectif était de comparer les propriétés des capteurs de

pression utilisant les différentes formulations des encres P(VDF-TrFE).

Le premier chapitre de ce manuscrit rappelle les connaissances nécessaires sur les
polymeres ayant des propriétés électroniques et les techniques d'impression a méme de les
mettre en ceuvre. Dans un second chapitre, les propriétés des encres PEDOT:PSTFSI sont
analysées en fonction de divers procédés d'impression. Les propriétés des encres P(VDF-TrFE)
formulées pour la sérigraphie sont détaillées au chapitre trois. Et dans un dernier chapitre, les
propriétés de dispositifs piézoélectriques imprimés en utilisant les encres formulées

précédemment sont examinées.
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Electronique organique et procédés d'impression

Dans le premier chapitre un état de l'art sur I'électronique organique et les procédés
d'impression est réalisé. Dans un premier temps, les polymeéres conducteurs et piézoélectriques
sont présentés : syntheses, structures, formulations, fabrications de films solides et optimisations
des propriétés des films, mécanismes attribués aux propriétés électroniques, optiques et
thermiques des polymeres, applications possibles dans des dispositifs. Dans un second temps, les
procédés d'impression utilisés en électronique imprimée sont décrits, ainsi que les propriétés

rhéologiques et physico-chimiques des encres requises en fonction des techniques d’'impression.

Encre PEDOT:PSTFSI formulée pour différents procédés

d'impression

Dans le cas des encres de PEDOT:PSTFSI, le monomére STFSI ainsi que le polyanion PSTFSI
ont été synthétisés. Des études structurales du complexe PEDOT:PSTFSI en solution au moyen de
DLS, d’AFM liquide et de cryo-MEB ont montré que les polymeres forment un réseau dans I’eau.
Les dimensions du polyanion qui forme le réseau sont de l'ordre de quelques nanometres
d’épaisseur et d'un demi-micrométre de long. Le polymeére conducteur, le PEDOT, forme de petits
nano-objets de 5 - 15 nm le long du polyanion. Une étude systématique du comportement
rhéologique des encres PEDOT:PSTFSI en fonction de la concentration a montré que I'encre a un
comportement Newtonien aux faibles concentrations, puis devient rhéofluidifiante avec des

propriétés de gel aux plus fortes concentrations.

L’étude de ce comportement rhéologique en fonction de la concentration, ainsi que les

parametres des lois de Herschel-Bulkley et puissance sont récapitulés en Figure R.1.
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Figure R.1 : Propriétés rhéologiques d’une encre PEDOT:PSTFSI so kpa mesurée avec un rhéométre en cisaillement
(géométrie céne-plan : diamétre de 50 mm et angle de 1°) : a) contrainte de cisaillement t, et b) viscosité n en
fonction du taux de cisaillement pour des rampes de cisaillement appliquées a 18°C ; c) et d) paramétres des modéles
de Herschel-Buckley (région grise) et de la loi puissance (région rouge) appliqués aux courbes de cisaillement
présentées en a) : limite d’élasticité t, et indice d’écoulement n ; e) module de conservation G' et module de perte
G'' obtenus a une fréquence de 1 Hz a 18°C, pour une encre PEDOT:PSTFSI so kpa concentrée a 0.99 %w: dans l'eau, en
fonction de la contrainte de cisaillement ; f) Moyenne des valeurs de G' etG'' dans la zone linéaire de viscoélasticité
(c’est-a-dire sur le plateau de la figure e)) en fonction de la concentration.

La mise en forme ou « processabilité » de ces encres est contrdlée par leur viscosité et leurs
propriétés rhéologiques qui peuvent étre adaptées simplement en modifiant la concentration du
complexe ou de la masse molaire du polyanion. Des tensioactifs ont été ajoutés dans les
formulations pour diminuer la tension de surface des encres et pour ainsi les rendre compatibles
avec des substrats a faible énergie de surface. Des solvants a haut point d’ébullition tels le
diméthylsulfoxyde (DMSO) ou I’éthylene glycol (EG) ont également été utilisés pour augmenter la

conductivité et la résistance a I'’eau des films séchés.

Quatre procédés de dépét différents ont été utilisés avec les encres PEDOT:PSTFSI : la lame
rigide (doctor blade), le jet d’encre, la sérigraphie, et une lame souple. La Figure R.2 rassemble les
schémas des quatre types de dépots utilisés ainsi que les photos des dépdts obtenus (homogenes
dans les deux premiers cas, inhomogene en sérigraphie, et fines lignes dans le dernier cas), et

certaines mesures de conductivité en AFM conductrice.
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Figure R.2 : Schémas des quatre types de dépdts utilisés : jet d’encre, lame rigide (doctor blade), sérigraphie, lame
souple. Photo des dépéts correspondants, et images d’AFM (topologie) et d’AFM conductrice dans le cas des dépots
aux lames rigide et souple. Dans le cas de la lame rigide : a) photo du dépdt, b) et c) AFM et AFM conductrice d’un
dépot obtenu avec une encre de PEDOT:PSTFSI so kpa contenant du DMSO, d) et e) AFM et AFM conductrice d’'un dépot
obtenu avec une encre de PEDOT:PSTFSI g0 kpa ne contenant pas de DMSO. Dans le cas de la lame souple : a), b) et c)
photo de dépdts obtenus respectivement avec une encre PEDOT:PSTFSI sokpa d 1 %wt (a), et l'encre

0,3 %we PEDOT:PSTFSI 80 kpa + 5000 ppm PEO sov0 kpa (b : lors du dépdt, c : aprés séchage en contraste de phase), d)
AFM et e) AFM conductrice de la derniére encre.

Des films homogenes ont été obtenus en utilisant la lame rigide ou le jet d’encre avec des
solutions de PEDOT:PSTFSI concentrées respectivement a 1 %w: et 0,5 %w:. Les transmittances
(72 - 93 %), les rugosités et les conductivités (230 - 380 S/cm) mesurées sont comparables a
celles obtenues avec I'encre commerciale PEDOT:PSS de méme formulation similaire. Des figures
de mérite prometteuses jusqu’a 31 ont été atteintes, ce qui est proche du minimum nécessaire
dans 'industrie des électrodes transparentes. Pour la sérigraphie, des films inhomogénes ont été
obtenus. Cela est principalement d{ aux interactions capillaires entre I'encre et le maillage de
I’écran. Une étude systématique utilisant différents types d’écrans et différents surfactants doit

étre menée pour obtenir une meilleure formulation de 'encre PEDOT:PSTFSI pour la sérigraphie.
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Pour la lame souple, des lignes de PEDOT ont été obtenues en ajoutant un polymere a haute masse
molaire dans la formulation pour augmenter I'élasticité de I'encre. Le dépot a été réalisé sur du
verre silanisé, du PET, ou de l'or traité avec de I'octane-thiol. Les lignes, bien définies, ont une
épaisseur proche de 700 nm, et une largeur de 20 - 25 nm. L’AFM conductrice a montré que ces
lignes sont conductrices et que les polymeéres s’alignent dans la direction du dép6t. Une étude plus
systématique sur la conductivité des lignes de PEDOT devrait étre réalisée en utilisant différent

types de pointe conductrice pour mieux mesurer et comprendre la conductivité des lignes.

Il a ainsi été possible de formuler simplement les encres PEDOT:PSTFSI en jouant sur leur
concentration. Les propriétés optoélectroniques des films obtenus sont comparables de celles

obtenues avec les encres commerciales, quel que soit le procédé d'impression.

Encres P(VDF-TrFE) formulées pour la sérigraphie

Pour les encres P(VDF-TrFE), deux lots de polymeéres ont été étudiés, contenant 79.4 %
d’unités de VDF et 20.6 %w: d'unités de TrFE, avec des masses molaires moyennes respectivement
de 238 et 278 kDa. Une étude systématique de la dépendance des comportements rhéologiques
de l'encre en fonction de la concentration a montré que le P(VDF-TrFE) dans du gamma-
butyrolactone (GBL) est Newtonien pour toutes les concentrations a faible cisaillement, et devient

faiblement rhéofluidifiant a tres fortes concentrations et treés forts taux de cisaillements.

Pour modifier ce comportement et rendre les solutions rhéofluidifiantes pour des

applications en sérigraphie, deux pistes ont été explorées.

Premiérement un agent gélifiant, le 1,3:2,4-bis(3,4-diméthylbenzylidene) sorbitol
(DMDBS), a été ajouté dans un ou deux bons solvants du P(VDF-TrFE) : le triéthylphosphate
(TEP), présent dans 'encre commerciale, et le DMSO. L’ajout de cet agent permet I'obtention d'un
comportement rhéofluidifiant adéquat avec une viscosité et une élasticité suffisamment élevées.
Ceci a été expliqué par la structure de 'encre sous forme de billes de polymeére lors de I'absence
d’agent gélifiant, et sous forme de billes alignées lors de la présence de celui-ci comme montré
dans les images en cryo-MEB Figure R.3-b-c-d. Le désavantage de cette formulation est la nécessité
d’utiliser des fortes températures, 130 — 140°C, pour dissoudre 'agent gélifiant dans le TEP. Pour
réduire cette température, le DMDBS peut étre dissous au préalable a 60°C dans du DMSO, qui est
un bon solvant du DMDBS. Le méme comportement rhéofluidifiant est obtenu pour des encres
utilisant 30 %o de DMSO et 70 %vo de TEP [Figure R.3-a]. Cependant, cette quantité de DMSO
dans la formulation est incompatible avec le masque de I'écran sérigraphique testé. En effet, le

masque a été partiellement dissous par cette formulation. Une étude avec différents masques pour
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écrans sérigraphiques et leur compatibilité avec le DMSO devrait étre réalisée, ainsi qu'une étude
utilisant d’autres agents gélifiants compatibles avec le P(VDF-TrFE) et pouvant étre dissous a
faible température. Il a toutefois été possible d’'imprimer ces deux encres en utilisant la lame
rigide, un écran sérigraphique dans le cas de la formulation sans DMSO, et un pochoir avec lame
rigide (stencil printing) pour la formulation avec DMSO. Les films obtenus étaient plutot
homogénes [Figure R.3-e]. D’autres caractérisations de ces films ont montré que I'agent gélifiant
n’affectait pas la taille des cristaux de P(VDF-TrFE). L’utilisation de I'agent gélifiant est ainsi
prometteuse dans la formulation d’encres P(VDF-TrFE) sérigraphiques en vue du dépot de

couches piézoélectriques.

Dans 100% TEP :
W® 10%_ P(VDF-TrFE) + 5%_ DMDBS (dissout a 140°C dans du TEP)

Dans 100% DMSO :
We 12%_, P(VDF-TrFE) + 5%, DMDBS (dissout & 60°C dans du DMSO)

Dans 70% TEP + 30% DMSO :
me 12%, P(VDF-TrFE) + 5%, DMDBS (dissout & 60°C dans du DMSO)

—&— PEDOT:PSS pour sérigraphie myA o7y

a)

Viscosité n [Pa.s]

10? 10" 10° 10' 10°
Taux de cisaillement § [s "]
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Figure R.3 : a) Propriétés rhéologiques d’encres P(VDF-TrFE) formulées avec 5 %w: d'agent gélifiant DMDBS dans
100 % triéthylphosphate (TEP), 100 % DMSO, ou un mélange des deux solvants. Mesures réalisées avec un rhéométre
en cisaillement (géométrie cone-plan : diamétre de 50 mm et angle de 1°) a 20°C. La courbe de l'encre commerciale
de PEDOT:PSS (Orgacon EL-P 5015) est mise comme référence ; b), c) et d) Images cryo-MERB (avec sublimation du
solvant) respectivement de 10 %wt P(VDF-TrFE) dans du TEP, de DMDBS a 0.03 g/mL dans du TEP, et de I'encre
composée de 10 %w: P(VDF-TrFE) et 5 %we DMDBS dans du TEP (T_P10_D5_R) ; e) Image MEB d’un film obtenu avec
l'encre T_P10_D5_R séchée a 135°C et refroidie progressivement a température ambiante.

Le deuxieme type d’encre P(VDF-TrFE) a été formulé en utilisant un bon solvant du
polymere, le GBL, et un mauvais solvant, I'alcool benzylique (BzOH). Une nano-émulsion est
formée par les deux solvants, et 'ajout du P(VDF-TrFE) fait augmenter la taille des domaines de
GBL [Figure R.4-b-c]. A température ambiante, le comportement rhéologique de I'encre est
fortement dépendant de son histoire en cisaillement, particuliérement pour des températures
proches d’'une température critique qui est elle-méme reliée a la concentration en mauvais solvant

et en polymere.
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Fjgure R.4 : a) Propriétés rhéologiques de I'encre composée de 15 %w: P(VDF-TrFE) dans 1/3 alcool benzylique
(BzOH) et 2/3 y-butyrolactone (GBL) stoquée au préalable 3 jours a 20°C. Mesures réalisées avec un rhéomeétre en
cisaillement (géométrie cone-plan : diamétre de 50 mm et angle de 1°) : viscosité en fonction du taux de cisaillement
obtenu en appliquant de nombreuses rampes croissantes et décroissantes de cisaillement a 30°C ; b) et c) Images
cryo-MEB (sans sublimation du solvant) respectivement du mélange de solvants (1/3 BzOH + 2/3 GBL) et de I'encre
avec 15 %wt P(VDF-TrFE) dans ce mélange de solvants; d) et e) Images MER de films obtenus avec l'encre précédente
séchée respectivement d 135°C ou a 23°C.

Les encres Newtoniennes peuvent ainsi devenir rhéofluidifiantes avec de fortes viscosités
lorsque de nombreux cycles de cisaillement sont appliqués [Figure R.4-a]. Un protocole précis doit
étre utilisé pour préparer des encres utilisant des températures appropriées a la sérigraphie. Les
films obtenus peuvent étre soit poreux, s’ils sont séchés a température ambiante, soit denses et
homogeénes, s’ils sont séchés a forte température (135°C) [Figure R.4-d-e]. Les films poreux
peuvent devenir homogenes s’ils sont recuits a forte température. Les films poreux peuvent étre

utilisés en tant que membrane de séparation dans les batteries lithium-ion.

Capteurs de pression

Enfin, des capteurs de pression utilisant les encres précédentes ont été réalisés en
encapsulant une couche de P(VDF-TrFE) entre deux électrodes imprimées a partir des encres de
PEDOT ou par évaporation de métal. Ils ont étés déposés sur un substrat en PDMS ou en utilisant
des films de P(VDF-TrFE) sans substrat (pour étre intégré dans un coeur imprimé en 3D en vue de
la formation d’étudiants en chirurgie cardiaque [Figure R.5-e-f]), et sur des substrats en PET pour

comparer les différentes formulations de P(VDF-TrFE).
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La Figure R.5-a-b montre une image microscopique d'un dispositif obtenu, ainsi que le
schéma d'une matrice de capteurs de pression. Une fois celui-ci polarisé en appliquant
successivement des champs électriques sinusoidaux [Figure R.5-d], une réponse électrique peut
étre mesurée lorsque le dispositif est déplacé sous l'action d’'une pression extérieure

[Figure R.5-c].

[mA]
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T
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Figure R.5 : a) Image microscopique de I'intersection des différentes couches d’un capteur de pression imprimé en
sérigraphie (encre PEDOT:PSSkL-rs015 pour les électrodes et T_P10_D5_R pour la couche active) ; b) Schéma du
dispositif piézoélectrique : en bleu les électrodes et en orange le P(VDF-TrFE) ; c) Photo de la matrice de capteurs de
pression et de la mesure de la réponse électrique a une pression aprés leur polarisation ; d) Polarisation d’un
dispositif en appliquant des champs électriques sinusoidaux avec des amplitudes croissantes : courant de
déplacement sous forme de courbe d’hystérésis, et intensité du courant; e) Ceeur imprimé en 3D dans lequel la
matrice de dispositifs doit étre intégrée ; f) simulateur de corps humain dans lequel le cceur est inséreé.

Bien que les substrats en PDMS possedent une flexibilité adéquate pour incorporer les
dispositifs dans le coeur imprimé en 3D, le mouillage et 'adhésion des encres PEDOT sur ces
substrats ne sont pas optimaux. Des pré-couches sur les substrats de PDMS peuvent étre

développées pour augmenter le mouillage et 'adhésion des solutions aqueuses de PEDOT.

Les dispositifs avec des électrodes métalliques ont montré de bonnes propriétés
électriques, mais leur manque de flexibilité empéche leur intégration dans le cceur imprimé en 3D.
Les encres PEDOT utilisées pour imprimer les électrodes doivent étre formulées avec de
I’éthyléne glycol et non du DMSO. En effet, 'utilisation du DMSO, qui est également un bon solvant
du P(VDF-TrFE), a engendré des courts-circuits lorsque les films de P(VDF-TrFE) ont été mis
entre deux électrodes de PEDOT.

Les dépots par spray ou lame rigide en utilisant un masque ont mené respectivement a des
fuites entre I'électrode du haut et du bas, a cause de la rugosité, ou entre deux mémes électrodes
de dispositifs voisins, a cause de la mauvaise adhésion entre le masque et le substrat. Cependant,

de bonnes propriétés électroniques ont été obtenues en imprimant les encres de PEDOT:PSTFSI
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en jet d’encre et les encres de P(VDF-TrFE) en doctor blade, ou en imprimant une encre
commerciale de PEDOT:PSS en sérigraphie et les formulations de P(VDF-TrFE) en sérigraphie ou

impression pochoir.

D’importantes optimisations des procédés ont été nécessaires pour obtenir des surfaces
lisses avec le moins de défauts possibles et ainsi améliorer les propriétés électriques des
dispositifs. Les dispositifs imprimés avec les trois encres P(VDF-TrFE) (commerciale et
formulations maisons avec agent gélifiant) ont montré des propriétés similaires : hystérésis de
polarisation et pics de courant bien définis. Ces dispositifs peuvent étre utilisés dans des
applications utilisant des capteurs de pression. Des caractérisations supplémentaires en matiere
de cristallinité devraient étre réalisées pour mieux comprendre les différences entre les différents

dispositifs.

Conclusion

Les propriétés des encres PEDOT:PSTFSI et P(VDF-TrFE), deux solutions a base de
polymeres, ont été explorées dans ce travail. Différentes formulations étaient nécessaires pour
optimiser le comportement rhéologique de ces encres, pour permettre leur dépot en utilisant
différents procédés d’'impression. Des capteurs de pression ont ensuite été concus et fabriqués
pour démontrer l'applicabilité de ces encres fonctionnelles organiques dans des dispositifs

organiques.

Dans le deuxieme chapitre, il a été montré que contrairement aux encres PEDOT:PSS, les
encres PEDOT:PSTFSI ne nécessitent I'ajout d’aucun additif pour modifier leurs propriétés
rhéologiques: un simple ajustement de la concentration en polymere ou de la masse molaire du
polyanion leur permet de passer d'un comportement Newtonien a rhéofluidifiant avec des
propriétés de gel. En revanche, divers additifs ont été ajoutés pour améliorer les propriétés de

mouillage, d’élasticité des encres, et de conductivité des films une fois ceux-ci séchés.

Dans le troisieme chapitre, deux formulations d’encres P(VDF-TrFE) pour la sérigraphie ont
été réalisées. L'objectif était de rendre la solution de polymere rhéofluidifiante. La premiére encre
utilise un agent gélifiant comme additif, le 1,3:2,4-bis(3,4-diméthylbenzylidéne) sorbitol
(DMDBS). Lorsque celui-ci est correctement solubilisé dans du triéthylphosphate ou du DMSO, et
lorsqu’il est ajouté en bonnes proportions, les encres P(VDF-TrFE) deviennent rhéofluidifiantes
Pour comprendre la modification du comportement rhéologique de I'encre lors de I'ajout de
'agent gélifiant, une étude structurale a été réalisée en cryo-MEB. Des films homogeénes ont alors

pu étre déposés.
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Le deuxieme type d’encre utilise deux solvants : un bon et un mauvais solvant du polymere.
Lorsqu’un protocole précis est suivi, a des températures dépendant de la formulation, I'encre peut
se déstabiliser sous I'action d’un cisaillement et d’'une diminution de la température. Il a ainsi été
possible de formuler des encres P(VDF-TrFE) pour la sérigraphie. Cependant quelques problemes

de compatibilités avec les masques des écrans sont encore présents et restent a étudier.

Le dernier chapitre a permis de combiner les encres précédemment formulées pour créer
des dispositifs fonctionnels : les encres PEDOT pour former les électrodes, et les encres
P(VDF-TrFE) pour constituer la couche piézoélectrique entre les électrodes. La possibilité
d’encapsuler une matrice de dispositifs dans un coeur imprimé en 3D pour former des étudiants
en chirurgie cardiaque a été démontrée. La comparaison des formulations de P(VDF-TrFE) a par
ailleurs mis en évidence des résultats similaires entre les formulations maison et I'encre

commerciale.

Au final, il a été montré que les encres PEDOT:PSTFSI et P(VDF-TrFE) étudiées peuvent étre
formulées de maniére adéquate en vue de dépots utilisant des procédés d’impression variés dans
le but de fabriquer des capteurs de pression fonctionnels. Un travail additionnel est cependant

nécessaire pour optimiser de tels dispositifs.

Comme perspectives générales, les encres PEDOT pourraient étre modifiées chimiquement
pour les rendre sensibles a des molécules biologiques par exemple, en vue d’applications dans des
transistors électrochimiques organiques, tout en conservant la facilité de leur dépét par différents
procédés d’impression. Les deux types d’encres, P(VDF-TrFE) et PEDOT, pourraient étre
développées de maniére a devenir réticulables, ce qui devrait réduire les risques de fuite dans les
dispositifs. Plus généralement, la démarche originale utilisée, allant de la synthése a la
caractérisation de dispositifs en passant par celle des matériaux et par les dépots, pourrait étre
appliquée a d’autres matériaux pour d’autres applications, et cela en vue de contribuer au

développement de I'électronique imprimée.
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Acronym

AFM
AIBN
BTA
BzOH
CTA
DBS
DLS
DMDBS
DMF
DMSO
DoD
DSC
EDOT
EDX
EG
FoM
GBL
GBSH
HB
HOMO
HOPG
HPF
ITO
LUMO
MEK
MFI
NIR
OECT
OFET
OLED

Signification

Atomic Force Microscopy
2,2’-azobis(2-methylpropionitrile)
tris-tert -butyl-1,3,5-benzenetrisamide
Benzyl Alcohol

Chain Transfer Agent
1,3:2,4-(dibenzylidene)sorbitol
Dynamic Light Scattering
1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol
N,N-dimethylformamide

Dimethyl sulfoxide

Drops on Demand (Inkjet technique)
Differential Scanning Calorimetry
3,4-ethylene dioxythiophene

Energy Dispersive X-ray spectrometry
Ethylene Glycol

Figure of Merit

y-butyrolactone

Super-High resolution Gentle Beam
Herschel-Bulkley

Highest Occupied Molecular Orbital
Highly Ordered Pyrolytic Graphite
High Pressure Freezing

Indium-Tin Oxide

Lowest Unoccupied Molecular Orbital
Methyl Ethyl Ketone (or Butanone)
Melt flow index

Near-Infrared

Organic Electrochemical Transistors
Organic Field-Effect Transistor

Organic Light-Emitting Diode
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Acronym Signification
OPV Organic PhotoVoltaic
0TS Octadecyltrichlorosilane
PDMS Polydimethylsiloxane
PEDOT Poly(3,4-ethylene dioxythiophene)
PEO Polyethylene Oxide
PET Polyethylene Terephthalate
PL Power-Law
PMMA Poly(methyl methacrylate)
PS Polystyrene
PSS Poly(4-styrenesulfonate)
PSTFSI Poly(4-styrene trifluoromethyl (bissulfonylimide))
PTFE Polytetrafluoroethylene
PVDF Polyvinylidene fluoride

P(VDF-TrFE)
NMR

SEC
(Cryo-)SEM
STFSIK

TEP

THF

uv

Poly(vinylidenefluoride- co-trifluoroethylene)

Nuclear Magnetic Resonance

Size Exclusion Chromatography

(Cryogenic-)Scanning Electron Microscope

Potassium 4-styrene trifluoromethyl (bissulfonylimide)

Triethylphosphate
Tetrahydrofuran

Ultraviolet
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AX,
Xi

Signification

3.14

Radii

Sheet Resistance
Roughness
Conductivity
Thickness
Transmittance
Temperature
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Melting Temperature
Shear Stress

Yield Stress

Electric Dipole Moment
Speed

Degree of Crystallinity

Electronegativity of the Atom i



General Introduction

Polymers are known to be insulators. However, depending on their chemical composition
and on their structural conformation, they can possess different electronic properties: from
completely insulator, to dielectric, to semi-conductors. Polyacetylene is the first semiconducting
polymer discovered in 1977. The conductivity comes from the conjugated backbone and can be
increased by improving the packing of the chains and by doping the polymer. Nowadays,
poly(3,4-ethylenedioxythiophene) (PEDOT) is the most representative conducting polymer. It is

even commercialized in the form of PEDOT:PSS aqueous inks.

Other polymers have dielectric properties and thus can be polarized under an electric field.
Among them, polyvinylidene fluoride (PVDF) is well studied. It can crystallize in different phases
and become polarized; the polarization can be maintained after removal of the electric field. It is
then a piezoelectric material. One of its copolymers, poly(vinylidene fluoride-co-
trifluoroethylene) (P(VDFTrFE)), crystallizes more easily in an all trans conformation, and gives
rise to better polarization. It was discovered in the early 1980s. Both types of polymers are used

in printed electronics.

The advantage of polymers compared to other materials with electric properties is that they
can be easily processed using solution deposition, well-known in the print media industry. Very
high temperatures or pressures are not required, which is the case for ceramic deposition, hence

the recent development of organic printed electronics.

A wide variety of applications of polymers in organic printed electronics exist. Among them,
Organic Light-Emitting Diodes (OLED), Organic Field-Effect Transistors (OEFT) and Organic Solar
Cells (0SC) are well known. Other applications exist such as implantable drug delivery devices,
electrochromic displays, thermoelectric devices, actuators, pressure sensors, acoustic devices, etc.
Each device is composed of several layers with different properties. Every layer needs a specific
thickness, specific patterns, and specific experimental conditions (temperature, inert atmosphere,

etc.). Flexible devices can be designed, paving the way to a wide range of mobile applications.

To obtain these devices, the polymeric solutions can be deposited using various deposition
techniques. A wide range of printing techniques exist. Principally used in print media, they have
been well developed since the first printing presses of the mid-15t century. Some of the common
printing techniques can be used to deposit functional inks in printed electronics. Each type of
deposition has advantages and drawbacks in terms of film thickness, resolution, patterning,

homogeneity, etc. Each deposition requires different properties for the inks. Depending on the
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process, capillary interactions may occur between the ink and a mesh, a nozzle, blade, etc... It is
noteworthy that the wetting properties of the inks on different substrates play a major role. In all
these cases, the capillary and the wetting properties of the inks have to be tuned. Indeed, in
printed electronics, numerous layers of different functional materials are deposited on top of each
other to form devices and the formulations have to be optimized. Besides capillary properties, the
rheological behavior of the inks has to be tailored as well: a very fluid ink is needed for depositions
using nozzles, while more viscous solutions are required for deposition using a blade. The
rheological behavior of polymeric solutions is then essential to enable their deposition using

different solution processes.

In this work, two types of organic electronic inks, containing respectively a semi-conducting

polymer and a piezoelectric polymer, have been studied.

The first ink is composed of a complex between the semi-conducting polymer,
poly(3,4-ethylene dioxythiophene) (PEDOT), and an insulator polyanion, the poly(4-styrene
trifluoromethyl (bissulfonylimide)) (PSTFSI) which stabilizes PEDOT in water. The structure of
this ink and its rheological behavior as well as the properties of films deposited by inkjet printing,
doctor blading, screen-printing and using a soft blade deposition were studied. The effect of the
concentration of the PEDOT:PSTFSI complex in water on the rheological properties of the ink was

investigated.

The second type of ink is composed of a piezoelectric copolymer, poly(vinylidene fluoride-
co-trifluoroethylene) (P(VDF-TrFE)), in organic solvents. Due to the structure of the polymer,
dipolar moments are induced in the backbone of the polymeric chain and can be oriented through
an external electric field. The presence of dipoles in the polymeric material is used in piezoelectric
devices to obtain a displacement by applying a voltage or to obtain a voltage by applying a
displacement. In this case, the piezoelectric polymer has to be encapsulated between two
electrodes. The response of the device is increased when the thickness of the active layer is
increased. Among the printing techniques, the thickest patterned layers can be obtained by
screen-printing. This technique needs highly viscous but shear-thinning inks. P(VDF-TrFE) inks
were formulated to become shear-thinning using a gelifying agent. A more complex pathway using

a good and a bad solvent of P(VDF-TrFE) was explored.

Finally, the inks previously formulated were used to create piezoelectric devices. The
PEDOT inks become the electrodes, and the P(VDF-TrFE) inks generate the piezoelectric layer.
Two goals were targeted. The first one was to develop a matrix of flexible pressure sensors. Theses

sensors should allow the exact localization and the measurement of the applied force on the inside
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of a 3D-printed heart. It will be used to train students on cardiovascular diseases surgery. The
second aim was to compare the properties of pressure sensors using the various formulations of

P(VDF-TrFE) inks.

In this manuscript, the basics of polymers with electronic properties and of printing
techniques will first be reviewed. In a second chapter, the properties of PEDOT:PSTFSI inks will
be analyzed versus various printing processes. Then, the properties of P(VDF-TrFE) inks
formulated for screen-printing will be detailed. In a last chapter, the properties of piezoelectric

devices, printed using the inks formulated in the previous chapters, will be examined.
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1.1 Organic electronics

Polymers are generally known to be insulators. However, different types of polymers with
electrical properties have been discovered and studied during the last century. This section will
explore the properties of semiconducting m-conjugated polymers in a first part, and of
piezoelectric polymers in a second part. Both will be compared to traditional conducting and

piezoelectric materials in terms of properties and processing.

1.1.1 Poly(3,4-ethylenedioxythiophene) (PEDOT):
a semiconducting polymer

1.1.1.1 History of semiconducting polymers

n-conjugated polymers are polymers with alternated double and single bonds between the
carbon atoms. An overlapping between the m -orbitals can create pathways to the electrons.
Doping these polymers can decrease the band gap between the m-bonding and n*-anti-bonding
orbitals, increasing the conductivity of the polymer by several orders of magnitude.! Various
doping strategies exist including electrical doping, which consists of adding a donor or an acceptor
of electrons close to the polymer. A charge transfer takes place between the polymer and the
dopant, giving rise to a delocalized electron in the polymer, neutralized by a counter ion (derived
from the dopant). The polymer is generally oxidized in a cation and the dopant reduced in an

anion.?

Semiconducting polymers were discovered in 1977 with the study of polyacetylene doped
with halogens34. Later, doped polypyrrole> and poly(p-phenylene)é were reported in 1979.
Figure 1.1 displays the structure of different conjugated polymers studied since.”s All consist of a
conjugated backbone. The packing of the chains, the degree of order when dried, the impurity
density, and the structural defects influence the charge transport in all these semiconducting

polymers.

(PA) (PPy) (PTh) (PF) (PHd)

Figure 1.1: Structure of various conducting polymers: Polyacetylene (PA), Polypyrrole (PPy), Polythiophene (PTh),
Polyfuran (PF), poly(l6-heptadiyne) (PHd), Poly(p-phenylene) (PPP), Polyaniline (PANI), Poly(p-phenylene-sulfide)
(PPS), Poly(p-phenylene-vinylene) (PPV) (from’.)
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The conductivities of these conductive polymers are compared to common materials in
Figure 1.2. Without doping, the conductivity of polymers is very low (smaller than 10-5 S/cm).
However, by doping the structure and allowing better-organisation, the conductivity can increase

and can approach that of copper.
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Figure 1.2: Conductivity of conjugated polymers compared to common materials (adapted from!?)

Among the polythiophene derivatives1011, poly(3,4-ethylenedioxythiophene) (PEDOT) is
the most representative and studied conducting polymer. Its structure in neutral and oxidized

forms is displayed in Figure 1.3.

Figure 1.3: Structure of PEDOT: neutral form (left) and oxidized form (right) (from!2)

To obtain high conductivity, PEDOT polymers have to be doped. An anion can be added to
compensate the charge of the oxidized form: the PEDOT is then p-doped, i.e. it is positively
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charged. In solid state, very high conductivity can then be reached, up to 8800 S/cm, the highest

value recorded for PEDOT single-crystal nanowires.13

1.1.1.2 Various synthesis pathways of PEDOT:Counterion

PEDOT can be synthesized directly onto a substrate or in solution and then deposited with
various solution processes. In this second case, PEDOT have to be stabilized in water with a
polyanion as it is insoluble in water. Usually the polyanion poly(styrenesulfonate) (PSS) is used
to create the dispersion. The polyanion has then two purposes: to stabilize PEDOT in water as well
as to stabilize the charges in the doped units of PEDOT and thus increase its conductivity. PEDOT
is more stable than polyacethylene both in air and under heating. This is attributed to the aromatic
ring which stabilizes the positive charge, and the dioxy ring which stabilizes free radicals in the

conjugated backbone.1

(a) Oxidant + Solvent () h
" Oxidant + Water + EDOT
+ EDOT + (Additives) P S Polyanion + (Additves) B
PEDOT:counterion film
\ —> PEDOT:polyanion
solution
L Substrate JiS y

C) Oxidant + Solvent + (Additives)

Solvent washing
/6 | \ \ PEDOT:counterion film
] —— Substrate
EDOT

\ J
(d) Reference h
Counter electrode Working Washing the
electrode electrode gold electrode
PEDOQOT:counterion
. film
‘ ‘ PEDQOT:counterion ‘
Electrolyte solution + EDOT Electrolyte solution HNO3a/HCI mixture

o

Figure 1.4: Different methods to polymerized EDOT: a) In situ polymerization, b) dispersion polymerization,
c¢) Vapor phase polymerization, d) electro-polymerization (based on'#)
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To synthesize PEDOT, EDOT monomer is oxidized by an oxidant, usually Fe3+. The rate of
polymerization is reduced by adding a base, which allows the formation of higher molar mass
PEDOT, while an anion is added to compensate the charge and stabilize the doped the polymer.15
Depending of the counterion, the morphology and properties of the complex PEDOT:counterion
are different. For example, PEDOT:Cl or PEDOT:Tos are not soluble in water, the counterion being
an atom or molecule and not a polymer. The conductivity of PEDOT films with small counterions
(obtained by in situ polymerization, chemical vapor polymerization or electro-polymerization) is
higher than those obtained by solution processing with a polyanion which is an insulator. The
different methods used to polymerize EDOT are schematized in Figure 1.4. For the in situ
polymerisation, an oxidant (which can act as counterion), a base and EDOT are mixed together
onto the substrate where the polymerization occurs. For vapor phase polymerization, a film of the
oxidant is made and then exposed to a vapor of EDOT under vacuum at high temperature. Finally,
the excess of EDOT and oxidant is washed out in a bath of good solvents of both constituents
(water and ethanol). For electro-polymerization, three electrodes (the working electrode, the
reference electrode and the counter electrode) are placed in an electrolyte solution containing the
electrolyte (whose anion will become the counterion), a solvent, and EDOT monomers. A voltage
is applied to the working electrode where EDOT will be oxidized and polymerized in the form of
an insoluble film. The electrode can then be dissolved using an Aqua Regia mixture (composed of
nitric acid and hydrochloric acid).:* The conductivity (10° - 103 S/cm) then depends on the
counterion used. Table 1.1 gives the conductivity, at room temperature, of PEDOT:counterion
films obtained by electro-polymerization of EDOT using various counterions and different

polymerization methods as detailed in Table 1.2.16

Method |A|B|] Cc [D|/E|F]|] G
Counterion Conductivity [S/cm]
Clo, 400-650|55| 30 |780| 650
BF, 30 280 |24(121
PF; 105[200|120-150|49
NO3 79
SO, 41
Tos ™ 36 125-450
N(SO,CF;); | 8.5 130
N(SO,C,F5); 108
N(S0,C3F;); 106
N(SO,C,Fy); 25
CF3S03 95 | 50 | 200 86
C4FoSO; 91
CgF;,S0; 8
PSS 50-80 50-80

Table 1.1: Conductivity at room temperature of PEDOT:counterion films obtained by electro-polymerization of EDOT
using various counterion for different polymerization methods detailed in Table 1.2 (from16)



28 Chap 1: ORGANICS ELECTRONICS AND PRINTING TECHNOLOGIES

Method Solvent T[°C]| 1[mA/cm2] E [eV] U [V]
A Propylene carbonate | -30°C 0.04
B Propylene carbonate | -30°C | 0.01 - 0.06mA
C Acetonitrile RT 0.85-1.1
D Water + surfactant | RT Sweeps -1/+1
E Acetonitrile *
F Acetonitrile** 1.3
G Acetonitrile*** 0.8

Table 1.2: electro-polymerization methods used in Table 1.1. (*series of potentials above the half-wave oxidation
potential; **on microfiltration membranes; ***with water for PSS) (adapted from16)

Adding copolymers such as poly(ethylene glycol)-poly(propylene glycol) (PEG-PPG) has
been shown to increase the crystallinity of resulting PEDOT films in vapor phase polymerisation,
by distributing more homogeneously the oxidant and by creating a template where the PEDOT
polymerized with a better organisation. An increase in the conductivity is then observed (up to

3400 S/cm).1”

The three previous methods (in situ polymerisation, vapor phase polymerization, and
electro-polymerization) create insoluble PEDOT:counterion films. However, these methods do
not allow patterning surfaces PEDOT:counterion films. Dispersion polymerization resolves this
probleme. This technique uses a polyanion to stabilize PEDOT in water to create a dispersion of
nanoparticules of PEDOT. The polyanion poly(4-styrenesulfonate) (PSS) is now widely used and
commercialized. The negative charge of PSS compensates the positive charge of doped PEDOT, via
electrostatic interactions, and stabilizes the colloidal dispersion.i* The concentration in polyanion
is then very important for those two purposes. It has been shown that after polymerization,
PEDOT is doped (oxidized) at 33 %, which means that there is one charge per three monomer
units.1819 The excess in negative charges of the polyanion is used for stabilisation: it creates an
electrostatically stabilizing shell around the discrete soluble gel particles. The size of the colloidal
particles is related to the concentration of salt in water: by increasing this concentration, the size
first decreases and then increases. Indeed, it has been shown that for polyelectrolytes, the chains
of polymer are stiff in the absence of mobile ions due to Coulomb repulsion between the negative
charges of the polymer itself. By adding salt, the polyanion becomes more flexible by
compensating some of its charges allowing the chain to adapt its conformation and better stabilize
the particles. If too much salt is added, electrostatic interactions are screened, leading to
aggregation of the microgel particles.1620 It has been shown that a minimum molar mass of the
polyanion is required to form a stable polyelectrolyte complex in water, and that high molar
masses and weak ionic groups result in more stable polyelectrolytes.l6 The structure of

PEDOT:PSS is displayed in Figure 1.5.
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Figure 1.5: The chemical structure of PEDOT:PSS and commonly described microstructure of the conducting polymer
system (a) synthesis onto PSS template, (b) formation of colloidal gel particles in dispersion and (c) resulting film
with PEDOT:PSS-rich (blue) and PSS-rich (grey) phases. (d) Aggregates/crystallites support enhanced electronic
transport. (from?1)

PSS~

1.1.1.3 Formulation of PEDOT:PSS solutions to increase the conductivity of

films
To increase the conductivity of PEDOT:PSS films, a secondary doping effect can be used. It
consists of adding a dopant (such as organic solvents, salts and acids). Figure 1.6 shows the
progress in terms of conductivity of the films as a function of the nature of the secondary dopant
used and for different pre- or post-treatments. Polar organic solvents like DMSO or EG were
studied as well as polyols such as sorbitol or glycerol.22-26 [t was found that to act as a secondary
dopant, the additive should be highly soluble in water, have a high boiling point and have a high

dielectric constant.2?
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Figure 1.6: Timeline of conductivity enhancement in PEDOT:PSS through secondary doping process (from*#)

The increase of conductivity was attributed to a phase separation between excess PSS and
PEDOT:PSS. It occurs during the drying, when the proportion of water becomes smaller than the

concentration of the secondary dopant. This reduces the isolating shell that encapsulates the
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conductive particles rich in PEDOT, leading to a better 3D percolation network. It is illustrated in
Figure 1.7 which displays the change in electrical conductivity of PEDOT:PSS films formulated

with or without EG, as well as schematics of the structural modifications.
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Figure 1.7: Electronic conductivity and ion mobility of PEDOT:PSS films with different contents of EG, and schematic
of the morphological changes and associated transport of ions and holes viewed in the cross section of bulk film of
PEDOT:PSS with or without EG. Addition of EG varies the PEDOT content, size/purity of PEDOT:PSS rich phases, and
amount of PEDOT:PSS aggregates/crystallites. (from?1)

The secondary dopant can be added in the formulation of the PEDOT ink in small amounts,
or can be used during a post-treatment stage. In the second case, dried films of PEDOT:PSS are
immersed in the solution of the secondary dopant and then dried again. During this process,
excess PSS is removed, which leads to a higher density of PEDOT: reduction of the -7 stacking
distance in the crystallites, increase of the crystallite size, 2829 and better orientation of PEDOT

crystallites (edge-on for post-treatment with EG, and face on with addition of glycerol).25

Ionic compounds (salts,30 acids,3! and zwitterions32 which are molecules possessing both a
cation and an anion) are other types of secondary dopant.2? The increase of conductivity in this
case is attributed to charge screening that can lead to some counterion exchange between
PEDOT:PSS and the ionic compound. It results in structural modifications from amorphous

granular structure to highly ordered nano-fibrils of PEDOT:PSS/ionic liquid composite.

Post-treatment with acid, such as sulfuric acid or nitric acid, is another way to enhance
greatly the conductivity of PEDOT films up to 4380 S/cm [Figure 1.8]. It has been explained by a
slight increase of the degree of oxidation of PEDOT and a removal of excess of PSS, which provoke

structural changes to more linear PEDOT chains and a more crystalline phase.2933
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Figure 1.8: Electrical conductivities of PEDOT:PSS films treated with various concentrations of H2504. The inset
presents the conductivity of PEDOT:PSS films as a function of the drying T after 100% H2504 treatments. (from33)

In conclusion, various secondary dopants can be used to increase the conductivity of
PEDOT:PSS films. The mechanism of conductivity enhancement has possible explanations: phase
separation between excess PSS and PEDOT:PSS seems to be the more recognized one. With charge
screening, it can be the cause of an increase in crystallite number, size, density, and organization.

A possible increase of the degree of oxidation of PEDOT has also to be taken into account.

1.1.1.4 Electronic structure and transport properties of PEDOT:PSS: from

single chain to thin film and application in electrochromic devices

The electronic properties of PEDOT:PSS and the optical properties of PEDOT films and thus
PEDOT-based devices are linked. First, the nature of the charge carrier at the scale of a single
PEDOT chain will be discussed and then the structure of thin films (with PEDOT crystallites

embedded in the amorphous polymer matrix) will be described.

Figure 1.9 shows the evolution of the band structure of PEDOT chain when electrons are
removed: positively charged polaron and bipolaron states are reached.3* The band gap is the gap
between the HOMO (highest occupied electronic state) and the LUMO (lowest unoccupied state
in the conducting band). By removing electrons, positive charges are formed which modify the
band gap and empty polaronic states, corresponding to the missing electrons, appear in the gap.
As aresult, the bond lengths are modified with formation of quinoid instead of aromatic structure.
Polaronic and bipolaronic structures are consecutively formed by removal of odd and even
numbers of electrons. The case with the removal of 6 electrons in a chain of 18 units corresponds
to a doping level of 33 % (one positive charge every three monomer units) of pristine PEDOT. The
band structure, the charge localisation and the wave function of polaron and bipolaron states are
similar, which suggest similar electron transport.3* Furthermore, PEDOT chains are usually short

(around 15 monomer units)!é, which means that intrachain electron hopping rate should be
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strongly higher than interchain hopping: the interchain motion being the limiting factor in the

electron mobility.
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Figure 1.9: Positively charged polaron and bipolaron states in a PEDOT chain (18 units). Bond length alternation and
electron density distribution in a PEDOT chain with a) a polaron +e or b) a bipolaron +2e (the black lines correspond
to the bond length alternation for a neutral chain), and band diagram for the polaron and bipolaron states of PEDOT
chain when it is consequently charged from 0 to +6e. All band diagrams are aligned setting Erumo = 0. (from1434)

Not only the oxidation level is important for the properties of PEDOT films, the morphology
of the film (crystallites, which are stacking of 3 to 10 PEDOT chains, embedded in amorphous
regions) greatly impacts its density of states. Indeed, as shown in Figure 1.10, the energy structure
of a crystallite (composed of 5 m—m stacked chains) comprises a bipolaronic band with a number
of states being the number of positive charges of the crystallite. Depending on the position of the
counterions, the position of the bipolaronic states are shifted. That is why a density of state
(average of the band structures) is more representative for PEDOT films which is composed of

numerous crystallites.
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Figure 1.10: Energy structure diagram and the density of states (DOS) of PEDOT: from a single chain (neutral or with
two bipolarons) to a thin film (single crystallite to poly-crystallites embedded in amorphous matrix).
(adapted from3°)

For polymeric films with identical crystalline structure, the optical absorption of the films
is dependant on its oxidation level (and so of the polaronic or bipolaronic state). To have
modifications of the absorbance spectra in the visible range, the conjugated polymer should have
an appropriate band gap between 1.0 and 2.5 eV. Indeed, higher band gap results in transitions in
the UV region, and lower band gap in the NIR region.1* Absorbance spectra of PEDOT is modified
in a wide wavelength range, including the visible range. By applying a potential to oxidize PEDOT,
the film goes from dark blue (fully neutral state at - 0.9 V) to almost transparent sky blue (fully
oxidized state at + 1.0 V) passing by at least 20 oxidation and so color steps [Figure 1.11].36
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Figure 1.11: Spectroelectrochemistry of PEDOT film: optical variation in the visible region as a function of applied
potentials (left), and respective produced colors (right). (from36)
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One great advantage of conjugated polymers compared to other electrochromic materials
is that they have a wide range of oxidation states and can therefore produce color palettes instead
of only two colors (corresponding to the neutral and oxidized state of the material). Combining
three conjugated polymers (for red, green and blue colors) in an electrochromic device can then
give a wide range of colors for display applications. Polymers with red, green and blue emission

are shown in Figure 1.12.
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Figure 1.12: Examples of polymers reflecting RGB colours. (from36)

1.1.1.5 Temperature dependence of PEDOT electrical conductivity and

application in thermoelectric devices

The electrical conductivity of PEDOT is also dependent on the temperature and is well

1
described by Mott’s variable-range hopping (VRH) model: a(T) = oyexp <— (%)“D) where oy is
the conductivity at infinite temperature T, T, is a characteristic temperature of the polymer
related to the localization parameter and the density of states at the Fermi energy, and D is the
dimensionality of the system. For pristine PEDOT films, D=1.75 which indicates a 2D
displacement of the electrons. Treatment with secondary dopant induced a transition from an

insulating regime to a metallic regime with a weak temperature dependence [Figure 1.13]. In this
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case, a fluctuation-induced tunneling (FIT) model is more relevant, due to morphological and

structural changes induced by the secondary dopant.3
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Figure 1.13: a) Temperature dependence of the conductivity of three types of PEDOT:PSS films before (pristine) and
after the treatment with secondary dopants. DMSO-P denotes the sample coated from a PEDOT:PSS solution
containing 5 %w: DMSO, and EG DMSO-P denotes the sample achieved after immersing the DMSO-P sample into an EG
bath, The inset plots the reduced activation energy W (T) = In(o)/In(T). b) VHR model of the pristine sample
(x=1.74) and c) FIT model for the two treated samples. Solid lines are fits. (from37)

PEDOT films correctly treated with secondary dopant can then have a high electrical
conductivity but also low thermal conductivity. These are requirements for materials used in
thermoelectric generators. Indeed, both electrical and thermal currents are involved. An electrical
current is applied to the thermoelectric device [Figure 1.14], and a thermal current (heat flux) is

generated [Figure 1.14]. The properties of thermoelectricity are combined in the following figure
2
of merit: ZT = %T where S is the Seebeck coefficient, o is the electric conductivity, T is the

temperature, and k is the thermal conductivity. PEDOT can be n or p-type doped to form the
thermoelectric legs of the device. By increasing the doping level of PEDOT, the electrical
conductivity increases while the Seebeck coefficient decreases. A good compromise has to be
found, taking into account the thermal conductivity. A ZT of 0.25 was reached using PEDOT:Tos,

which nearly fulfills a requirement for efficient energy conversion.3s30
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interconnect

thermoelectric
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Cold side .
Figure 1.14: Schematic of a thermoelectric module composed of p-type and n-type legs. (adapted from3%)
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1.1.1.6 Applications of the coupling between the ionic and electronic

transport in PEDOT films

The conductivity of PEDOT is not only related to electron transfer, but also to ion mobility
when the films are hydrated. lonic and electronic charge carriers are strongly coupled in PEDOT.
This has applications in electrochemical modulation of color and conductivity used in
bioelectronics. The aim is then to measure the presence of a molecule via the output voltage of a
bioelectronics sensor, or to regulate physiology processes in cells using bioelectronics actuators.
A wide range of devices using both electron and ion transport exists: super-capacitors, organic
electrochemical transistors, electrochromic displays, organic electronic ion pumps, implantable

drug delivery devices, and neural probes [Figure 1.15].
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Figure 1.15: a) Super-capacitor cell and three-electrode-electrochemical setup (from#°), b) Organic electrochemical
transistor (adapted from*1), c) Electrochromic display (adapted from*?), d) Organic electronic ion pump (from#3),
e) Implanted drug delivery device (adapted from#45), ) Neural probe (from*6).

In the case of PEDOT super-capacitor cells, two layers of PEDOT are separated with a spacer
and linked to two electrodes. The device is immersed in an electrolyte solution. By applying a
voltage to the working electrode, ions from the electrolyte migrate into the polymer matrix and

dope or de-dope it, which charges or discharges the super-capacitor cell.+

Organic electrochemical transistors (OECT) are composed of the active material (PEDOT)
deposited between the source and the drain electrodes, and surrounded by an electrolyte in which
the gate is submerged. When no voltage is applied to the gate, PEDOT is doped which results in a
high source-drain current. When a positive potential is applied to the gate, cations from the
electrolyte migrate into the polymeric matrix and de-dope it. This reduces the source-drain

current. Contrary to organic field-effect transistor (OFET) [Figure 1.18], the electron transport
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takes place in the bulk of the active material and not at its surface.«4” EDOT derivatives can be
used to synthesize PEDOT derivatives to have both the conductivity of PEDOT and the sensitivity

to biological molecules allowing their use as biological sensors.4849

As discussed previously, PEDOT can be used as the active material in electrochromic
displays as its absorption wavelength depends on its doping state. The display is encapsulated in
an electrolyte and the oxidation of PEDOT occurs when a voltage is applied to the gate, as for OECT,

which results in color changes from transparent to blue.3s42

Organic electronic ion pumps (OEIP) are devices that translate an electronic signal into a
flux of ions. Two PEDOT films are linked respectively to an anode and to a cathode. They are
separated by a membrane that is ionically conductive and electronically insulating. The PEDOT
film at the anode side is in contact with the source electrolyte tank, containing a high
concentration of cations M+. When a voltage is applied, PEDOT is oxidized in the anode. To
compensate the charge of PEDOT, excess of the polyanion (PSS-) interacts with PEDOT and
releases the cation M+ that was linked to it. In the cathode side, PEDOT is reduced, which releases
PSS- that are neutralized by the cations M+ coming from the anode side. This generates a flow of
cations from the anode to the cathode: the cations are pumped into the targeted electrolyte tank
at the cathode side.14#3 This principle is used for implanted drug delivery devices: the device is
implanted in the body at a specific place, and by applying a voltage, biological molecules and

neurotransmitters can be delivered at specific times in controlled amounts.#45

Neural probes are metallic probes that record the activity of the brain. They are in direct
contact with the neurons. They can be coated with a thin layer of PEDOT. The aim of the coating
is to improve the compatibility between the electrode and biological tissues, for in vivo

measurements, while keeping the performance of traditional neural probes.4s

1.1.1.7 PEDOT:PSS films as transparent organic electrodes

Various applications can be found for PEDOT:PSS. It can be used as an electrode in various
devices such as organic light-emitting diode (OLED), organic photovoltaic (OPV), organic field

effect transistor (OFET), capacitors (piezoelectric devices), etc.

PEDOT:PSS is a good candidate to substitute indium-tin oxide (ITO) for transparent
electrodes in flexible devices. High transmittance and high conductivity5® are required for
transparent electrodes. Different materials are used to elaborate such transparent electrodes. The
most widely used is ITO due to its low sheet resistance (10 < Rs < 50 /0), high transparency
(80 < T <95 %) and high stability.5! However, the raw material is expensive and the processing

conditions require high temperatures (which is not compatible with top electrodes for organic
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devices) and high vacuum. Furthermore, ITO based electrodes are not flexible. Indeed, ITO films
crack when bended and their sheet resistance can be increased by several order of magnitude
when the curvature radius is under 8 mm. That is not the case for PEDOT:PSS films that have
stable sheet resistance at this radius.52 Moreover, ITO need post treatment to tune its work
function (in the range of 4.1-5.53 eV 5153) to make it compatible with the organic layers used in
OLED and OPV. Various alternatives to ITO have been developed for flexible transparent
electrodes: metal layers, nanomaterials and conductive polymers. To increase transparency,
metals have to be deposited in ultra-thin layers, which leads to higher sheet resistance
(1 < Rs < 80 Q/0) without necessarily improving the transmittance (40 < T < 60 %). Metals can
also be deposited in grid patterns which improves the resistance (6 < Rs < 50 /0) and the
transmittance (T = 80 %). Metal nanowires (5 < Rs < 200 Q/oand 70 < T < 90 %), carbon
nanotubes (20 < Rs < 1000 Q/0 and 50 < T < 95 %), or graphene (100 < Rs < 3000 Q/0O0 and
60 < T <95 %) have also been proposed as alternatives.5! However, in all these cases, the process
to deposit the pattern (grids) or synthesize the nanomaterials is complicated and/or energy
consuming. Also the patterns may have other defects such as electrical voids.5154 The interest of
PEDOT:PSS in this case is that it is easily processable and it have interesting sheet resistance
(50 < Rs < 1000 Q/O) and transmittance (75 < T < 90 %).5! The relation between the
transmittance and the sheet resistance for different materials used for transparent electrodes is

shown in Figure 1.16.
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Figure 1.16: Transmittance versus sheet resistance for transparent conductive films made of different materials.

(adapted from114)
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Besides transparent electrodes in OLED and OPV, PEDOT:PSS can be used as hole transport

layer or as a buffer layer between ITO and a photoactive layer. Figure 1.17 displays the energy

levels of an OLED and the displacement of holes and electrons.
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Figure 1.17: Energy levels of an Organic Light Emitting Diodes (OLED) and illustration of the origin of the
electroluminescence. Depicted are hole and electron injection from the two electrodes, charge transport and
electron-hole pair formation. (HTL = Hole Transport Layer; ETL = Electron Transport Layer) (adapted from16)

An OLED is composed of a transparent anode, several organic layers that act as hole and
electron transport layers, and a metallic cathode. By applying an external bias, holes are created
at the anode, and electrons at the cathode. To allow the displacement of the holes and electrons in
the layers under the electric field, the work function of the different layers should be appropriate.
The work function of the transparent electrode should be high enough to enable the injection of
holes in the HOMO (highest occupied molecular orbital) of the next layer, while the work function
of the cathode should be low enough to allow the displacement of the electrons in the LUMO
(lowest unoccupied molecular orbital) of the next layer. Each layer should have suitable LUMO
and HOMO levels to guide the holes and electrons until they form an electron-hole pair, recombine
and create an electroluminescence. PEDOT:PSS can be used as a hole-injection layer. Indeed, a
high conductivity is reached and the Fermi level of PEDOT:PSS of 4.5 - 4.9 eV is suitable with the
organic compounds used in the OLED. PEDOT:PSS is often added on top of ITO layers to reduce
the roughness of the surface (which improves the injection of the holes) and to reduce the HOMO

level to get it closer to the one of the electroluminescent material.1é
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Last, PEDOT:PSS can be used for various purposes in organic field-effect transistors (OFET)
[Figure 1.18]: as electrode, as interlayer on top of the metallic source and drain, or as the active
material (undoped semiconductor that forms a conductive channel at the interface with the

dielectric, when a negative bias is applied at the gate).16

Ip Up

Dielectric layer
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Figure 1.18: Cross-section of an organic field-effect transistors (OFET) with bottom electrode geometry. A conductive
channel is created at the interface between the p-type semiconductor and the dielectric layer when a negative bias is
applied at the gate electrode. (from16)

PEDOT:PSS has thus a large variety of applications. The coupling between the ionic and
electronic transport in PEDOT films make it an excellent material for applications in super-
capacitors, organic electrochemical transistors, electrochromic displays, organic electronic ion
pumps, implantable drug delivery devices, and neural probes. When n- or p-doped, PEDOT films
can be used as active materials in thermoelectric devices. The relatively high transparency of
PEDOT films can be exploited to create transparent flexible electrodes in optoelectronic devices
such as OLED and OPV. Due to their better smoothness than ITO, PEDOT can be used as a buffer
layer between ITO and photoactive layers in such devices. PEDOT is also used as a hole transport

layer in OLED as well as an undoped semiconductor material in OFET.

To conclude this first part, synthesis pathways of the semi-conducting polymer PEDOT have
been explored, as well as formulation with secondary dopant or post-treatments used to increase
the conductivity of dried PEDOT films. Insight of probable structural changes has been discussed.
The electronic transport alongside the polymeric chain was detailed and consequently the impact
of the doping on the conductivity and the color of the polymeric films. The temperature
dependence of the conductivity of the PEDOT films and the ionic transport within the film was

associated to various applications.

In the next part, another polymer with piezoelectric properties will be discussed:
poly(vinylidene fluoride- co-trifluoroethylene) (P(VDF-TrFE)). The interest to study PEDOT along
with P(VDF-TrFE) is that they can be used in combination to form piezoelectric devices: PEDOT

is used as the electrode layers, and P(VDF-TrFE) as the active piezoelectric material.
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1.1.2 Poly(vinylidene fluoride-co-trifluoroethylene) P(VDF-TrFE):
a piezoelectric polymers

1.1.2.1 Dielectric materials

Dielectrics are materials that can be polarized under an electric field. Dielectrics have very
low conductivity and are used as insulators (they have an energy band gap higher than 3 eV).
When the electric field is applied, the positive charges of an elemental volume are forced in the
direction of the field, and the negative charges in the opposite direction. The global material
remains neutral: no macroscopic charge migration occurs, as it is the case in conductors. The short
displacement of the charges creates an electric dipole moment p = gr where q is the absolute
value of the charge, and r the distance between the two charges. The polarization P of dielectric

materials (in C.m2) is then the ratio between the sum of all the dipole moments in the material
and the volume of the material. The electric field E is defined as E = gwhere Fis the force exerted
on a unit charge when the charge is inside the field. The dielectric displacement D is then given by

D = gyE + P where g, = 8.854 - 10712 F.m! is the vacuum permittivity. The displacement can

also be defined as D = gy¢,.E where ¢, is the relative permittivity (or dielectric constant).55

a) b) P
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Figure 1.19: a) The schematic relationships among dielectric, piezoelectric, pyroelectric and ferroelectric materials;
b) Polarization hysteresis loop of ferroelectrics and schematic of the switching of their bipolar state by an external
electric field (adapted from>6)

Dielectric materials can have different behaviors. The relationship between the different
subdivisions of the dielectrics is displayed in Figure 1.19, a). Piezoelectric materials are dielectrics
that can be polarized not only in the presence of the electric field, but also when the field is
removed. The word piezoelectricity comes from two Greek words meaning that pressure develops
electricity. To be piezoelectric, a dielectric should not have rotational symmetry. The properties
of piezoelectric materials depend of their crystal structure: if they possess a unique polar axis, the
material is also pyroelectric and its spontaneous polarization is temperature dependant. If
furthermore this spontaneous polarization can be reversed by an external electric field, the

pyroelectric material is also ferroelectric. During the switch of the polarization, a hysteresis loop
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of the polarization versus the applied electric field can be observed [Figure 1.19, b)]. E. is the
coercive field defined as the minimum field that has to be applied to go from one polarization to
the opposite polarization. The saturated polarization P; is the maximum polarization that can be
reached when a certain field is applied. It is also called the spontaneous polarization. And P is the

remanent polarization that remains after switching down the current.ss

&m T a)

Figure 1.20: a) Temperature dependence of the dielectric constant of a ferroelectric material: a transition from a polar
ferroelectric to a nonpolar paraelectric phase occurs at the Curie temperature Tc. Corresponding b) polarization and
¢) dielectric constant as a function of applied field below and above T¢. (adapted from>?)

The properties of ferroelectric materials depend on the temperature. At the Curie
temperature T¢ (under the melting temperature), a structural change occurs from a ferroelectric
to a paraelectric phase. In the ferroelectric phase, the crystals have low symmetry and are polar,
while in the paraelectric phase, the crystals have more symmetry and are nonpolar. The
spontaneous polarisation occurs only in the ferroelectric phase, which means at a temperature
under Tc. The changes in dielectric constant and polarization hysteresis depending on the ferro-
or para-electric phase are displayed in Figure 1.20.5657 Well known ferroelectric materials are
ceramics such as barium titanate.>8 The disadvantage of ceramics is that they are not flexible and
need very high pressure and temperature to form dense thin continuous films from synthesized

powder.5° They are therefore not compatible with organic materials.
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1.1.2.2 PVDF and PVDF derivatives among the piezoelectric polymers

Polymers, usually insulators, can also have dielectric behavior. Indeed, if they are not semi-
conductors and have monomer units which are not symmetrical, they can have an internal
polarisation along the chain. Electronic, atomic, ionic, orientational and interfacial polarisations
can occur in piezoelectric polymers. Depending on the frequency used for the applied external

field, different polarisations are involved [Figure 1.21].
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Figure 1.21: Different types of polarization as a function of frequency in polymers. Pe: electronic polarization, Pa:
atomic (or vibrational) polarization, Paip: dipolar (or orientational) polarization, Pion: ionic polarization, and Pint:
interfacial polarization. The top panel shows the molar polarization (the real part of permittivity), and the bottom
panel shows the dissipation factor (the imaginary part of permittivity). (adapted fromé0)

Piezoelectric polymers can be classified in two main classes: ionic electroactive polymers
when the polarization is induced by ionic motion in the polymer in response to an external field,
or dielectric electroactive polymers when the polarisation is induced by the response of the
dipoles inside the polymeric chain to an external field. The second class can be subdivided into
dielectric elastomers and ferroelectric polymers.6? Among the ferroelectric polymers, semi-
crystalline fluorinated polymers are of interest. Figure 1.22 displays the structure of
polyvinylidene fluoride (PVDF) and of one of its copolymers: poly(vinylidene fluoride-co-
trifluoroethylene) (P(VDF-TrFE)).
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Figure 1.22: Structure of polyvinylidene fluoride (PVDF) and poly(vinylidene fluoride-co-trifluoroethylene)
(P(VDF-TrFE)) with monomer units in proportions x for the VDF unit, and 1-x for the TrFE unit.

The piezoelectricity of PVDF was discovered in 1969 by Kawai,? its pyroelectricity two

years later by Bergman et al.63 The ferroelectricity of PVDF was demonstrated in 1974 by Tamura
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et al.6* It was then found by Higashihata et al.5> and Ohigashi et al.¢6 that the copolymer
P(VDF-TrFE) can have higher piezoelectric properties than PVDF. Furthermore, It was shown that
P(VDF-TrFE) does not need to be oriented to exhibit strong ferroelectric properties.6? Other
derivatives of PVDF, ter- or tetra-polymers with three or four different monomer units, are

studied for relaxor purpose.6!

The crystallinity of PVDF and P(VDF-TrFE) comes from the asymmetrical structure of their
polymeric chains, with strong electrical dipole moments (3.5 - 7-10-30 C-m)68 due to the strong
electronegativity of the fluorine atom. Different crystalline phases exist. Figure 1.23 schematised
the possible crystalline phases in PVDF. The o phase corresponds to an alternation of trans-gauche
conformations, and the different chains in the crystal are in opposite directions. As a result, the
crystal unit cell is nonpolar. It is the most stable phase thermodynamically. The  phase
corresponds to an all-trans conformation, which is thermodynamically unstable, but has the
highest dipole. It is the most interesting phase. This phase is hard to obtain: only using specific
polar solvents such as DMF (N,N-dimethylformamide) or by stretching and poling PVDF films
from the a phase. The interest of P(VDF-TrFE) is that by adding some defects (more than 11 %)¢°
in the PVDF chain (i.e. adding some TrFE unit with one fluorine substituted by a hydrogen atom),
the crystallisation from solvent casting or melt occurs directly in an all-trans conformation similar

to the 3 phase of the PVDF.é1
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Figure 1.23: Unit cells of (A) a, (B) 6, (C) y, and (D) [ forms of PVDF crystals viewed along the c-axes and schematic
chain conformations for (E) TGTG’ (a/5), (F) TTTGTTTG’ (v), and (G) all-trans (B) rotational sequences. Red, cyan,
and blue spheres represent F, C, and H atoms. The projections of dipole directions are indicated by green arrows.
(frome?)

|

The properties of the copolymer depend on the ratio between VDF and TrFE units as shown
in Figure 1.24: thick ferroelectric lamellar phases are obtained for a concentration of TrFE above

18 %. The ratio 80/20 will be used in chapter 3 and 4.
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Figure 1.24: a) Phase diagram of P(VDF-TrFE): melting temperature in red, crystallization temperature in blue,
curie temperature on heating in purple, and curie temperature on cooling in green. b) Schematic drawing of the phase
diagram of unpoled P(VDF-TrFE) crystallized by annealing near the melting point or crystallized slowly from the
melts. (adapted from>570)

1.1.2.3 Synthesis pathways of P(VDF-TrFE)

P(VDF-TrFE) can be synthesized via conventional radical polymerisation. In this case,
various temperatures, initiators, reaction times, and processes (in solution or in dispersed media:
suspension, emulsion, or micro-emulsion) can be used.6! When surfactant or stabilizers are used,
their properties are important. Indeed, they can affect the dielectric properties of P(VDF-TrFE)
films. The polymer used in the following chapters were synthesized by conventional radical

polymerisation using a peroxydicarbonate type initiator.

Other syntheses exist, such as synthesizing other derivatives of PVDF with halogens, and
then reducing the halogen to obtain P(VDF-TrFE). In this case, no use of the hazardous TrFE
monomer is needed. Reversible deactivation radical polymerizations, such as iodine transfer
polymerization, RAFT process (using xanthates as chain transfer agents), can be used but lead to

low molar masses.6!

1.1.2.4 Properties of P(VDF-TrFE)

Transitions between different crystalline phases can occur when the polymer is annealed,
stretched or poled (i.e. when a high electric field is applied). Furthermore, it has been shown that
poling can increase the crystal size and the overall crystallinity, and reduce the packing in the
crystallites, for P(VDF-TrFE) films annealed above Tc.”! By poling using increasing electric fields,
more and more dipoles align with the field, which increases the remanent polarization. Bargain et
al.’2 have shown that annealing and poling P(VDF-TrFE) films can increase the size of the crystals

in the ferroelectric phase [Figure 1.25]. During the evaporation of the solvent, P(VDF-TrFE)
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crystallizes into a ferroelectric phase. The conformational defects become the amorphous phase.
During annealing at a temperature above Tg, the ferroelectric phase becomes a paraelectric phase.
The conformational defects can be included in this phase. During the cooling, the defects convert
partially into ferroelectric crystals, and in so called defect ferroelectric crystals at the edge of the
ferroelectric lamellar crystals. If poled at room temperature, the dipoles of the defect ferroelectric
phase align with the field, which removes the conformational defects and converts them into

ferroelectric crystals.
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Figure 1.25: Schematic representation (not to scale) of crystal phase evolution in a crystalline lamella of P(VDF-TrFE)
72/28 %mol film from as-cast to annealed and poled. As-cast film at 25°C, with all-trans ferroelectric (FE) phase (blue).
At 130°C, paraelectric (PE) phase (green) with trans and gauche conformations. At 25°C after annealing, defect
ferroelectric (DFE) phase (pink) and FE phase. After poling, only FE phase is present. ® represents irreversible
gauche conformations (chemical defects) while — represents reversible gauche conformations appearing at
temperature higher than Tc. (from’?)

PE Phase

P(VDF-TrFE) was characterized in terms of polarization versus field. The coercive field E.
is of circa 50 MV/m, and the remanent polarization can reach 110 mC/m2. The theoretical
maximum polarization was calculated to be 130 mC/mz2 for PVDF, and 65 mC/m? for PTrFE. For
the copolymer P(VDF-TrFE), the theoretical maximum polarization can be calculated by weight
averaging of these two values in the absence of mutual interactions.’374 However, the crystals
lattices differ from PVDF to PTrFE and this has to be taken into account in the calculation of the

total polarization of the compound.
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Figure 1.26: Bipolar hysteresis D-F loops for a uniaxially stretched 50/50 mol% P(VDF-TrFE) film in the ferroelectric
(FE) and paraelectric (PE) phases at low (25°C) and high (100°C) temperatures and at three different frequency
(1000 Hz, 10 Hz and 1 Hz). The poling field (a sinusoidal waveform) starts at 25 MV/m and increases with 25 MV/m
increments. a-e: Schematic illustration of the ferroelectric-to-paraelectric Curie phase transition and electric
field-induced ferroelectric domain nucleation/growth and corresponding ferroelectric behaviors in the paraelectric
phase. Dark blue arrows represent large dipoles in the ferroelectric crystal (light blue rectangle) or domains (light
blue ovals). Orange double arrows represent weak dipoles in the paraelectric crystal (light green rectangles).
(adapted from’475)

Depending on the temperature, the polarization curves differ in shape. Figure 1.26 displays
the displacement versus field of a P(VDF-TrFE) film in the ferroelectric phase (at a temperature
below T¢) and in the paraelectric phase (at a temperature above T¢) for three different
frequencies. For the measurements at low temperature, a hysteresis loop is recorded and the
phase is only ferroelectric for each frequency. The remanent polarisation decreases at high
frequency: the bigger ferroelectric domains cannot follow rapid changes of polarization. For the
high temperatures, at high frequency (1000 Hz), there is no remanent polarization: the phase is

only paraelectric. By decreasing the frequency, a double hysteresis appears: ferroelectric domains
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start to grow. At even lower frequency, the hysteresis loop continues to open: the ferroelectric
domains become bigger. The temperature and frequency of poling is then important. At room
temperature, all P(VDF-TrFE) with ratio higher than 55 % of VDF have a T¢ higher than 60°C, and

thus the measurements at room temperature are done in the ferroelectric phase.

Material das [pC/N]
Quartz 2 (d11)

BaTiOs; crystal 85.6
BaTiO3 ceramic 191

PZT (PbZr14Tix03) 171 -300
PVDF -33
75/25 %mo P(VDF-TTFE) -38
Cellular polypropylene 200

Table 1.3: Comparison of some remarkable transverse piezoelectric coefficients of polymeric materials and ceramics.
PZT stands for Lead-Zirconate-Titanate, and BaTiOs stands for barium titanate. (fromé.76)

The piezoelectric properties of materials are characterized by the piezoelectric coefficient
d;; where ds1 and ds; are the longitudinal piezoelectric coefficients and dssz is the transverse
piezoelectric coefficient. dz3 of P(VDF-TrFE) has a value from -40 to -20 pC/N: the polymeric film
contracts in the polarization direction in response to an external electric field.6! The values for
ceramics are much higher [Table 1.3], but P(VDF-TrFE) has other advantages: it is solution

processable, light-weight, flexible, and has lower permittivity.

1.1.2.5 Applications

P(VDF-TrFE) can be used in many devices such as actuators, pressure sensors, acoustic

devices, etc. Figure 1.27 displays the possible applications recorded for piezoelectric polymers.

I 1. Actuators I 12. Loudspeakers & microphones
2. Vibration control Il 13. Microbalances
3. Medical ultrasound I 14. Automotive
4. Pyroelectric IR sensors B 15. Tactile devices
5. Strain & Accelerometers I 16. Planetary science
6. Shape-controlled structures [l 17. Energy conversion
7
8
9

I 11. Electronics

‘?ﬂ:
\ . Structural health monitoring  [Jll 18. Shock sensors
. Hydrophones I 19. Property measurement
. Other medical I 20. Porous polymer applications
10. Acoustic wave devices 21. Pyroelectric IR arrays

Figure 1.27: Piezoelectric and pyroelectric applications of electroactive polymers during the years from 1999 to 2004
(adapted from’7)
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Figure 1.28: Example of applications using P(VDF-TrFE): a) health monitoring pressure sensor (from’8), b) micro-lens
with variable focal (from”?), c) adaptive acoustic transducer (from8°), d) flexible keyboard (from®1).

Four examples are displayed in Figure 1.28. First a pressure sensor where P(VDF-TrFE) is
sandwiched between two PEDOT electrodes and encapsulated in silicone rubber. This pressure
sensor is used to monitor health and measure heart beat. The second device is a micro-lens with
variable focal. The variation of the focal length is induced by the modification of the shape of a
transparent elastomer membrane filled with optical liquid. The deformation of the membrane is
caused by the displacement of actuators (using a fluorinated polymer as active layer). The third
device is an adaptive acoustic transducer. In this case, P(VDF-TrFE) is used as actuator to tune the
folding angle of an acoustic foam. Depending on this angle, the response to each frequency varies.
And last, pressure sensors can also be used as human-machine interface such as a flexible

keyboard. In this case, the information measured has to be translated into a specific sound.

In this part, dielectric materials were described. This category of materials can be
subdivided in piezoelectric, pyroelectric and ferroelectric materials. The corresponding
properties have been detailed. Not just ceramics possess piezoelectric properties; polymers such
as PVDF and P(VDF-TrFE) also display interesting properties and have the advantages with
respect to ceramics to be easily processable and flexible. The possible synthesis pathways of
P(VDF-TrFE) were given. The variation of the crystallinity of these polymers was correlated to the
temperature and to the ratio between the VDF and the TrFE unit. The most interesting phase, the

[ phase, is obtained directly from solvent casting for P(VDF-TrFE) with more than 11 % TrFE at
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room temperature. The influence of annealing and poling onto the ferro-, defect ferro- and para-

electric phases were described.

The two types of polymers previously studied are used in printed electronics. They can be
deposited using solution processes. The next session describes the possible printing processes for

functional inks such as PEDOT:PSS or P(VDF-TrFE).

1.2 Printing technologies

1.2.1 Printing processes overview

1.2.1.1 Small history of printing

The objective of printing techniques is to reproduce an image or a text without having to
draw it manually. Numerous printing techniques exist. Since ancient times, woodcut technique
was used to transfer a design carved on wood onto a paper or a textile. First used in Asia in the
7th century, it appears in Europe in the 15t century. Movable types were first created in China in
the early 11th century using porcelain, clay, wood, and then copper. Bronze types were created in
Korea in the early 13th century. Gutenberg introduced the first press with movable types (in an
alloy oflead, tin, antimony, copper and bismuth) in Europe in mid-15th century. That is the starting
point of printing presses. The presses were first flat, printing one sheet at a time. The first roll-to-
roll press appears in mid-19t% century. Non-contact printing was developed later in the

20th century.s!

1.2.1.2 Printing processes and properties

Various printing technologies exists. They are principally used in print media but some of
them can be used to deposit functional inks in printed electronics. The other are not suitable due
to their way of working. For example, the processes using toner need charged or magnetic
particles with relatively low melting temperature to be melt onto the substrate. That is not the
case for polymers used in printed electronics. Figure 1.29 depicts all the printing processes and
highlights those that are appropriate for printed electronics. Two main types of depositions exist:
with or without contact. In the first case, the ink is deposited on a substrate using a master, which
is the image carrier (it stores a static design like a stamp). In the second case, the ink is directly

deposited to the substrate, and the printed design can be different from one substrate to the other.
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Printing Technologies

Conventional Printing
(with master)

(masterless)

Non-Impact Printing
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Figure 1.29: Printing technologies (adapted fromé8l). In yellow processes used in printed electronics.

Figure 1.30 displays a schematic of screen-printing: the master is then a screen covered with

a mask. The ink is pushed through the holes with a squeegee at a certain speed and pressure, and

with a certain air gap between the substrate and the mask. During the deposition, the mask is

slightly distorted and comes into contact with the substrate at the position of the squeegee. The

ink has to be shear thinning: viscous at low shear to stay on the screen, and very fluid at high shear

to pass through the meshes. Then the ink has to become viscous again so as not to spread out

before drying. This technique allows the deposition of thick layers. It is more and more used in

printed electronics.82-84
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7 20ne \
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the screen .

'Printing master

Residual {screen)

ink

Ink film
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Ink permeable (e.g., paper)

area

Figure 1.30: Schematic of screen-printing. (adapted from8?)



52 Chap 1: ORGANICS ELECTRONICS AND PRINTING TECHNOLOGIES

Figure 1.31 displays a schematic of flexography printing. The principle is the same as
stamps: a thick and soft printing plate, which has in relief the design to be deposited, is inked and
pressed onto the substrate. The inking is done by an anilox roller, which is a metallic roll with
numerous small holes filed in an ink chamber. The disadvantage of this process is the poor
resolution caused by the pressing of the soft printing plate onto the substrate. However, this
technology evolved and the resolution is more and more increased, which explains its use in

printed electronics.8586

Printing A Printing substrate
plate
{soft)

Plate cylinder

Impression cylinder (hard)

Elastic printing plate with
raised image elements

Anilox roller

Ink supply
{chambered doctor

blade system) Cells of the anilox roller Inked up

filled with ink image element

Figure 1.31: Schematic of flexography printing. (adapted from51)

Figure 1.32 displays a schematic of offset printing. The printing plate is very thin and hard
contrary to flexography printing. The differentiation between the hydrophobic printing areas and
the hydrophilic non-printing areas is done by physical means: the plate is first dampened, the
water covers the non-printing area, and then the oil-based ink is added and covers only the area
without water. Everything is transferred to a soft polymeric blanket that conveys the ink to the
substrate. The ink has to be viscous so as not to spread onto the blanket before being transferred
to the substrate. Another offset technique can be used without water with a plate that is covered
with a 2 pm silicone layer that repels the ink at the non-printing area, and silicone oil is added to
the ink. Very high resolution can be obtained. The high resolution is interesting and can be used
to miniaturize devices.87:88 Offset can also be combined with other printing processes, for example
with screen-printing: the ink is screen-printed on a blanket that absorbs organic solvent, for better

resolution, and then the ink is transferred to the substrate.89.90
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Figure 1.32: Schematic of offset printing. (adapted from®51)

Figure 1.33 displays a schematic of gravure printing. The master is a steel cylinder covered
by a copper layer that is engraved with very tiny holes. The holes are equally spaced with variable
depth or variable area or both. The holes are filled with the very fluid ink via an ink fountain and
a doctor blade. The ink is transferred to an absorbent substrate, when it is pressed to the gravure
cylinder, by capillary mechanisms. It can be used to deposit very thin patterns of functional

ink.91-93

Impression cylinder/roller

=
-
>
<

Gravure
cylinder

Blade Image elements are equally
spaced but differ in area and
volume (variable depth and

Ink fountain variable area)

Figure 1.33: Schematic of gravure printing. (adapted from51)
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Contrary to the previous printing techniques, inkjet printing is a non-contact deposition.
Figure 1.34 displays schematics of the different inkjet printing techniques. For continuous inkjet,
drops are ejected via a pump at a fixed interval, and the drop that should not be printed are
deflected using a high voltage field. For drops on demand (DoD) inkjet, only the drops that have
to be printed are ejected. Two mechanisms exist. Thermal inkjet uses the evaporation of a part of
the solvent in the jet chamber when a heat is applied to create a gas bubble that ejects the
corresponding ink volume. Piezo inkjet uses a piezoelectric material, that is deformed when a
voltage is applied, to change the volume of the jet chamber and then to eject an ink drop. The
advantage of this technique is that printing can be carried out on complex surfaces not only flat
substrates and the design can be modified from one printing task to the other. It is widely used in

device fabrication.91.9495

Continuous Inkjet Drop On Demand Inkjet
Thermal Inkjet Nozzle
Imaging
Charging _ signal Bubble \\
electrode Drop deflection

Piezo crystal (high voltage field) RS }
(approx. 1 MHz) / = ) caw i
Ink AN N

e © 0o Heat source )
= Imaging
= Specifications (example): signal L
\ approx. 60 uny Drop frequency: approx. 5-8 kHz /
Nozzle Drop diameter: approx. 35 pm .
(@ approx.12 pm) Gutter e
Piezo Inkjet )
Imaging Paper
signal W
Pump Piezo
Paper ceramics
’ Ink
Specifications (example):
Drop frequency: approx. 1 MHz \
Drop diameter: approx. 20 ym Nozzle
Drop speed: approx. 40 m/s Specifications (example): L

Drop frequency: approx. 10-20 kHz
Drop diameter: approx. 30 pm

Figure 1.34: Schematic of inkjet technologies. (adapted from?1)

Table 1.4 summarize the mechanisms, drying process and inks properties of the printing

processes that can be used in printed electronics.
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Table 1.4: Properties of different types of ink in printing process. (adapted from51)
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In fact, other solution processes, not used in traditional printing because they allow the
deposition of only complete films or of patterns in one direction, can be used in printed
electronics. Figure 1.35 schematize most of them. Dip coating consists of dipping a substrate in a
solution and removing the substrate at a constant speed. Depending on the speed and interactions
between the solution and the substrate, a film can be deposited with a certain thickness. For
doctor blade, the thickness of the film depends on the speed of the blade, of the air gap between
the blade and the substrate, and of the viscosity of the solution. In metering rod technique, the ink
goes through a spiral hole in the rod. The thickness of the deposited film depends on the depth
and the wavelength of the spiral hole. In spray coating, very thin droplets of the solution are
ejected using gas pressure and a nozzle. The thickness of the deposited film depends then on the
time of deposition. The films are not very homogeneous due to the fact that the quantity of

droplets is lower at the border than at the center.

—_—

Dip-coating Doctor Blade  Metering Rod Spray-coating Spin-coating Slot-casting

Figure 1.35: Schematic of various solution deposition methods used in functional printing. (adapted from%)

Spin coating technique is more detailed in Figure 1.36. It consists of the deposition of a drop
of the solution onto the substrate. The ink flows outwards during the rotation of the substrate at
high speed due to centrifugal force. Finally, excess solution is ejected from the substrate and very
thin films are obtained. The solvent is either evaporated during the process, if they are very
volatile, or afterward by heating the substrate. Spin coating is widely used at the laboratory scale

to study materials for device applications.97-99

OUTWARD LIQUID FLOW DUE FINAL POLYMER FILM
TO CENTRIFUGAL FORCE A

OUTWARD LIQUID FLOW DUE l"-‘.l ; EVAPORATION
TO CENTRIFUGAL FORCE aa | i 4+
A I "
| o) gy
l — ".‘"“ ! .'

L — ~ —> —

/ I
ROTATING PLATFORM | /J\

A]\GULAR VELOCITY

POLYMER SOLUTION . EVAPOR a\TIO]\

SUBSTRATE

)

Figure 1.36: Schematic of spin coating. (adapted from199)
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The slot die coating is detailed in Figure 1.37. The ink is pushed through the slot of a head
using a certain pressure and the substrate is moved at a constant speed. A shim can be added in
the slot to block some space and enable the deposition of lines. This technique is used to deposit

very thin and homogeneous films. It is used to create layers of devices.91.101,102
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Figure 1.37: Schematic of slot die coating. (from193)

Numerous deposition processes can then be used to deposit patterns or homogeneous films
of functional inks to create flexible devices using low temperature and low pressure. For each
process, the ink needs specific properties.’®% Indeed, capillary interactions between in ink and
mesh, nozzle, slot and holes are important. Depending of the substrate, wettability problems can
occur and specific formulation can improve the wetting properties. Furthermore, rheological
behavior has to be considered: for some deposition processes a very fluid ink is needed, as for
inkjet (5 - 40 mPa.s)106107, and for others a very high viscosity with shear thinning and elastic
behavior is required, as for doctor blade or screen-printing.!% In the next part, a brief view of

rheological behaviors will be exposed.

1.2.2 The rheological behavior of inks

The rheological properties of an ink may depend on different parameters such as the
deformation y, the processing time t (thixotropic behavior), the processing shear rate y = %, the
temperature T, etc. Inks may also have a yield stress 7, that is the minimum shear stress 7 above

which the ink can flow.

To obtain the rheological properties of a solution, rheometers are usually used. To measure

the solution viscosity, a shear rate y is applied to the ink contained in different geometry cells and
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the corresponding shear stress 7 is measured. The viscosity is calculated with the relation n = %

Newtonian fluids, for example, follow the relation T = ny where the viscosity n is constant. For so
called Bingham fluids!%9, a yield stress 7, is present and the stress is written as t = 7y + kY.
Power-law fluids follow the Ostwald - de Waele relationship!10 7 = ky™ = n(y)y which leads to
n(y) = ky™ 1. For n<1 the solution is shear thinning. For n>1, on the other hand, the fluid is shear
thickening which is a behavior to avoid for printing processes. The Herschel-Bulkley model!!!
covers a large spectrum of behaviors using the yield stress t, the flow consistency index k, and
the flow behavior index n: the stress is given by t = 7, + ky™. Figure 1.38 depicts the six main
classes of rheological behavior: Newtonian, Bingham plastic, shear thinning with and without a

yield stress, and shear thickening with or without a yield stress.

Shear thickening with yield stress

Bingham plastic
Shear thinning with yield stress

Shear thickening (dilatant)

Stress

Newtonian

Shear thinning (pseudoplastic)

Rate of Strain
Figure 1.38: The six main classes of the time-independent fluids presented in a generic graph of stress against strain
rate in shear flow. (from112)

Inks may also show elastic behavior. The elasticity of the ink is an important property to
take into account. It can be determined using dynamic oscillation stress sweep. The complex shear
modulus G* = G’ + iG" is measured and can be decomposed into two parts: the storage modulus
G' represents the elastic behavior of the ink, and the loss modulus G" gives the viscous

contribution. Both are constant in the linear viscoelastic range. Hook’s law models ideal elastic

fluids: G* = % = c¢st. In the case of ideal elastic fluid, G'’ = 0; for an ideal viscous fluid, G’ = 0.

In the general case of a so called viscoelastic fluid: if G' > G’ the fluid is a viscoelastic liquid, and

if G' > G'"' the fluid is a viscoelastic gel (or soft solid).!*?

These methods to measure rheological behavior will be used in the next chapters to

characterize organic inks for different processing purpose.
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1.3 Conclusion

In this chapter, the properties of two different types of polymer used in printing electronic
devices were described. First PEDOT semi-conducting polymers were discussed in terms of
syntheses and formulations or post-treatments to modify the doping level and to increase the
conductivity of PEDOT films. Probable structural modifications and mechanisms of the electronic

transport with the impact on the doping level and the color of the polymer were explored.

Then the properties of a dielectric polymer, PVDF, and its copolymer P(VDF-TrFE) were
described. The relation between the ratio VDF/TrFE on the crystallinity, as well as the influence
of annealing and poling onto the different electric phases (ferro-, defect ferro- and para-electric

phases) was discussed.

These two polymers can be deposited with solution processes. The different printing
methods used in printed electronics were described. For each process, the inks need specific
properties, taking into account the capillary interactions during the deposition, the rheological
behavior needed for the process, and the wettability of the substrate. The variety of rheological

behaviors were also discussed.

In the following chapters, two functional inks for printed electronics, PEDOT based inks and
P(VDF-TrFE) inks, will be formulated for various deposition processes. Additives will enable the
modification of the wettability properties of the inks and rheological behaviors. Films will be
deposited and characterized. Finally, pressure sensors using these formulations will be created

and characterized.
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2.1 Introduction

Organic semi-conducting polymers are attractive for their competitive price and low
processability requirements. Aqueous solutions of these polymers can be deposited with a variety
of processes to make thin, flexible and transparent conductive films. Such films can be used as
transparent electrodes in organic light emitting diodes or organic photovoltaic cells. Poly(3,4-
ethylene dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [Figure 2.1] is the only
PEDOT:polyanion system which is commercially available. It has interesting properties: sheet
resistance Rs in the range 50 < Rs < 1000 }/0 and transmittance T in the range 75 < T < 90 %.1
To produce thin films using this ink, different deposition processes are used: flexography,?
screen-printing,® rotogravure,*® inkjet,*’ offset, slot-dye,® doctor blade,® 3D printing® etc. Each
process has its benefits and drawbacks and needs an ink with specific rheological properties.™
For example, a fluid ink with low viscosity (5-40 mPa.s) is needed for inkjet printing,1213 while a
viscous shear thinning ink with elastic behavior or possessing a yield stress is required for doctor-
blading and screen-printing.1* A key property to allow a good processability of the ink is therefore

its viscosity and its rheological behavior.

. On the market: PEDOT:PSS Developed: PEDOT:PSTFSI
PEDOT PSTFSI
PSS
0
e I
wmO—S=0

Figure 2.1: Structure of the commercial complex PEDOT:PSS (poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate)) and the home made complex PEDOT:PSTFSI (poly(3,4-
ethylenedioxythiophene):poly(4-styrene trifluoromethyl (bissulfonylimide))
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Other counterions than PSS exist to stabilize PEDOT via ionic bounds in aqueous solvents
such as poly(4-styrene trifluoromethyl(bissulfonylimide)) (PSTFSI)** [Figure 2.1]. It will be
shown that PSTFSI give comparable conductivity and transparency properties to the films.
However, the rheological properties of PEDOT:PSS and PEDOT:PSTFSI inks are especially
different. For example PEDOT:PSTFSI inks can form a physical gel even at low concentrations,
making it attractive for processing purposes while PEDOT:PSS shows only minor shear thinning
behavior for concentrations as high as 1 %w:. This difference in behavior is in part due to structural

differences between the polyanions: PSTFSI favors hydrogen bonds while PSS does not.

In this chapter, the structure of the home-made PEDOT:PSTFSI inks will be explored as well
as their rheological properties and wettability. Then the films properties will be studied in
function of the deposition process: doctor blade, screen-printing, inkjet, and soft blade deposition.
It will be shown that PEDOT:PSTFSI inks can be adapted to each of these processes by simply
tuning the concentration, making their formulation simple while keeping comparable

optoelectronic properties as commercial inks.
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2.2 Materials & Methods
2.2.1 Materials

To synthesize the anion STFSIK, the polyanion PSTFSIK and then the complex
PEDOT:PSTFSIK, numerous chemicals were used: N,N-dimethylformamide (DMF) and dry-
acetonitrile (from Acros Organics); ethanol, acetone, isopropanol, hydrochloric acid, oxalyl
chloride, dichloromethane, sodium 4-vinylbenzenesulfonate, 2,2’-azobis(2-methylpropionitrile)
(AIBN), potassium carbonate, iron III chloride and ammonium persulfate (from Sigma Aldrich);
sodium bicarbonate and triethylamine (from Fisher); S-dodecyl-S'-(a,a’-dimethyl-a'’-acetic acid)
trithiocarbonate (Chain Transfer Agent: CTA) and trifluoromethanesulfonamide (from ABCR);
Lewatit MP 62 WS and S100 KR (from Lanxess). All products were used without further

purification.

To formulate the different inks, Zonyl FS-300 fluorosurfactant, dimethyl sulfoxide (DMSO),
polyethylene oxide (PEO) (Mw: 8000kDa) (from Sigma Aldrich) and ethylene glycol (EG) (from

Fisher) were used.

To render glass or gold substrate more hydrophobic, toluene, chloroform,

octadecyltrichlorosilane (OTS), and octane-thiol (from Sigma Aldrich) were used.

2.2.2 Synthesis: from monomer to polyanion to complex

PEDOT:PSTFSI

To stabilize PEDOT in water, ionic interactions with potassium salt of poly(4-styrene
trifluoromethyl (bissulfonylimide)) (PSTFSIK) were used. PSTFSIK is however not commercially
available, as its monomer. For this reason, we have synthesized the potassium 4-styrene
trifluoromethyl (bissulfonylimide) (STFSIK) monomer, the PSTFSIK polyanion, and then the
complex PEDOT:PSTFSL

The synthesis of the STFSIK monomer was inspired from the literature?¢ [Figure 2.2]. Oxalyl
chloride and N,N-dimethylformamide (DMF) were mixed in dry-acetonitrile in presence of
4-vinylbenzenesulfonate  of  sodium to form a  Vilsmeier reagent. The
trifluoromethanesulfonamide nucleophile was added with triethylamine base. The salts were
eliminated using potassium carbonate and hydrochloride acid. The counterion was replaced by
potassium ion using potassium carbonate solution. The monomer precipitated and was then dried

at 50°C under vacuum with a yield around 40 %.
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Figure 2.2: Synthesis of potassium 4-styrene trifluoromethyl (bissulfonylimide) (STFSIK)

The synthesis of the PSTFSIK polyanion followed previous studies!” [Figure 2.3]: the

monomer STFSIK was mixed with 2,2’-azobis(2-methylpropionitrile) (AIBN) and the RAFT chain

transfer agent S-dodecyl-S’-(a,a’-dimethyl-a'’-acetic acid) trithiocarbonate (CTA) in DMF at 68°C

during some days. Then more monomer was added. At the end of the reaction, the polymer

PSTFSIK was precipitated in THF, diethyl ether and some methanol two times (after redissolving

in DMSO). The polymer was then dried at 60°C under vacuum (yield = 50 %).

S
HOOC s)l\s/ (EH2liCHs
A g
AIBN
CTA
—» Precipitation
DMF
68°C
O=?=O O=?=O
e e
O=?=O O=?=O
CF; CF3

Figure 2.3: Synthesis of potassium poly(4-styrene trifluoromethyl (bissulfonylimide)) (PSTFSIK)

The chemical structures of the monomer STFSIK and polyanion PSTFSIK were checked

using 'H-NMR spectroscopy (recorded on a Bruker Avance III HD 400 equipped with a 5 mm
Bruker multinuclear direct probe) in deuterated DMSO at 298 K and 100.7 MHz [Figure 2.4 and

Figure 2.5].
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Figure 2.4: 1H-NMR spectroscopy of STFSIK in dimethylsulfoxyde-D6.
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Figure 2.5: 1H-NMR spectroscopy of PSTFSIK in dimethylsulfoxyde -D6.

The molar mass of the polyanion was tracked by size-exclusion chromatography (SEC) [See
Appendix 2: Figure A.2-1] recorded on an Agilent PL-GPC 220 High Temperature Chromatograph
calibrated with polystyrene standards using three-columns sets: Shodex GF-1G 7B column and
two-times Shodex Asahipak GF-7M-HQ columns with a 0.6 mL/min flow at 75°C in DMF with
0.1mol/L LiBr using 0.15 % toluene as flow marker. Polymers with different molar masses were

obtained: i.e. 80, 90 and 250 kDa [See Appendix 2: Table A.2-1].

The complex poly(3,4-ethylenedioxythiophene):poly(4-styrene trifluoromethyl
(bissulfonyl-imide)) (PEDOT:PSTFSI) was then synthesized using an oxidative polymerization of
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EDOT in presence of ammonium persulfate, iron III chloride and PSTFSIK in water [Figure 2.6].18
Purification of the complexions was done by using a cationic and an anionic ion-exchange resins
(Lewatit S100 KR and MP 62 WS). The solution was then concentrated using an ultrafiltration cell.
The concentration was determined by measuring the absorbance of the solution in a 1 mm optical
glass cell with a UV-360 Shimadzu UV-Vis-NIR-Spectrophotometer. The relation between the
absorbance and the concentration was determined previously using the Beer-Lambert law:

C = 0.565 X Abs.

PSTFSIK
FeCls

o
(NH4)2520¢ i
U _HneTs gresinwash__ o pEDOT:PSTFSI — = Concentration — 3 Formulation — 3 Processing

H,0 24h
10°C
S 2 days j\
PEDOT PSTFSI

|
O:?:O O:?:O
e I‘il |\|JH
0=s=0 0=8=0

y . |

BRI [ E ey N

N S| |
o] O=?=O O=s|=o o:gl;:o
CF3 CF3 CF3

\ PSTFSI

Figure 2.6: Synthesis and structure of the complex poly(3,4-ethylenedioxythiophene):poly(4-styrene trifluoromethyl
(bissulfonylimide)) (PEDOT:PSTFSI)

2.2.3 Formulations of PEDOT:PSTFSI solutions

The obtained solutions of PEDOT:PSTFSI were then formulated by changing the
concentration of the complex in water and adding additives: 5 %o of a high boiling point solvent
(DMSO or EG) was used to enhance the conductivity of the films after drying as explained in the
litterature'®?°, and 0.04 % of an anionic fluorosurfactant surfactant (Zonyl FS-300) was added to
improve the wettability of the ink. Indeed, the addition of surfactant decreases the surface tension
of the ink (from close to the one of water, 72 mN/m, to 24 mN/m). This allows deposition onto
plastic substrates by doctor blading or inkjet printing, or could allow the ink to flow through the
mesh of the screen in screen-printing. The concentration 0.04 %uw: of surfactant was chosen as it

is just above the critical micelle concentration of the surfactant in water [Figure 2.7].
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Figure 2.7: Surface tension of solutions of Zonyl FS-300 fluorosurfactant in water for different concentrations:
determination of the CMC = 0.01 %wt.

The rheological properties [Figure 2.8] and surface tension [Table 2.1] of PEDOT:PSTFSI
inks formulated with and without surfactant and/or high boiling point solvent were measured. It
is found that the low concentration of additives (DMSO or EG) have no significant influences on

the viscosity and surface tension.
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Figure 2.8: Rheological behavior of PEDOT:PSTFSI inks formulated with a high boiling point solvent (DMSO or EG)
and/or with a surfactant (Zonyl FS-300 fluorosurfactant). Measures were done with a shear rheometer (cone plate
geometry: 50 mm diameter and 1°angle): viscosity versus shear rate obtained by applying shear rate ramps at 18°C.

Solution Surface tension (mN/m)
Water 72.240.8
Water + 5 %o DMSO 66.710.3
Water + 5 %vo EG 68.3+0.5
Water + 0.04 %..: surfactant 24.1+0.2
Water + 5 %yo DMSO + 0.04 % surfactant 23.1+0.3
Water + 5 %voi EG + 0.04 % surfactant 23.710.1

Table 2.1: Surface tensions of water with DMSO or EG (5%voi) and/or Zonyl (0.04%mass) as additives.



CHAP 2: PEDOT:PSTFSI INKS FOR VARIOUS DEPOSITION PROCESSES 75

For the soft blade deposition, a high molar mass neutral polymer (PEO g 000 kpa) was used to

increase the elasticity of the ink.
2.2.4 Characterization of PEDOT:PSTFSI solutions
The solutions were then characterized in terms of rheological behaviors.

An Anton Paar MCR302 rheometer was used with a CP50-1° geometry (cone 50 mm - 1° /
plate) [Figure 2.9]. Different temperatures, shear rates and shear stresses were applied to

measure the shear viscosity and viscoelastic behavior of the solutions.

/— Rheodr:nfter —\
C

Figure 2.9: Rheometers schematic with a cone / plate geometry

A Kriiss Drop Shape Analyzer DSA100 was used with a pendant drop method and a

1

Young-Laplace model?*?%: AP = (Pyp — Poye) =T (R— + Ri) where I' is the surface tension of the
1 2

fluid, AP is the pressure difference at the interface between the drop and the surrounding air, R,

and R, are the principal radii of the drop. For concentrated solutions with gel behaviors, it was

not possible to use this technique. In that case, the surface tension was measured using Tate’s
23,24,

law***% Mgpop X g = 27 X Tegpinary X I Where I is the surface tension of the fluid, mg;.,), is the

weight of one drop, 7¢gpiiary is the internal radius of the needle, and g is the gravitational force.

The structure of the complex PEDOT:PSTFSI in solution was determined by liquid Atomic
Force Microscopy (AFM), Dynamic Light Scattering (DLS) and cryo-Scanning Electron Microscopy
(cryo-SEM). Liquid AFM was performed on a Bruker Dimension FastScan AFM, with very diluted
solutions of polymers deposited on HOPG (Highly Ordered Pyrolytic Graphite) using a taping
mode. Hydrodynamic radius was extracted from DLS measurement of diluted solutions of
PEDOT:PSTFSI done on a ALV / CGS-3 Compact Goniometer System equipped with a helium-neon
laser (A=632.8 nm).

Cryo-Scanning Electron Microscopy (cryo-SEM) was performed at BIC (Bordeaux Imaging
Center) (Zeiss Gemini 300) platform. The solutions were frozen with high pressure freezing (HPF)

to obtain amorphous water ice not to damage the polymer during the freezing with ice crystals
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(250 bars / liquid nitrogen / 6 s). The frozen solutions were then sublimated (10 - 20 min at 95°C)
and observed at 3 kV.

After characterizing the solutions, and before depositing the solutions, substrates need to

be prepared.

2.2.5 Substrate preparation

Generally, microscope slides were used as substrates. Before printing, they were cleaned by
sonication for 15 minutes in ethanol, acetone and isopropanol, respectively. Some depositions
were done on poly(ethylene terephthalate) (PET). In this case, the PET was rinsed with acetone

and dried with compressed air.

To change the wetting properties of the glass substrates, glass slides were silanized
[Figure 2.10]. The purpose of this reaction is to functionalize a hydrophilic surface containing
hydroxyl groups (like glass) and render it hydrophobic. The slides were cleaned as before, dried
over night in an oven at 100°C, treated 15 min by UV-ozone, placed 20 min in a glass container
filled with a solution of 0.5 %y, Octadecyltrichlorosilane (OTS)* in toluene,?® then placed in
chloroform bath for a few hours before being rinsed with toluene. A Kriiss Drop Shape Analyzer
DSA100 was used with a contact angle method to check the surface free energy of the silanized
glasses: 20 + 3 mN/m were found with almost only a dispersive contribution. In contrast, the
surface free energy of untreated glass was measured at 60+ 39 mN/m and of PET at
40 + 18 mN/m. The contact angle of water drops on the silanized glass obtained is 105 + 1°, while

the contact angle of water on untreated glass is 15 + 3°, and 66 + 2° on PET.

i

|(|3H2|17

Si CHj CH3 CHj
¢ ¢l ' ' '

cl — |C|3H2|17 |<|3H2|17 l?Hzl17
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| | | I —— |
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few water HCI

Figure 2.10: Silanization reaction on hydrophilic substrate. (adapted from?”)

For conductive AFM, ITO substrates were used, as well as glass substrate on which 10 nm
of chrome and 100 nm of gold were thermally evaporated. Some of these gold substrates were
then rendered more hydrophobic using one hour bath of octane-thiol concentrated at 0.01 mol/L

in ethanol.?8 For small substrates, the contact angle increases from 91 + 3° to 103 + 1°. For large
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substrates, used for the soft blade deposition, the contact angle only increases from 81 + 6° to

97 + 1° for a three days bath.

2.2.6 Deposition and drying of PEDOT:PSTFSI solutions

Four depositions processes were used: doctor blade to deposit flat tint, screen-printing,

inkjet printing and soft blading to print patterns (with and without contact) [Figure 2.11].

Doctor Blade Screen-printing
( Doctor Blage \ (

-
Soft Blad
/—0 ade

tra“SI?Jaren‘t

Ydt‘()phobi §

c

Substrate ‘Microsco

\_ be  J

Figure 2.11: Schematics of the deposition processes: doctor blade, screen-printing, soft blade and inkjet

An Erichsen Doctor Blade was used to deposit inks on microscope slides with different air

gaps (between 50 and 150 um) and speeds (5 or 10 mm/s).

A single nozzle Microfab Jetlab4 inkjet printer was used with a MJ-ATP-01-050 nozzle.

Different parameters were adjusted to stabilize drops. Printing was done on glass.

For screen-printing, a mask was first created on a screen (mesh size of 150 wires/cm with
a diameter of the wires of 30 um) [Figure 2.12]: the designed pattern was printed firstly with a
Studio 3005AC Toshiba copier two times on PET to create a mask. Then a CDF Vision 15 pm
emulsion (a diazo dual-cure capillary film) was placed on the screen with deionized-water. After
drying, the mask was exposed 7 minutes to UV-light and then revealed using a Karcher pressure
washing. An EKRA X5 screen-printer was then used with squeegee in modified polyurethane and
the dried screen. The ink was deposited with a pressure of 120 N, an air gap between the screen

and the substrate of 1 mm, and a squeegee speed of 180 mm/s.



78 CHAP 2: PEDOT:PSTFSI INKS FOR VARIOUS DEPOSITION PROCESSES
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Figure 2.12: Creating a screen with mask for screen-printing

For the last process, a soft blade was used. The purpose of this deposition is to create lines
of a water-based polymeric ink on a hydrophobic substrate by using the instability of the contact
line near the soft blade. It has been shown that lines should be obtained for highly shear-thinning
polymer solution.?® A soft blade (a sheet of Mylar 1.5 x 4 cm? with a thickness of 200 pm) was fixed
to a Marzhauser Wetzlar (SCAN IM 130 x 100) translation stage on a Zeiss Axio observer Al
inverted microscope. Depositions were done at speed from 0.02 mm/s to 20 mm/s on silanized

glass or gold treated with octane-thiol and recorded with a Hamamatsu Orca flash 2.8 fast camera.

After deposition, PEDOT:PSTFSI films were dried 5 minutes at 120°C. For the last

deposition, the lines dried before the end of the deposition at ambient temperature.

After deposition of the solutions and drying of the films, they were characterized using

different techniques.

2.2.7 Characterization of the depositions

To characterize the topology of the films, two techniques were used. A Brucker Dimension
FastScan AFM (in solid state and taping mode) allows the determination of the topology of
surfaces from 30 by 30 to 1 by 1 pum?. A conductive mode was also employed to measure the
surface conductivity of the films. While a Jeol 7800-E Prime Scanning Electron Microscope (SEM)
enables the observation from very large scale of the film (700 pm) to very low scale (up to 0.5 pm).
It was used with a GBSH (Super-High resolution Gentle Beam) mode to see the PEDOT films
without having to metalize it, and so it was possible to see the polymer itself and not the cracks of

the platinum.

To obtain the conductivity o of the films, the thickness t was firstly measured with a Bruker

Dektak XT-A profilometer, and the sheet resistance R with a Jandel RM3-AR four point probes.

The conductivity was then calculate using the relation: o = .
S
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2.3 PEDOT:PSTFSI inks characterization

In the following part, the properties of PEDOT:PSTFSI inks will be discussed, starting with
the structure of the inks, then their rheological properties in shear and extension, and finally their
wettability behavior. The aim is to formulate the PEDOT:PSTFSI inks for different deposition
processes. Two important properties control the processability of the inks: the rheological
properties controlled by the concentration as well as the structure of the polymers, and the
wetting properties, partially controlled by the surface tension of the inks (which has to be

compared with the free surface energy of the substrate).

2.3.1 Polymer structure and conformation in solution

The structure of commercial PEDOT:PSS solutions and of home-made PEDOT:PSTFSI
solutions was determined by three different methods: Dynamic Light Scattering (DLS), liquid

Atomic Force Microscopy (AFM), and cryo-Scanning Electron Microscopy.

The hydrodynamic radii of the complex PEDOT:PSTFSI go xpa, and of the commercial
PEDOT:PSS p1 1000 were extracted from DLS measurements on very diluted solutions. Figure 2.13

displays the normalized correlation function g measured for a very diluted PEDOT:PSTFSI go pa

—t/T

solution at five different angles, and the corresponding fit function: g(t) = e where T is the

4mnsin(6/2)

. the wave vector, D the

relaxation time following the relation %= 2Dq? with q =

diffusion coefficient, n the refractive index of the solvent (1.33 for water), and A the wavelength

of the laser. The hydrodynamic radius R;, can then be extracted from the Stokes-Einstein law:

D= 6:: - where k = 1.380649 - 10723 J/K is the Boltzmann constant, T the temperature in
h

kelvin degree, n the solvent viscosity, and D the diffusion coefficient.29.30
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Figure 2.13: a) Correlation function g recorded during 15 min of a diluted solution of PEDOT:PSTFSI s kpa at five
different angles (30° 60° 90° 120° and 150°) with corresponding exponential fit and b) the inverse of the relaxation
time versus the wave vector.

Ink Rn [nm]
PEDOTPSS PH 1000 425-480

PEDOT:PSTFSIgokpa | 510-570
Table 2.2: Hydrodynamic radius of two PEDOT:polyanion inks

Hydrodynamic radius around 510 - 570 nm was obtained for PEDOT:PSTFSI gok pa solution,
and around 425 - 480 nm for commercial PEDOT:PSS py 1000. Solutions [Table 2.2].

Further characterization of the complex was performed using liquid AFM and cryo-SEM.
Liquid AFM allows the visualisation of the topology of polymers in very diluted solutions
deposited on HOPG (Highly Ordered Pyrolytic Graphite) [Figure 2.14]: the complex
PEDOT:PSTFSI g0 kpa forms aggregates while PEDOT:PSS (PH 1000 or IJ 000) chains stay far one
from each other. In any cases, the polymers sink to the substrate. The measured thickness of one
polymeric chain is in the range of a few nanometers (1.5 - 4 nm), and a width in the range of
10 - 30 nm. The difference of one order of magnitude between the thickness and the width can

be explained by the fact that the polymer lies flat on the substrate during the measurement.
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Figure 2.14: liquid AFM images (tapping mode) of very diluted PEDOT:PSTFSI so kp4, commercial PEDOT:PSS pr 1000 and

PEDOT:PSS iy 1000 in water on HOPG (Highly Ordered Pyrolytic Graphite) and respective profiles.

Cryo-SEM measurements were done on solutions of PEDOT:PSTFSI g kpa concentrated at
1 %w: [Figure 2.15] and 0.5 %uw: [Figure 2.16], and on one solution of PEDOT:PSS commercial
(PH 1000) [Figure 2.17]. For both inks with PSTFSI as polyanion [Figure 2.15 and Figure 2.16], a

random network was found, and the thickness of one PSTFSI chain was estimated in the order of

4 - 10 nm, which is in accordence with the values found in AFM. Small particles are also visible

beside the long polyanionic chains and should be PEDOT chains: their dimensions are in the order

of 5 - 15 nm. For the lower concentration, the structure started to collapse because of the high

sublimation needed (with lower sublimation, nothing was visible).



CHAP 2: PEDOT:PSTFSI INKS FOR VARIOUS DEPOSITION PROCESSES

A

EHT = 3004 Signat A = SE2 4 5ep 2010 —
Geand. = 100K X 7 P Dimansion Pival

00

WO - 0.4 mm Largeur - 7043 v Vacuum Mode - Vide Elevé

i

45w 2010

" w4 — o —
Figure 2.15: Scanning Electron Microscopy (SEM) pictures of a solution of PEDOT:PSTFSI so kpa concentrated at 1 %w:
sublimated 10 min at -95°C (x10K, x40K, x40K, x80K respectively)
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Figure 2.16: Scanning Electron Microscopy (SEM) pictures of a solution of PEDOT:PSTFSI so kpa concentrated at 0.5 %w:t
sublimated 20 min at -95°C (x10K, x20K, x40K, x60K respectively)
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For the PEDOT:PSS ph 1000 ink, a well organised matrix structure in the shape of honeycomb
was found [Figure 2.17]. This structure could perhaps be explained by the utilisation of
monodisperse molar mass polyanion, or by the addition of unknown additives in this commercial
ink. The sublimation was not complete to keep the spatial structure. Figure 2.17.c shows one block
turned over after the sublimation: all the filled walls are amorphous glass of water. The structure

started to collapse in Figure 2.17.d. The thickness of one PSS polymeric chain was found in the

order of 7 - 13 nm, and the small PEDOT chains in the order of 14 - 18 nm.

Figure 2.17: Scanning Electron Microscopy (SEM) pictures of a solution of PEDOT:PSS pi 1000 sublimated 20 min at -
95°C (x10K, x60K, x5K, x20K respectively)

In the case of the three inks, the polymers are then homogeneously distributed and form a

network.

The rheological measurement resulting from those structural properties will be explored in

the next part.
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2.3.2 Shear rheology: from Newtonian to shear thinning behavior

Rheological measurements of PEDOT:PSTFSI solutions at different concentrations are
displayed in Figure 2.18. Shear rate y ramp were applied and corresponding shear stress T where

recorded. The viscosity was then obtained with the relation n = %
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Figure 2.18: Rheological behavior of PEDOT:PSTFSI inks measured with a shear rheometer (cone plate geometry:
50 mm diameter and 1°angle): a) shear stress versus shear rate and b) viscosity versus shear rate obtained by
applying shear rate ramps at 18°C. The lines are fits to the data using the power model (red) or the HB model (grey).
The numbers are the values of the parameter n.

For low concentrations, the stress varies linearly with the shear rate. In consequence, the
viscosity is almost constant: the solutions behave as Newtonian fluids. By increasing the
concentration, the viscosity becomes shear dependant. This can be modeled using the power-law
(PL) model3! T = ky™. For higher concentrations, two regimes appear. The fluid continues to
behave as a PL fluid for high shear rates. However, for lower shears the rheological behavior

changes and the Herschel-Bulkley (HB) model®’ becomes more relevant: T = 7, + ky™.

Two regimes are therefore observed (grey and red regions in Figure 2.18). In the grey
region, for low shear rate and high concentrations, the solutions behave according to the HB
model. In the red region on the other hand, the yield stress is either too low to be measured or
completely absent and the solutions behave as PL fluids. Figure 2.19 shows the yield stress t,
[Figure 2.19.a] and the flow behavior index n [Figure 2.19.b]. The yield stress becomes
measurable after a threshold near 0.5 %w: and increases with the concentration. The flow
behavior index n starts near 1 for low concentrations, which behave as Newtonian fluids, and

decreases with the increase of the concentration, indicating that the ink becomes more and more
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shear thinning. The value of n extracted in the HB regime depends mildly on concentration and
has a value near 0.6. For the high concentrations, the increase in shear rate at which the change in
regime for a HB to a PL fluid occurs is not constant and increases with the concentration. We
believe that this change in behavior comes from the fact that the PSTFSI polyanion creates
hydrogen bonds near the nitrogen atoms33 [Figure 2.20] and that the yield stress is the result of
these hydrogen bonds. This is consistent with the increase in the yield stress with concentration.
The increase in shear must break such bonds and therefore drastically reduce the yield stress and

induce a change in the rheological behavior from an HB fluid to a PL fluid.
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Figure 2.19. Herschel-Bulkley regime (grey region) and power-law regime (red region) parameters obtained from the
shear stress curves of PEDOT:PSTFSIsokpa inks [Figure 2.18]: a) yield stresst, and b) flow behavior index n.
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Besides concentration effects, both the viscosity and the yield stress can be varied by
changing the molar mass of the polyanion. Experiments using different molar masses of the
polyanion have shown that higher molar masses lead to higher viscosities as expected. Further,
increasing the molar mass also increases the yield stress: for a polyanion of 250 kDA molar mass
instead of 80 kDA as for the above results, the yield stress increases by almost an order of

magnitude for identical concentrations [Figure 2.21].
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dioxythiophene):poly(4-styrene trifluoromethyl (bissulfonylimide)) showing probable hydrogen bonds33 between
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Figure 2.21: Rheological behavior of PEDOT: PSTFSI inks of two different molar masses (80 and 250 kDa) measured
with a shear rheometer (cone plate geometry: 50 mm diameter and 1°angle): a) shear stress versus shear rate and b)

viscosity versus shear rate obtained by applying shear rate ramps at 18°C.

Similar behavior was found in extensional rheology [See Appendix A.2].
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2.3.3 From liquid to gel like solutions

To complete the above rheology measurements, dynamic oscillatory stress sweep
measurements were performed: a sinusoidal shear stress 7(t) = 14 - sin(wt) is imposed to the
fluid and the corresponding deformation y(t) = y, * sin(wt + ¢) is measured (where y, and 14
are amplitudes, w = 2x - f is the imposed angular frequency which was fixed at 2 =, and ¢ is the

phase shift between the deformation and the shear stress). The complex dynamic modulus G* is

®
y(t)

represent the elastic and viscous parts of the viscoelastic behavior. When G' is higher than G", the

then expressed as: G* = = G' 4+ iG" where the storage modulus G’ and loss modulus G"

ink has a gel-like behavior.?* The higher G’ and G’ are, the more elastic the gel is. The gel behaviors
of PEDOT:PSTFSI goxpa inks are displayed in Figure 2.22. For concentrations under 0.55 %, i.e. in
the red region where we have previously shown that the ink has no yield stress, the ink is more
viscous than elastic. By increasing the concentration, G’ and G"' increase and G'' becomes smaller
than G': the ink becomes more elastic. The limit between the two regimes appears when
G' = G" =~ 50 mPa and corresponds to a concentration of about 0.6 %. This is precisely where the

H.B. behavior sets in and the solution becomes a yield-stress fluid.
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Figure 2.22. Rheological behavior of PEDOT:PSTFSI inks measured with a shear rheometer (cone plate geometry
50mm/1° ):a)storageG' and loss G'" modulus obtained at a frequency of 1 Hz at 18° C for PEDOT:PSTFSI s kpa at
0.99 %w in water versus stress. b) average value of G' and G'' in the linear viscoelastic range (i.e. in the plateau region
of Figure 2.22.a) versus concentration.

For a polyanion with higher molar mass, both storage and loss moduli increase at identical

concentrations, as if the curves of G’ and G” were shifted to higher concentration for the higher



88 CHAP 2: PEDOT:PSTFSI INKS FOR VARIOUS DEPOSITION PROCESSES

molar mass although the weight concentration and the number of atoms are the same. That could
be explained by the fact the higher molar mass means a larger number of nitrogen sites on one
polyanion chain, which can result in hydrogen bounds with more polymers and so increases both

the viscosity and the storage and loss moduli.

Moduli of PEDOT:PSTFSI o8 0w
M,, of the polyanion o (3 ~ o8 Yot
G G
80 kDa 11.0£0.6 3.840.3
250 kDa 53.1+£12.0 17.4+3.8

Table 2.3: Rheological behavior of PEDOT:PSTFSI inks of two different molecular weight (80 and 250 kDa)
concentrated at 0.8 %w: and measured with a shear rheometer (cone plate geometry 50 mm/1°): storage G' and loss
G'" modulus obtained at a frequency of 1 Hz at 18°C. The average of G' andG'"' in the linear viscoelastic range are
displayed.

To summarize these rheology measurements, we have shown that the viscosity and
elasticity of PEDOT:PSTFSI inks can be tuned by simply varying the concentration. This renders
the formulation of such inks simple for different deposition processes going from inkjet printing
which requires low viscosity Newtonian solutions to screen printing which requires elastic fluids.
Changing the molar mass of the polyanion is also another means to tune the rheological behavior

as it changes the viscosity, the yield stress, as well as the elasticity of the solutions.

PEDOT:PSTFSI solutions compare favorably with commercial PEDOT:PSS inks. For
example, the properties of two commercial inks, Orgacon [] 1000 (from Sigma Aldrich) and Clevios
PH 1000 (from Heraeus), which can be used in inkjet printing, were measured. A slightly shear
thinning behavior for the two inks was found with values of the viscosities in the range
0.3 - 1.4 Pa.s for 103 s'tand 0.01 - 0.02 Pa.s for 103 s-1. The storage and loss moduli for the two
solutions were, respectively, G'=0444+0.01Pa< G’ =0.714+0.01 Pa and
G'=0.11+0.01 Pa < G" =0.50+ 0.01 Pa. Another commercial ink used in screen-printing,
Orgacon EL-P 5015 (from Sigma Aldrich) was characterized: a high shear thinning behavior was
found with viscosities in the range 1.2 - 10° Pa.s for 10-3 st and 1.7 Pa.s for 103 s-1, and a storage
modulus G’ = 237 + 6 Pa higher than the loss modulus G"" = 99 + 2 Pa. To obtain this behavior
for the commercial inks, PEDOT:PSS inks have to be concentrated to more than 5 %, which is
energy and time consuming. It must be emphasized that commercial PEDOT inks are already
formulated complex fluids with a variety of different additives to tune their rheological properties.
For the PEDOT:PSTFSI solutions studied here, only the concentration was changed to go from fluid

like solutions to gel like ones.
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2.3.4 Wettability: inks’ surface tension versus substrate’s surface

energy

While rheology controls a number of properties relevant to the processing of inks, another
important feature is the wettability of the substrate. The wettability is in part controlled by the
surface tension of the solution: adapting surface tensions allows good wetting and a good
adhesion of the ink onto the substrate. The inks used here have therefore been characterized by
measuring their static surface tensions I' [Table 2.4]. For dilute solutions of PEDOT:PSTFSI
(0.5 %w:) we obtain the same surface tension as water (= 72 mN/m). By adding 0.04 %u:
surfactant (Zonyl FS-300 fluorosurfactant) or more to PEDOT:PSTFSI, the surface tension of the
inks decreases drastically to almost 24 mN/m. The concentration 0.04 %uw: of surfactant was
chosen as it is above and near the critical micelle concentration of the surfactant in pure water

[Figure 2.7].

For higher concentrations of PEDOT:PSTFSI (near 1 %w:) without surfactant, we obtain a
surface tension of roughly 55 mN/m. For these high concentrations, the PSTFSIK itself is surface
active as solutions of this polyanion at a concentration of 1 % have surface tensions near 60 mN/m
[Figure 2.23]. The addition of surfactant (0.04 %.: of Zonyl FS-300) to these high concentration
solutions reduces the surface tension further to values near 24 mN/m. The addition of surfactant
may change the rheology of the solutions, however, measurements with and without surfactant

show similar viscosities [Figure 2.8 and Table 2.1].
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Figure 2.23: Surface tension of solutions of PSTFSIK in water for different concentrations.

More stable drops after ejection were obtained when surfactant was added in the solution,

most likely because of a worse wettability with the nozzle.
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Surface tension I' [mN/m]

Solution Pendant Tate’s
drop Law

Water (formulated with DMSO, or EG, or pure water) without surfactant 6942 70

Water (formulated with DMSO,(oZrOE:},,lo)r pure water) with surfactant 2441 20
PEDOT:PSS p1 1000 69+1 -
PEDOT:PSS jj 1000 26+1 -

PEDOT:PSTFSI 90 xpa < 0,5 %wt 72+1 70
PEDOT:PSTFSI 9o kpa < 0,5 %wt + surfactant 2442 -

PEDOT:PSTFSI 99 kpa 0.96 Yowt - 55

Table 2.4: Surface tension of water (formulated with DMSO or EG or pure water) with or without surfactant,
PEDOT:PSS solutions (PH 1000 and I] 000), PEDOT:PSTFSI 90 kpa at different concentrations.

For inkjet printing, surfactant must be added not only to have stable drops, but also for
better wettability of the substrate. Indeed, in the absence of surfactant, dewetting of drops on a
glass substrate is observed leading to non-homogeneous films. Addition of surfactant in this case,

improves the homogeneity of the films.

For doctor blade processing, the 1 %w: PEDOT:PSTFSI allowed a good deposition on glass
surfaces without need of surfactant. However, surfactant must be added for plastics substrate like
PET: the surface tension of the liquid needs to be lower than the surface energy of the substrate
to have a complete wettability. The surface energy of glass was measured at 60 = 39 mJ/m?* with
an equal polar and dispersive part compared to the one of PET which was measured at
40 = 18 mJ/m” with a polar part ten times lower than the dispersive part. For the 1 %uw:
PEDOT:PSTFSI, good wettability is obtained on glass (contact angle of 15°) while on PET the

contact angle is four times higher and surfactant has to be added for good wettability.

For screen-printing, the screen has, with its roughness, a surface free energy of
20 £ 1 mN/m almost completely dispersive (18.5 + 1 mN). As we will see below, this partially
explains the difficulty of the ink to flow through the mesh of the screen and the consequent
inhomogeneity of the films obtained. The addition of surfactant in this case does not change the

outcome considerably.
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2.4 PEDOT:PSTFSI inks processing: inkjet printing, doctor

blading, screen-printing, and soft-blading

In general and in order to process inks using different techniques, different formulations
have to be used. These formulations based on the use of different additives, adapt the rheological
properties of the inks to the requirements of the printing technique. For example, inks for inkjet
printing need to be of low viscosity and possess little elasticity. On the other hand, inks adapted
for doctor blading need to be shear thinning and, ideally, possess a yield stress. For screen-
printing applications, gel like shear thinning solutions are preferred. In all these cases, the wetting

properties of the inks on the substrates used have to be controlled as well.

The interest of the present system (PEDOT:PSTFSI), as it was shown in part 2.3, is that one
can go from a very fluid system to a gel like solution by simply changing its concentration. A
change of the polyanion molar mass is also another means to modify the solution behavior. Thus,

as far as the rheology is concerned, the formulation is simple.

These solutions can also be formulated to tune the wettability of the substrates through the
addition of surfactant. For PEDOT based systems, it has also been shown that the addition of a
high boiling point solvent (dimethyl sulfoxide (DMSO) or ethylene glycol (EG)) can enhance the
conductivity of the films several fold.1? For this purpose, we have used 0.04 %w: surfactant (Zonyl
FS-300 fluorosurfactant) to enhance the wettability of the glass substrates used and 5 %o of a
high boiling point solvent (DMSO, but test using EG have also been carried out with similar
results) to enhance their conductivity. We have checked that the rheological and wettability
properties are reasonably the same with and without 5 %y, of DMSO or EG [Figure 2.8 and
Table 2.1].

This section focuses on processing the PEDOT:PSTFSI inks using different techniques: inkjet

printing, doctor blading, screen printing, and soft blading.

For inkjet processing, Newtonian low viscosity solutions are recommended. In our case, a
PEDOT:PSTFSI g0 xpa ink at concentrations under 0.55 %uw:. has no yield stress and may even be
Newtonian at lower concentrations. The viscosity of our inks at 0.5 % w:. is similar to that of the

commercial PEDOT:PSS inks (Clevios PH 1000 and Orgacon I] 1000).
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Figure 2.24. Photos of a drop (illuminated with a stroboscopic light at different frequency) of 0.5 %w:
PEDOT:PSTFSI s0 kpa ink ejected during inkjet printing from a 50 um nozzle and schematic of the speed of the drop
divided in three zone : A) drop attached to the capillary, B) detachment of the drops (one principal and one satellite)
and then merging of the satellite drop with the principal drop, C) free falling of the drop at a speed near 1 m/s.

The 0.5 %uw:. solution was used to print films using an inkjet printer. Before use, the solution
was sonicated for a few seconds and filtered with a 0.45 pum PTFE filter. Very stable drops can be
obtained from the printer nozzle. For higher concentrations however, 0.7 %.. for example,
printing becomes very difficult, and the drops are highly unstable and create several satellite
drops. Clearly, low concentrations and absence of yield stress play an important role. Considering
that the drop ejection speed is of the order of 1 - 10 m/s (13 and [Figure 2.24]) and that the inkjet

nozzle diameter is 50 pum, the shear rate at the nozzle can be very high and roughly

y = g =2-10* — 2-105 s~1 . The viscosity of the solution at 0.5 %.: can be extrapolated to this

shear rate by using the power law parameters, as 7 = ky™~1 = 2 — 7 mPa. s which is close to the

viscosity recommended for inkjet printers (5 - 40 mPa.s).1213

For doctor blading, a viscous ink is recommended to reduce retraction or spreading effects
near the contact line. The presence of a yield stress and an elastic modulus are beneficial since
spreading or retraction can also be reduced or inhibited. We have used a concentration of 1 %wt
of PEDOT:PSTFSI goxpa which has a yield stress 7, of about 1 Pa and an elastic modulus G’ of about
100 Pa.

The films obtained using the inkjet printer as well as the doctor blade are shown in
Figure 2.25. The schematics give a brief overview of the techniques and the photographs show the

obtained films. For both techniques, the films are relatively homogeneous.
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Figure 2.25: Photos of films deposited by doctor blade, inkjet and screen-printing.

For screen-printing, the inks need to be highly shear thinning and to have sufficient elastic
moduli. The ink should be able to flow through the mesh when the squeegee applies a high shear,
but the ink layer should gel on the substrate to hold in place. For this last deposition process, we
have used different solution concentrations between 0.9 and 1.4 %uw:. All these solutions have the
right viscoelastic properties. However, and despite the fact that the rheology of the fluid is in the
desired range, heterogeneous films were obtained [Figure 2.25]. We believe that the
heterogeneity is due to wettability problems of the solutions with respect to the screens used as

alluded to in part 2.3.4.

Last, an attempt at printing heterogeneous patterns in the form of parallel lines has been
carried out. It has been shown that for aqueous shear thinning solutions, with a high extensional

ny)xv
r

viscosity and capillary number Ca = in the range of 10-3 - 10-1, thin lines can be deposited

by using a soft blade deposition technique on hydrophobic substrates.?s The extensional
properties of 1 %uw: PEDOT:PSTFSI go kpa inks, which have a Ca in the desired range [Figure 2.26],
are not sufficient and the deposition gives rise to aligned drops as can be seen in Figure 2.27.a. In
order to increase the extensional properties of the solution, a high molar mass neutral polymer,
PEO s 000 kpa, was added. High molar mass polymers such as PEO are known to increase the
extensional properties of aqueous solutions.35 The rheology of the solution, and therefore the
value of the capillary number, was tuned by varying both the concentration of PEO and
PEDOT:PSTFSI. The optimized formulation of 0.3 %w: PEDOT:PSTFSI g xoa and 5 000 ppm
PEO g 000 xpa allows to form lines using deposition speeds between 0.1 and 2 mm/s. Figure 2.27.b
shows both the formation of lines and drops connected by lines during the deposition process and
Figure 2.27.c shows more developed lines observed after the drying of the ink. No surfactant was
added for these experiments. Indeed, in this technique the dewetting of the ink onto the

hydrophobic substrate is essential.
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Figure 2.26: a) Capillary number of different aqueous inks calculated from their shear viscosity: PEDOT:PSTFAI so kpa
at different concentrations, 10 000 ppm (=0.01 %w:) PEO, and 0.5 %wt PEDOT:PSS pi 1000 or 0.3 %wt
PEDOT:PSTFSI g0 kpa with 5 000 ppm (=0.005 %wt) PEO. The grey area is the region reported in the literature where
lines should be deposited. The hatched area is the speed used to obtain lines with the PEDOT formulations with PEO.
b) Schematic of the deposition of the formulated PEDOT:polyanion inks in function of the concentration of PEDOT and

PEO: from no deposition at all, to aligned dots or lines, to complete film deposition.

~— Soft Blade ~

Figure 2.27: Schematic of the soft blade depositions process (the ink was deposited under the blade and the substrate,
a silanized glass, was then moved at different speeds) and photo of the depositions: a) aligned dots
(1 %wt PEDOT:PSTFSI s0kpa); b) lines of 0.3 %wt PEDOT:PSTFSI s0 kpa + 5 000 ppm PEO s 000 kpa during
the deposition, and c) after drying (phase contrast image).
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2.5 Film characterization

The obtained films were then characterized in terms of topology, conductivity at the surface

and optoelectronic properties.

2.5.1 Film topology

The topology was determined by AFM and SEM measurements on PEDOT:PSTFSI g kpa films
deposited by doctor blade or inkjet printing [Figure 2.28 and Figure 2.29]. Two scales of
roughness are visible and summarized in Table 2.5: in a 30 um x 30 pm observation window, the
roughness is two times lower (14 + 5 nm instead of 32 + 6 nm) for the films deposited by inkjet
in comparison to the one deposited by doctor blade. That could come from the fact that inkjet inks
were sonicated for a few seconds and filtered with a 0.45 um PTFE filter, while doctor blade inks
were too viscous and didn’t received any treatment. The 1 um square observations give a
roughness in the range of the polymer thickness (Figure 2.14: 1.5 - 4 nm): 2.5 4+ 0.3 nm for inkjet
and 2.9 + 1.4 nm for doctor blade. The structure of the polymer is better defined for the film
deposited by inkjet than by doctor blade: one possible explanation could be that the ink is highly
sheared (See 0: 2 - 10* — 2 - 10° s~ 1) during the ejection of the drop, which could help to remove

the interactions between the polyanion and separate better the chains.

o o\ L
N
R N

\
. 'Fll\ 3

= Doctor Blade

Figure 2.28: Microscopy of PEDOT:PSTFSI sokpa films deposited by doctor blade on glass substrate : solid AFM image
(in blue: a) 30x30 um? and b) 1x1 uym?) and SEM (0.5 kV - UED - GBSH - WD 3 mm - ¢) x 5 000 and d) x 100 000).
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Figure 2.29: Microscopy of PEDOT:PSTFSI so ko4 films deposited by inkjet printing on g/as substrate : solid AFM image
(in blue: a) 30x30 um? and b) 1x1 um?) and SEM (0.5 kV - UED - GBSH - WD 3 mm - ¢) x 5 000 and d) x 150 000).

Process Roughness [nm]
1x1 pm? | 30x30 pm?
Inkjet 25+0.3 14+5

Doctor Blade | 2.9 + 1.4 32+6
Table 2.5: Roughness of PEDOT:PSTFSI so kpa films deposited by doctor blade or inkjet measured by AFM.

The SEM image of films deposited by inkjet printing shows shiny points [Figure 2.29.d].
These dots most probably come from the glass substrate itself [See Appendix A.3].

Figure 2.30 displays microscopy pictures of lines of 0.3 %w: PEDOT:PSTFSI go xpa with
5 000 ppm PEO g 000 kpa deposited with a soft blade on PET substrate. Because the PET is not as
hydrophobic as the silanized glass (the contact angle of water is 105 + 1° on silanized glass, and
66 + 2° on PET), two different types of lines are obtained: thin and wide lines were the dewetting
was not high enough (60 - 130 nm thickness and 50 — 60 nm width), and thick with thin width
were the dewetting performed well as on silanized glass (690 - 730 nm thickness and 20 - 25 nm
width). In both cases, the surface seems smoother than the deposition in doctor blade or inkjet
because the polymers are less well defined, but the general roughness for a 30 pm square is in the
same range 26 + 6 nm for a substrate roughness in the range 5 - 8 nm. In the SEM images, some
PEDOT:PSTFSI aggregates are visible outside the lines, which means that during the dewetting

some aggregates are left on site.
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Figure 2.30: Microscopy of lines obtained by deposition of a solution of 0.3 %wt PEDOT:PSTFSI soxpa and 5 000 ppm
PEO s 000 kpa with a soft blade on an hydrophobic surface: solid AFM image of two lines on PET (a-f- scale: 90 jum,
10 um or 1 ym) and SEM of metallised lines on PET (g-h: 1kV - LED - WD 10 mm - x 500 and x 10 000).

The wettability of dried PEDOT films is detailed in Appendix A.4.

2.5.2 Films conductivity at the surface

Conductive AFM was performed to visualise the area where the electrons can pass at the
surface of films. Thus, PEDOT films were deposited by doctor blade or inkjet on a conductive
substrate: ITO or gold. 1V was applied through the substrate, and a tip was measuring the output
current at the surface. This method is qualitative and not quantitative. Figure 2.31 and Figure 2.32
display the resulting images respectively for deposition on ITO and gold: the height sensor signals
(so the topology) are shown in the 1st column, the contact current in 3rd column, and in the 2nd
column the outline between conductive and non conductive parts overlay the topology image. The
ink used are PEDOT:PSTFSI (with molar masses of 80 kDa or 250 kDa) and PEDOT:PSS px 1000

formulated with surfactant and with or without DMSO.
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Height Sensor 200.0 nm Contact Curreﬁt
Figure 2.31: Conductive AFM of PEDOT:polyanion deposited on ITO. 1V was applied, Height Sensor (1t column) and
Contact Current (34 column) were recorded. The blue area are conductive while yellow are less conductive. In the 2nd
column, the outline between conductive and non conductive parts overlay the topology image. a) PEDOT:PSTFSI 80 kpa
+ D + Z (Inkjet), b) PEDOT:PSTFSI soxpa + D + Z (DB), ¢) PEDOT:PSTFSI 250 kpa + D + Z (DB), d)PEDOT:PSS pii 1000 + D
+ Z (DB), €) PEDOT:PSS pi 1000 + Z (DB), f) PEDOT-PSTFSI 80 kpa + Z (DB). (D=DMSO0, Z=Zonyl, DB=Doctor Blade).
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Table 2.6 and Table 2.7 sum up the percentage of conductive area at the surface of the films

depending of the PEDOT ink and the process used.

Deposition Ink Conductive Area [%]

- ITO Substrate 15
Inkjet 4
nje PEDOT:PSTFSI g0 xpa+D+Z T
PEDOT:PSTFSI 250 xpa+D+7Z 7
Doctor Blade | PEDOT:PSS ph 1000+D+7Z 13

PEDOT:PSS PH 1000+Z 0.13

PEDOT:PSTFSI go xpat+Z 0.46

Table 2.6: Percentage of conductive area at the surface of PEDOT:polyanion films on ITO (D=DMS0, Z=Zonyl).

For deposition by doctor blade on ITO [Figure 2.31 and Table 2.6], ink formulated with
DMSO shows that for a three-time higher molar mass of the polyanion PSTFSI, the percentage of
conductive area at the surface is lower (divided by 2.5). The commercial PEDOT:PSS ink has a
comparable percentage to the one of PEDOT:PSTFSI gy kpa (13 — 16 %). This last ink was also
deposited by inkjet, the low percentage found in this case can come from the fact that the thickness
of the film was lower. For the two inks formulated without DMSO, which is used to increase the
conductivity of the film, the percentage of conductive area at the surface is very low: less than
0.5 %. Adding a high boiling point solvent is then very important to have a better pathway to the
electrons and so better conductivity. Lower molar mass of the polyanion seems to give better
conductivity: the polyanion can more easily move during the drying and so a better segregation

with the PEDOT occurs.

For films deposited on gold [Figure 2.32 and Table 2.7], the percentage of conductive area
is very low (3 - 4 %). But in this case, even the grains of the evaporated gold were not measured
very conductive: it should come from a deterioration of the fragile conductive tip in contact with

the gold.
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Figure 2.32: Conductive AFM of PEDOT:PSTFSI deposited on gold substrate treated with octane-thiol (for
hydrophobicity). 1V was applied, Height Sensor (15t column) and Contact Current (314 column) were recorded. In the
2nd column, the outline between conductive and non conductive parts overlay the topology image. a) Gold substrate
treated with octane-thiol, b) PEDOT:PSTFSI sokpa + D + Z (DB), c) PEDOT:PSTFSI 250 kpa + D + Z (DB). (D=DMS0,
Z=Zonyl, DB=Doctor Blade).

Deposition Ink Conductive Area [%]
- Gold substrate treated with octane-thiol 42
Doctor Blade PEDOT:PSTFSI go kpa+D+Z 4
PEDOT:PSTFSI 250 kpa+D+Z 3

Table 2.7: Percentage of conductive area at the surface of PEDOT:PSTFSI films on gold treated with octane-thiol
(D=DMSO0, Z=Zonyl).

Figure 2.33 shows conductive AFM images of a conductive line of 0.5 %uw: PEDOT:PSS ph 1000
+ 5000 ppm PEO g 00 kpa deposited with a soft blade on gold substrate treated with octane-thiol
(for hydrophobicity). The polymers align in the direction of the deposition.
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Figure 2.33: Conductive AFM of 0.5 %wt PEDOT:PSS pt 1000 + 5000 ppm PEO 0o kpa: line obtained by dewetting on a
gold substrate treated with octane-thiol (for hydrophobicity). 1V was applied, Height Sensor (left and 3D left) and
Contact Current (right and 3D right) were recorded. In the center, the outline between conductive and non conductive
parts overlay the topology image. b) is a zoom of a).
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2.5.3 Optoelectronic properties for transparent electrodes

The optoelectronic properties of the films obtained by doctor blade, inkjet and
screen-printing of PEDOT:PSTFSI inks were measured: the conductivity of the films and their

transparency.

The electrical conductivity ¢ of the films, which is the intrinsic property related to the
mobility of the material electrical charges, was calculated using the thickness t (obtained with a

profilometer), and the sheet resistance R; (measured with a four-point probe) with the relation:

o= . The conductivity of lines deposited with a soft blade on silanized glass was measured

tXRs
with a two probe setup under a microscope [Figure 2.34], but only the very large lines at the
border of the blade (and so not the real lines) were visible and measurable. That is why this part
doesn’t go further in the optoelectronic properties of the lines, even if we know from the

conductive AFM that they are conductive.

I (A)

\ /U(V)

\’

Figure 2.34: Schematic and microscopy image of the two probes measurement of one line.

The transmittance T of the films was measured with a UV-spectrometer at 550 nm: T = IL
0

where [ is the transmitted intensity and I is the intensity of the incident light.

To compare transparent electrodes, the most commonly used feature is the so called Figure

of Merit (FoM).2%*” This FoM is the ratio of the electrical conductance o,;. on the optical

Odc 188,5

conductance g,,; defined as follows: FoM = P A where R; is the sheet resistance,
t
o L 1R,
\ T550 nm
and T, .., is the transmittance at 550 nm of the printed films.

The results are summarised in Table 2.8 which shows the rheological properties needed for
each process, inkjet, doctor blade, screen-printing, the concentration ranges relevant for these

processes, as well as the optoelectronic properties of the films obtained.

Note that sheet resistances in the range 55 - 128 Q1/0 (doctor blade) and 100 - 180 (/O
(inkjet) were measured for films of thicknesses comprised between 190 nm and 580 nm. The

measured conductivities (230 - 320 S/cm) for films obtained with doctor blade coating and
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(240 - 380 S/cm) for films obtained using inkjet printing are roughly the same. Such values are

comparable, albeit smaller, to the conductivity of ITO (in the range of 103 S/cm).1

Depending on the thickness, different transmittances between 72 and 93 % (72 - 86 % for

doctor blade and 85 - 93 % for inkjet printing) were measured, which is in the range of the

transmittance of ITO films (80 - 95 %?).

Elasticity )
Process Viscosity thSl}rl::; & [PEDOT: (}:/ST)F SIsokpal (n:n) s /im) (05) FoM
8 Viscosity owt 0
Inkjet Weak Not | ¢ < g ~05 268+102 | 297476 | 90+4 | 27+4
5-40 mPa.s necessary
Doctor Intermediate Not
(0.1 -10 Pa:s for G >G ~09-1 458+224 | 276+33 8049 | 1942
Blade ) necessary
1-103s1)
Screen- High Inhomogeneous layer
A ting | (1=100Pasfor Yes G > G 09<C<14 [Fi *‘i e 2.25] y
printing 1-103s1) sure 2.
Table 2.8: Formulation and rheology needed for three depositions processes and corresponding optoelectronic
properties

Table 2.8 show that a FoM between 16 and 23 is obtained for films deposited by using
doctor blade processing while for films obtained using inkjet printing, which are more transparent
but have similar conductivities, a FoM between 23 and 31 is obtained. These results are near the
minimum FoM needed for transparent electrodes in industry, evaluated at 35 (Rs<100 /0O, and

T>90%).38 Clearly, PEDOT:PSTFSI is a good candidate for making transparent and flexible

electrodes.
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2.6 Conclusion

In this chapter, PEDOT:PSTFSI inks have been studied. First STFSIK anion were synthesized
as well as PSTFSIK polyanion, to obtained PEDOT:PSTFSI complex. The structural study was done
using DLS, liquid AFM and cryo-SEM. It has shown that PEDOT:PSTFSI polymers form a network
in water: the network being the polyanion with dimensions in the range of 2 - 10 nm width (AFM
and cryo-SEM) and 510 - 570 nm long (DLS), and small PEDOT polymers (5 - 15 nm) are visible
alongside. The rheological behaviors of those inks were then systematically studied in function of
the concentration in polymer: it has been shown that for low concentration, the ink can have a
Newtonian behavior, while for concentrated one, the ink can become shear thinning with gel
properties. The extensional rheology has shown the same behavior than in shear, with a slightly
lower viscosity. The inks were then formulated with surfactant to give them a better wettability
onto hydrophobic substrates: the surface tension goes from near 70 mN/m to near 24 mN/m. A
high boiling point solvent (DMSO or EG) was also used to increase the conductivity of the dried
films, and to have a better water resistance. Indeed, it has been shown that water drop on
PEDOT:polyanion films can break easily the film when no high boiling point solvent was used in
the formulation, and it was explained by the fact that a better segregation between PEDOT and

the polyanion render the PEDOT less soluble in water.

Four different deposition processes were then used: doctor blade, inkjet, screen-printing,
and a soft blade deposition process. On one hand, inhomogeneous films were obtained by
screen-printing deposition. It has been explained by capillary problems of the ink into the screen.
A systematic study using different screens, and adding for example few high molar mass neutral
polymer should be performed to obtain a better formulation of PEDOT:PSTFSI for screen-printing.
On the other hand, homogeneous films were obtained by doctor blade and inkjet with
PEDOT:PSTFSI solutions concentrated respectively at 1 %uw: and 0.5 %w.: the measured roughness
was in the range of 15 - 30 nm for a 30 um side square, the conductivity in the range
230 -380 S/cm and the transmittance in the range 72 - 93 %. That has resulted in promising FoM
for further industrial and academic developments as transparent electrodes, reaching FoM up to
31. The conductivity at the surface was found to be not homogeneous: only the end of conducting
PEDOT pathway was imaged by conducting AFM method, and the use of high boiling point solvent

to have better conducting pathway was confirmed.

For the soft blade deposition, lines of PEDOT were obtained only by adding a high neutral
polymer (PEO) to increase the extensional properties of the ink. The deposition was done on
silanized glass for the better defined lines, on PET to allow SEM measurements, and on evaporated

gold treated with octane-thiol for conductive AFM measurements. In the two last cases, the
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contact angle of water onto the substrate was lower (respectively 66° and 90° compared to the
105° on silanized glass), and so the lines less well defined. It was shown that it is possible to
deposit very thin lines of PEDOT on hydrophobic substrate using only a soft blade: with thickness
near 700 nm and width close to 20 - 25 nm in the case of well defined lines. It was not possible to
measure the conductivity of those lines with a traditional four probe measurement, even a two
probe apparatus under a microscope didn’t permit to measure it. However, conductive AFM has
shown that the lines are conductive, and that the polymer is aligned in the direction of the

deposition thanks to the high molar mass neutral polymer.

To conclude, this study has shown that PEDOT:PSTFSI inks can be easily formulated to be
used in various deposition processes. No viscosity enhancers or other additives are needed to
obtain viscous or gel like water-based inks. The processability of these inks is controlled by their
viscosity and rheological properties, which can be tuned by simply varying the concentration of
the solution or the molar mass of the polyanion. Formulation with neutral high molar mass
polymers allows increasing the extensional properties of the inks and enables deposition through
a soft blade technique for the formation of linear patterns. Finally, formulation with surfactant
further improves the wettability of the ink, while the use of high boiling point solvents as
conductivity enhancing agents allows increasing the conductivity of the dried ink layers without
modifying the rheological properties of the ink. Interestingly, the optoelectronic features of
PEDOT transparent conductive films were maintained whatever the deposition technique used.
Both doctor blading and inkjet printing showed good promise, for further industrial and academic

developments, reaching figures of merit up to 31.
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3.1 Introduction

P(VDF-TrFE) is a piezoelectric polymer. It is widely used in organic electronics as an active
layer in pressure sensors, actuators, speakers, etc. For such piezoelectric devices, P(VDF-TrFE) is
sandwiched between two electrodes, usually PEDOT:PSS in organic devices, or metals like

aluminium, silver or gold in hybrid organic/inorganic devices.
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Figure 3.1: Structure of poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)), and dipole moments y1 and x>
of the two monomer units in proportions x for the VDF unit and 1-x for the TrFE unit.

Figure 3.1 displays the structure of P(VDF-TrFE). It is a copolymer made of two types of
monomers, vinylidene fluoride (VDF) in proportion x and trifluoroethylene (TrFE) in proportion
1-x. The monomer units contain respectively two and three fluorine atoms. Due to the difference
in electronegativity between the fluorine (yr = 3.98), carbon (y. = 2.2) and hydrogen
(xy = 2.55) atoms, dipolar moments are created in the polymeric chain. The dipolar moment of
the VDF unit, g1 = 7-10-30 C-m, is oriented in the same direction as the one of the TrFE unit,
Uz = 3.5-10-30 C-m.! When an electric field is applied to the polymer, the dipoles moments align
with the field through a rotation of the chain. The new direction of the atoms remains after
removing the electric field. This is called the remanant polarization of the polymeric film and can
be used to increase the response of piezoelectric devices. The device can be used either by
applying a voltage, which results in a displacement of the P(VDF-TrFE) layer (for actuators or
speakers), or by applying a pressure and so a displacement of the layer, which results in the
creation of a voltage signal (for pressure sensors). Figure 3.2 displays a schematic of the

preparation and use of a piezoelectric device.
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Figure 3.2: Schematic of the preparation and utilisation of a piezoelectric device (e.g. P(VDF-TrFE) layer between to
electrodes): polarization of the dipoles of P(VDF-TrFE) by applying a voltage; removal of the voltage results in a
remanant polarization; utilisation by applying a pressure and obtaining a voltage as output signal.

To make P(VDF-TrFE) films, different deposition processes can be used. One of the printing
processes used is screen-printing [Figure 3.3] which allows to pattern surfaces in a simple way.
As explained in chapter 1, specific rheological properties are needed for specific printing
processes. In the case of screen-printing, a shear-thinning behavior is desirbale?. However,
commercially available P(VDF-TrFE) inks for screen-printing, such as FC25 Ink P (Arkema),
shows a Newtonian behavior as the viscosity is constant versus shear rate, Figure 3.4, except for
very high shear where very little shear-thinning is observed. The viscosity of the commercial

PEDOT:PSS ink EL-P 5015 (Orgacon), used in screen-printing, is displayed as a reference.

Figure 3.3: Schematics of screen-printing
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Figure 3.4: Rheological behavior of commercial PEDOT:PSS ink used for screen-printing (Orgacon, EL-P 5015) and
commercial P(VDF-TrFE) for screen-printing (Arkema, FC25 Ink P), measured with a shear rheometer (cone plate
geometry: 50 mm diameter and 1° angle): viscosity versus shear rate obtained by applying shear rate ramps at 20°C.

The aim of the following study is to modify the behavior of P(VDF-TrFE) inks to render them
shear-thinning. Different approaches were examined. The simplest and straightforward method
uses a gelifying agent in a good solvent of P(VDF-TrFE). The solvent used is triethylphosphate.
High temperatures (130 - 140°C) are needed to dissolves the gelifying agent in the solvent. In
order to avoid high temperatures, the gelifying agent can first be dissolved in DMSO before being
blended with the P(VDF-TrFE) solution. In this case, the temperature used during the preparation
of the ink can be lowered to 60°C: that is the second method. Finally, a more complex pathway will
be explored using phase separation by mixing a good and a bad solvent of P(VDF-TrFE). This
procedure leads to inks are less resistant to shear, but can have an interest in the formation of

porous films for application in lithium-ion battery.
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3.2 Materials & Methods
3.2.1 Materials

The composition of poly(vinylidene fluoride- co-trifluoroethylene) (P(VDF-TrFE)) used in
this study is 79.4 %w: of VDF unit and 20.6 %w: of TrFE unit. Two batches were investigated:
FC20 62-053 and FC20 62-054 (from Arkema). To formulate them in solutions, different solvents
and additives were used: y-butyrolactone (GBL) (from Acros Organics), Benzyl Alcohol (BzOH)
(from Sigma Aldrich) and Triethylphosphate (TEP) (from Acros Organics) as solvent,
1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol) (DMDBS) (from TCI) and tris-tert-butyl-1,3,5-
benzenetrisamide (BTA) (from Irgaclear, XT 386) as additives. To compare the home made
formulations, a commercial ink of P(VDF-TrFE) in triethylphosphate was used: FC25 InkP (from
Arkema).

3.2.2 Characterization methods of the polymer

The molar mass of the two batches of polymer was determined by size-exclusion
chromatography (SEC) using three-columns sets: Shodex GF-1G 7B column and two-times Shodex
Asahipak GF-7M-HQ columns with a 0.6 mL/min flow at 75°C in DMF with 0.1mol/L LiBr using
0.15 % toluene as flow marker; or Agilent PL1113-1300 column and two times Agilent PL1113-
6300 columns with a 0.8 mL/min flow at 30°C in THF using 0.15 % trichlorobenzene as flow

marker. Calibration was done with polystyrene or poly(methyl methacrylate) standards.

Differential Scanning Calorimetry (DSC) of P(VDF-TrFE) films were performed on a TA
instrument DSC Q100 RCS. The films were obtained by drop casting solutions of 10 %uw:
P(VDF-TrFE) in TEP on glass. Different temperatures were used to dry them, and an annealing
was sometimes pursued (135°C or 130°C / 30 min). The hotplate was left to cool down at room
temperature before removing the sample. The films were then detached from the substrate and
left overnight under vacuum at room temperature to remove all remaining solvent. The sample
was measured in aluminium caps using the following recipe: equilibration at -70°C, 1st heating to
200°C, 1st cooling to -70°C, 2dn heating to 200°C, 2nd cooling to 20°C, using a ramp rate of 20°C/min

and a 5 min stabilisation period between each ramp [Figure 3.5].

15t heating 15t cooling 2"d heating 2" cooling

$,200°C —> 200°C 50 &£2200°C —> 200°C Z
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Figure 3.5: DSC method
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3.2.3 Formulation and nomenclature of P(VDF-TrFE) solutions

Different formulations of P(VDF-TrFE) were done. A certain amount of the polymer was
dissolved in a solvent S or in two solvents S1 + S; in volume proportions xg, and xg,. The
dissolution was speed up by heating the solution at 50 - 60°C. The weight proportion of the
polymer with respect to the total weight is xp. For some formulations, an additive A was added in
weight proportion with respect to the weight of the polymer. The nomenclature of the inks is the

following: xg S1/xs,S2 _ Pxp _ Ax, using the abbreviations detailed in Table 3.1.

Abbreviation | Abbreviation in
Name .
in text nomenclature

Polymer | poly(vinylidene fluoride- co-trifluoroethylene) | P(VDF-TrFE) P
y-butyrolactone GBL G

Solvents Benzyl alcohol BzOH B
Triethylphophate TEP T

Additives 1,3:2,4-Bis(3,4-dimethylbenzylidene)sorbitol) DMDBS D
tris-tert -butyl-1,3,5-benzenetrisamide) BTA B

Table 3.1: Abbreviations in text and in the nomenclature of P(VDF-TrFE) inks of the components.

For example, 33B/67G_P15 means that 15 %u: of P(VDF-TrFE) was mixed in 67 %vol
y-butyrolactone and 33 %.. benzyl alcohol, while 3D/7T_P12_B5 means that 30 %y, of DMSO and
70 %vo of triethylphosphate were used with 12 %uw/total of P(VDF-TrFE) and 5 %wt/polymer Of BTA.

Magnetic stirrer was firstly used, helped with manual stirring at the spatula for viscous inks.
Then, in a second time, a reactor with a four glass blade stirrer was used to have a better stirring.
P(VDF-TrFE) was dissolved for two hours (or more for high concentrations) at 60°C in the

different solvents, while the additives were dissolved at higher temperature (130 - 140°C in TEP).

3.2.4 Characterization methods of the formulated inks

The solutions were then characterized with different methods. The rheological behaviors
were determined as in previous chapter by using an Anton Paar MCR302 rheometer with a
CP50-1° geometry (cone 50 mm - 1° / plate). Various temperatures, shear rates and shear stresses

were applied to measure the shear viscosity and viscoelastic behavior of the solutions.

The structure in solution was determined by cryo-Scanning Electron Microscopy (cryo-
SEM) at PLACAMAT (PLateforme Aquitaine de CAractérisation des MATériaux) (Jeol 6700F) and
BIC (Bordeaux Imaging Center) (Zeiss Gemini 300) platforms. In each cases, the solution was
frozen in liquid nitrogen and then in nitrogen paste, or directly in nitrogen paste. At PLACAMAT,
the frozen solution was then metalized with a mixture of gold/palladium (240 s / 10 mA) without

sublimation of the solvent. At BIC, the frozen solution was sublimated using different times
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(10, 15, and 20 min at -95°C, -85°C or -70°C) and then metallized (gold/palladium, 40 s / 10 mA).
The observation was done between 5 and 15 kV at PLACAMAT, and at 3 kV at BIC.

Some liquid DSC was performed in high pressure caps from -70 to 150°C (2°C/min), but no
other peak than the ones of the solvent(s) were found. Solid DSC was also carried out using the

same protocol as for the neat polymer [see 3.2.2].

3.2.5 Substrate preparation and inks deposition

The inks were then deposited by doctor blade (5 mm/min with air gaps between
50 - 150 pm) or screen-printing (mesh of the screen: 39 - 55 or 90 - 48; speed of the squeegee:
100 mm/s; air gap: 1 mm; pressure: 100 N) on cleaned glass (ultrasound 15 min in ethanol,
acetone and then isopropanol) or cleaned PET (washed with acetone). Multilayers were
performed, and different drying protocols between each layer were done (100°C / 5min; 40°C /

3h; 20°C / multiple days).

3.2.6 Characterization methods of the depositions

The structure of the film was then checked by microscopy using an optical microscope
(Nikon LV100OND) and a scanning electron microscope (Jeol 7800-E Prime). In the last case, no
metallisation was performed to image the structure of the polymer. That for the GBSH
(Super-High resolution Gentle Beam) mode was necessary with 0.5 kV. A Bruker Dektak XT-A

profilometer was used too.

Devices with P(VDF-TrFE) layers between a top and a bottom electrode of PEDOT or metal

were characterized in Chapter 4.

3.3 Characterization of the neat polymer

The neat polymer (P(VDF-TrFE)) used here, was obtained from Piezotech (Arkema). Two
different batches were used. Each characterized by its molar mass. The molar masses given by
Piezotech are 512 and 640 kDa for the batch 62-053, and for the batch 62-054 respectively using
MFI (Melt flow index). Our own measurements using SEC in THF with PMMA calibration give
values of M,, 1.6-1.7 times lower than the ones estimated by the MFI. However, the batch
FC20 60-053 has a lower molecular mass in weight than the batch FC20 62-054, which is
consistent with the MFI estimate. Additional details on molar mass measurements are given in

Appendix A.5.

In order to characterize the different phase transitions in the material, DSC measurements
on dried films of P(VDF-TrFE) were carried out for different drying temperatures as the drying

temperature is known to influence the quality of the films.3 On some occasions, annealing at 135°C
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during 30 min was also performed (temperature and time chosen from the litterature3). The
results for the first and second heating cycles are shown in Figure 3.6: the peak at lower
temperature indicates the Curie temperature Tc. The second peak indicates the melting
temperature Tn. Since the second heating occurs after melting the sample following the first

heating cycle, the values of T¢c and T are the same for the different preparations.

For the first heating cycle, when films are dried at 20°C, the Curie peak is broad and at low
temperature, which means that the crystalline phase of the polymer is more disorganised and
amorphous*. For the films dried at 90°C, below T¢, the Curie peak shifts to a higher temperature
indicating a more organized phase.5 For films dried at 135°C, the Curie peak is at an intermediate
temperature, so the ordering is intermediate, most probably because the crystallisation was done
at T>T¢ and so in the paraelectric phase.> The melting temperature also shifts to a higher
temperature. According to reference,’ this is indicative of an increase in the size of the crystals in
the thickness of the film. For films dried at room temperature and then annealed 30 min at 135°C,

the Curie peak is at a higher temperature similar to that of films directly dried at 135°C.

Drying the films at high temperature below the Curie temperature and further annealing
favors better order and will be used in the following to enhance the properties of the films for

device applications.

1* hea

2" heating

Heat Flow [W/g]

10 %,, P(VDF-TIFE) in TEP
dried at 20°C
——dried at 90°C
——dried at 135°C
——dried at 20°C + annealed at 135°C

T T
100 150
Temperature [°C]

Figure 3.6: Differential Scanning Calorimetry of films of P(VDF-TrFE) obtained by drop casting a solution of
10%wt P(VDF-TrFE) in TEP and dried at 20°C, 90°C 135°C or dried at 20°C and annealed at 135°C.

To complete the study of the neat polymer, rheological measurements of P(VDF-TrFE)
solutions at different concentrations (batch FC20-054) in GBL were done at 20°C. Figure 3.7
shows that for low concentrations, only the Newtonian plateau in viscosity is visible. For high

concentrations above 20 %, shear thinning behavior appears for high shear rates only. At higher
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concentrations (30 %w:) the solution become shear thinning. Similar measurements were carried

out for the batch FC20 62-053 [see Appendix A.6].
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Figure 3.7: Rheological behavior of P(VDF-TrFE) (batch FC20 62-054) in GBL at different concentration measured
with a shear rheometer (cone plate geometry: 50 mm diameter and 1°angle): viscosity versus shear rate and shear
stress versus shear rate, obtained by applying shear rate ramps at 20°C.

Using the viscosity on the Newtonian plateau, a reduced viscosity was calculated to

determine a critical concentration C* separating the dilute from the semi-dilute regime.

The following relation was used: Reduced viscosity = CL where
polymer

_ N—Msolvent

n; = Relative viscosity increment.t

Nsolvent

Figure 3.8 displays the results for the two batches of P(VDF-TrFE): C* was found lower for
the batch FC20 62-054 than for the batch FC20 62-053: 0.19 g/mL compared to 0.26 g/mL, (which
correspond to 14.1 %w: compared to 18.7 %.: with respect to the total weight). That is consistent

with the SEC measurements: the polymers of the FC20 62-054 batch have a higher molar mass.

The current commercial ink used for screen-printing (FC25 InkP, from Arkema) has a

concentration close to the C* found (15 - 18 %wt).
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Figure 3.8: Reduced viscosity of two batches of P(VDF-TrFE) in GBL versus Concentration: two characteristic

concentrations can be extracted (C*)

Further rheological characterization has been carried out to determine whether solutions

of P(VDF-TrFE) inks can be gel like. In fact, it has been shown that PVDF alone forms a gel at low

temperatures in solvents such as GBL [Figure 3.9].
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Figure 3.9: Phase diagram of PVDFE/y-butyrolactone solution: -e-, gel melting temperatures: - - -, sol-gel transition

temperatures (0, sol; x, gel states) [from 7]

It is thus important to verify if the copolymer P(VDF-TrFE) presents similar behavior as

PVDF. Dynamic oscillatory stress sweep measurements at 20°C [Figure 3.10] show that for all the

concentrations, the storage modulus G’ is always smaller than the loss modulus G"': the viscous

contribution is higher than the elastic one even though the ratio of elastic to viscous moduli

increases with concentration. The solutions are therefore not in a gel state at 20°C. Furthermore,

the viscosity of P(VDF-TrFE) solutions evolves almost linearly with the temperature

[See Appendix A.7].
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Figure 3.10: (left) Rheological behavior of two batches of P(VDF-TrFE) inks in GBL measured with a shear rheometer
(cone plate geometry 50 mm / 1°): average value of storage G'and loss G'' modulus (obtained at a frequency of 1 Hz at
20°C) in the linear viscoelastic range (i.e. in the plateau region) versus concentration. (right) Ratio between the
storage modulus G’ and the loss modulus G” of two batches of P(VDF-TrFE) inks.

As mentioned above, to process P(VDF-TrFE) inks using screen printing, the solutions need
to be formulated properly. Different ways to change the rheological behavior of the ink from
Newtonian to shear thinning behavior will be explored. All the following studies were done with
the batch FC20 62-054. First, a gelifying agent was added to a solution of P(VDF-TrFE) in good

solvents of the polymer.

3.4 P(VDF-TrFE) solutions with a gelifying agent

3.4.1 Additives and formulations of T_Pxp_Axa inks

A gelifying agent is a molecule or a polymer that forms a percolated network structure in a
solvent. If weak bonds are used to form the three-dimensional network, such as hydrogen bonds,
a physical gel can be obtained.? On the other hand, a nucleating agent is a molecule that can
initialize the crystallisation in materials. It can tune the degree of crystallinity as well as the shape

and size of the crystals of crystalline polymers.?

Two different gelifying agents were chosen: 1,3:2,4-Bis(3,4-dimethylbenzylidene)sorbitol
(DMDBS) [Figure 3.11] and tris-tert-butyl-1,3,5-benzenetrisamide (BTA) [Figure 3.12]. It has
been demonstrated that these additives can be used as nucleating agents!? and as organic gelators
in the case of DMDBS.11 Here we will focus first on the rheological modification and later on the

crystalline properties of the films.
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Figure 3.11: Structure of DMDBS (1,3:2,4-Bis(3,4-dimethylbenzylidene)sorbitol).

Figure 3.12: Structure of BTA (tris-tert -butyl-1,3,5-benzenetrisamide).

BTA and DMDBS were solubilised in triethylphosphate (TEP), which is the solvent used for
the commercial ink, in GBL and in methyl ethyl ketone (MEK), which are two other good solvents
of P(VDF-TrFE), at different concentrations. Both gelifying agents are insoluble in the three

solvents at room temperature. To solubilize these agents a high temperature is needed.

BTA was soluble only at low concentrations (below 0.5 %uwt) and forms filament like crystals
at higher concentrations in TEP or GBL (solubilized at 130°C for 10 - 15 min). In MEK, 0.3 %u:
BTA can be solubilized at 70°C in 10 min, and forms filament like crystals after 10 min at room
temperature. Because of the difficulty to solubilize BTA at high concentrations without obtaining

crystals, the study focused mainly on DMDBS.

In the case of 0.3 and 3 %w: DMDBS in TEP or GBL, good dissolution was obtained at 130°C
during 10 - 15 min. For the second concentration, a gel started to form after 10 - 30 min at room
temperature (white appearance) while the low concentration stayed fluid and transparent.
DMDBS was not soluble in MEK even after 2h at 110°C. Other tests of solubility in other solvents
of P(VDF-TrFE) were carried out to determine the solubilization temperature of DMDBS
[Table 3.2]. The solvent DMSO gives the lowest solubilization temperature.
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Solvent T solubilization
TEP 130°C
GBL 130°C
MEK -
DMSO 60°C
Cyclopentanone 90°C
Cyclohexanone 95°C

Table 3.2: Temperature at which 0.01%w: DMDBS start to solubilise in solvents of P(VDF-TrFE): TEP, GBL, MEK,
dimethyl sulfoxide (DMS0), Cyclopentanone and cyclohexanone.

Different amounts of DMDBS were added in P(VDF-TrFE) solutions at different
concentrations: 0.1 %wt, 1 %wt, 10 %we and 15 % of polymer in GBL or TEP. The concentration of
DMDBS is given with respect to the polymer weight. Each time, DMDBS was first solubilized in the
solvent at 130°C, P(VDF-TrFE) was solubilized in the solvent at 60°C, and then the two solutions
were mixed together at 60°C with a magnetic stirrer or a spatula (the DMDBS solution was added
while at 130°C in the case of high concentrations to remain fluid and soluble). The solutions at
0.1 %w: and 1 %w: of P(VDF-TrFE) and concentrations of DMDBS from 0.1 to 10 %w: were
transparent and very fluid at room temperature. The solutions at 10 %w: and 15 %w: of
P(VDF-TrFE) were more viscous. While the 15 % w: solution remained transparent, the 10%uwt
P(VDF-TrFE) displayed some turbidity for the TEP solvent and for concentrations of DMDBS
around 5 % w: and higher. While the solution at 8 %w: and 10 % DMDBS in TEP started have
white domains from the beginning, the 5 %.: solution becomes turbid only if sheared

[Figure 3.13].

Figure 3.13: three solutions of DMDBS in triethylphosphate with 10%w: P(VDF-TrFE) at different concentrations: 5, 8
and 10 %w: of DMDBS with respect to the polymer

Rheological measurements were then performed. The solutions of 5 to 10 %w: DMDBS in
10 %w: P(VDF-TrFE) in GBL or TEP became completely white after the rheological measurements

while the rest stayed completely transparent [Table 3.3].
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Solvent TEP | GBL | TEP | GBL| TEP |GBL|TEP| GBL
P(VDF-TrFE) [%uwt/totall 0.1 1 10 15
ox |1/t~ 1-] 10 | 1-] - [0.07%)T/T
R AR AR AR AR AR
DMDBS [%uwt/polymer] - - - - T/W | T/-| - (6%) T/T
g8 | - | - | - - [wiw|1-] - -
1071|7117 [wiw|1-] - -

Table 3.3: visual aspect of the solutions with different amount of P(VDF-TrFE) and DMDBS in TEP or GBL:
before/after rheology (T = transparent; W = completely white; WT = white domains in transparent solution;

- = not measured).

3.4.2 Rheological behaviors of T_Po.1-15_Do.1-10 inks

The first solutions studied were the 15 %w: P(VDF-TrFE) solutions in TEP and GBL. This

concentration is close to

C* measured in part 3.3. Figure 3.14 displays the rheological

measurements of this solution at 0 %, 0.07 %ws, 0.7 %w, and 6 %w: of DMDBS or BTA in TEP or

GBL. Multiple shear rates were applied at 20°C. The results for commercial PEDOT:PSS (Orgacon

EL-P 5015) is displayed as a reference. The results at concentrations between 0 %w: and 0.7 %wt

of gelifying agent are very similar and the small differences in viscosity are not significant. All

solutions have a Newtonian

plateau in the studied shear rate range (0.01 - 100s1). The addition

of 6 %w: of DMDBS increases the viscosity by a factor of 3, but the behavior stays the same with a

Newtonian plateau.
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Figure 3.14: Rheological behavior

FRN
] N
AN
RN .
; §3\

%

115%,, P(VDF-TrFE) in GBL + gelifying agent at 20°C:

4{—®— DMDBS or —@— BTA concentrated at:

Hec% M®07%, 0,07%,, or * without gelifying agent
—&—PEDOT:PSS for screenprinting

T rorTTTTm
10? 10" 10° 10' 107
Shear Rate [s"]
of solution of 15%w: P(VDF-TrFE) in GBL or TEP with 0 %ws, 0.07 %ws 0.7 %wt, and

6 %wt of DMDBS or BTA, measured with a shear rheometer (cone plate geometry: 50 mm diameter and 1°angle):
viscosity versus shear rate obtained by applying multiple shear rate ramps (increasing and decreasing) at 20°C. The
curve of commercial PEDOT:PSS (Orgacon EL-P 5015) was added as reference.
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All the solutions at 0.1 and 1 %uw: P(VDF-TrFE) were too fluid and therefore not considered.
The rheological measurements of solutions at 10 %w: P(VDF-TrFE) and various concentrations of
DMDBS are shown in Figure 3.15 and Figure 3.17. For low concentrations of gelifying agent (0 Y%wt
or 1 %), the inks stayed Newtonian even after four shear sweep cycles. For 8 %w: or 10 %wt
DMDBS, the ink is ejected from the rheometer and the measurements are difficult to carry out. For
5 %w: DMDBS, the properties of the ink evolve during the measurement: it starts with a Newtonian
plateau for the first shear sweep cycle and becomes shear-thinning and more viscous for the
following cycles. The ink is anti-thixotropic: the viscosity increases with time and number of shear
sweep cycles. After a certain number of such cycles, the viscosity reaches a steady state as the flow
curve (stress versus shear) becomes stable and does not change with further cycles. Only a small
hysteresis between the increasing and decreasing shear rate ramps is maintained contrary to the
initial stages where the hysteresis was large. No ejection from the Rheometer occurs, and the ink

after being subjected to several shear cycles, becomes turbid and presents a white appearance.

104 10%,,, P(VDF-TrFE) with DMDBS at 20°C in:
B GBL or O triethylphosphate
and DMDBS concentrated at: orE¥il (O shear 7 O shear N)
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Figure 3.15: Rheological behavior of a solution of 10 %w: P(VDF-TrFE) in GBL or TEP with 0 %wt, 1 %wt or 5 %wt of
DMDBS or BTA. Measurements were done with a shear rheometer (cone plate geometry: 50 mm diameter and
1°angle): viscosity versus shear rate obtained by applying multiple shear rate ramps (increasing and decreasing) at
20°C. The curve of commercial PEDOT:PSS (Orgacon EL-P 5015) was added as reference. The numbers represent the
number of shear rate ramps applied to the sample.

Considering the non-stationary behavior observed for these inks, a new process of
formulation was then carried out for the same ink (T_P10_D5) in a reactor with a four blade stirrer
[Figure 3.16]. The strategy is to obtain an ink with stationary properties by subjecting it to shear

in this reactor to produce the stationary shear thinning ink directly.
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ndenser

4 blades

stirrer

Figure 3.16: Double walls reactor with a four blade glass stirrer used to formulate 200mL of P(VDF-TrFE) inks.

The inks produced using the reactor, will carry the mention “R” at the end of their name:
T_P10_D5_R. The properties of this ink are shown as the red curves in Figure 3.17: the behavior is
now shear thinning and very stable with 32 shear ramps. The oscillatory measurements, however,
show an elastic modulus which is lower than the viscous modulus. Both moduli are however
greater than those measured for the ink T_P10 without gelifying agent (in dark green). A trial of
the same kind of ink with the second gelifying agent, BTA, was carried (T_P12_B5), but little shear-
thinning is observed. If the DMDBS is added directly to the solution of P(VDF-TrFE) in TEP heated
at 60°C, the solubilization of the DMDBS is incomplete and most probably remains in powder form,
and only Newtonian behavior is obtained. It is thus important to heat and dissolve DMBS correctly

before adding it to the solution of polymer.
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Figure 3.17: Rheological behavior of solutions of 10 or 12 %w: P(VDF-TrFE) in GBL or TEP with 0, 1 or 5 %wt of
DMDBS or BTA; the gelifying agents were dissolved at 130°C (or one time at 60°C) and the polymer was dissolved at
60°C. Measurements were done with a shear rheometer (cone plate geometry: 50 mm diameter and 1°angle):
viscosity versus shear rate obtained by applying multiple shear rate ramps (increasing and decreasing) at 20°C. The
curve of commercial PEDOT:PSS (Orgacon EL-P 5015) was added as reference.

Rheological behavior of solutions of 10 or 12 % P(VDF-TrFE) in GBL or TEP with 0 %us,
1 %uw: or 5 %w: of DMDBS or BTA; the gelifying agents were dissolved at 130°C (or one time at
60°C) and the polymer was dissolved at 60°C. Measurements were done with a shear rheometer
(cone plate geometry: 50 mm diameter and 1° angle): viscosity versus shear rate obtained by
applying multiple shear rate ramps (increasing and decreasing) at 20°C. The curve of commercial

PEDOT:PSS (Orgacon EL-P 5015) was added as reference.
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Figure 3.18: Phase diagram of P(VDF-TrFE) and DMDBS in TEP or GBL and corresponding rheological behaviors

Figure 3.18 summarizes the studied inks and their rheological behaviors in a phase diagram.
Low concentrations of P(VDF-TrFE) (1 %uw:) result in inks of low viscosity unsuitable for screen-
printing applications, while high concentrations of polymer (15 %w:) with concentrations of

gelifying agent comprised between 0.07 and 6 %uw: have a Newtonian behavior. For intermediate
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concentrations (10 %uw:) of P(VDF-TrFE), different regimes are observed: for low concentration
in gelifying agent (0.1 - 1 %), the inks are Newtonian, while for high concentrations (8 - 10 %),
the inks become very strong gels. Finally for an intermediate concentration of 5 %w: DMDBS, the
ink becomes shear-thinning, acquires high viscosities and elastic moduli in the range of 100 Pa.
These properties make this ink the most suitable for screen-printing or doctor blading
applications. The last ink, called T_P10_D5_R, was then adopted for further characterization as

well as to form films and characterize them after drying.

3.4.3 Structure of T_P10, T_Do.03 g/m, and T_P10_D5 inks

To try to understand the mechanism that renders the ink shear-thinning, liquid DSC and
cryo-SEM were performed. The purpose of liquid DSC was to see if there is any crystallisation in
solution. Indeed, DMDBS is not only a gelifying agent,1! but also a nucleating agent.10 However, no
crystallisation peak was found from -70°C to 150°C except the ones of the solvent. No
crystallisation seems to occur in solution. Additional characterizations using cryo-SEM were also

performed.

For these characterizations, the samples are first frozen using liquid Nitrogen and then held
at a low temperature, which is sample dependent, for a certain period of time to sublimate the
solvent. For the ink T_P10, a temperature of -70°C was used during 10 min [Figure 3.19]. This ink
is composed of small polymer spheres in the range of 40 - 50 nm. A solution of 0.03 g/mL DMDBS
dissolved in TEP was also observed after becoming a gel at room temperature. The sublimation
was carried at -85°C for 20 min. The results are shown in Figure 3.20 where a structure
characteristic of the fracturing of spherulitic structures appears with lines diverging from a
common point. At higher resolution, small aligned spheres (50 - 70 nm) start to appear; the

spacing between the lines is in the range 160 - 520 nm (365 + 135 nm).

A mechanism of aggregation has been proposed for DBS (1,3:2,4-(dibenzylidene)sorbitol)
another derivative of sorbitol very similar to DMDBS without methyl groups at the ends of the
benzyl groups. This molecule is known to have a “butterfly” shape with polar “body” due to the
hydroxyl groups, and apolar aromatic “wings”. DBS forms twisted fibers of 10nm in diameter in
organic solvents and forms a physical thermo-reversible gel through hydrogen bonds. A similar

mechanism may operate for DMDBS.9.12
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Figure 3.20: cryo-Scanning Electron Microscopy (cryo-SEM) pictures of a solution of DMDBS at 0.03 g/mL in TEP
sublimated at -85°C during 20 min and metallised with 10 mA during 40 s (x875, x2K, x5K and x20K respectively),
and possible hydrogen bonds between two DMDBS molecules.
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For the ink T_P10_D5 [Figure 3.21], sublimation was carried out at -95°C during 15 min or
at -85°C during 10 min.

a)

Pinnule

Fern leaf
ng .21: cryo-Scanning Electron MICESZO})}/ (cryo-SEM) pictu}e the ink T_ P10 _D5_R sublimated at -95°C
during 15 min (a-c) or at -85°C during 10 min (d-f) and metallised with 10 mA during 40 s (x34, x2.4K x25K, 100,
x14K, x20K respectively).

In Figure 3.21, spherulitic structures appear similarly to the solution of DMDBS in TEP
[Figure 3.20]. A closer look revealed that the ordered lines have ramifications with primary and
secondary divisions, as the leaves of a fern. Small spheres appear at certain places alongside each
line as the pinnules of a fern. The smaller and best defined spheres have a diameter in the range
of 50 - 60 nm. The spacing between the lines is in the range 150 - 480 nm (350 + 100 nm), which
is close to the one found for DMDBS in TEP. It is possible that the small spheres are not observed
over the whole sample because sublimation is not efficient and complete over the whole observed

area.
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In conclusion, the gelifying agent allows the structuring of the ink. In the absence of gelifying
agent, the polymers adopt the shape of small spheres without any organisation and which results
in a Newtonian behavior for the rheology. For the ink with gelifying agent, the polymers are small
spheres organized along lines, a structure which may give rise to a shear thinning behavior: by

increasing the shear, the lines may orient and align in the flow direction.

To summarize, the ink T_P10_D5_R can be easily processed as its rheological properties are
suitable for screen-printing and doctor blading. Furthermore, this ink allows for the formation of
homogeneous P(VDF-TrFE) films as we will see below. The only disadvantage is related to the
high temperature (130°C) needed to dissolve the gelifying agent (DMDBS) in the TEP solvent. In
the next section, we propose a strategy to decrease this temperature by first dissolving DMDBS in
DMSO, which is a good solvent for DMDBS and allows solubilization at 60° C, before blending with
the solution of P(VDF-TrFE) in TEP.

3.4.4 Gelifying agent in a mixture of a good and a bad solvent of

DMDBS

3.4.4.1 Solubility of DMDBS in different solvents

The gelifying agent DMDBS is soluble in DMSO and the solution is liquid like. In order to
obtain gels, DMDBS has to be dissolved in a mixture of DMSO and a bad solvent of DMDBS. Since
we do not know the proportion of TEP and DMSO necessary to obtain gels with DMDBS, we have
examined the solubility properties of DMDBS in the literature.

The solubility of DMDBS in different solvents has been studied previously. Shen et al have
shown that DMDBS forms gels in mixtures of DMSO and a variety of bad solvents [see Table 3.4].13
Gels were obtained in a range of concentrations of the bad solvent comprised between 60 and
80 %vor as summarized in Table 3.4. We have therefore tested a mixture of 30% DMSO and 70%
TEP which indeed allows the formation of a gel in the presence of DMDBS.

Systems System 1 System 2
[y @
@ ot
o =i o | & |8 ]
gal|lao |8 T < @ S | E
Bad solvents § slelzls|g|2|E é g | Bxtreme
. o= O R I O A T I values
(in DMSO) % S § = S |8 5|2 5 | 8
o ) s | -
[¢°] [¢’]
Minimum concentration of bad
solvent in DMSO to have a gel [%] >0 501 6060]60]40]50]50]60 60
Maximum concentration of bad
solvent in DMSO to have a gel [%] 80 1901901909060 808090 80

Table 3.4: Summary of the concentration of the solvents (in DMSO) in which DMDBS forms a gel after dissolution
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3.4.4.2 Rheological behavior of 3D7T_P12_D5 and D_P12_D5 inks

In fact, TEP acts as a good solvent of DMDBS at high temperatures, but as a bad solvent at
room temperature. Different inks were then formulated: 10 or 12 %w: P(VDF-TrFE) + 5 %ut
DMDBS in 30 %vo DMSO and 70 %voi TEP, which will be compared with inks formulated using
DMSO only. The ratio used for TEP in DMSO is in the range where gels are obtained. The results
for the viscosity versus shear rate are displayed in Figure 3.22:in 100 % DMSO (D_P12_D5), only
Newtonian behavior is obtained, while in 70 %o TEP and 30 %o DMSO (3D/7T_P12_D5_R), a
shear thinning behavior is obtained. The interest of this ink from the previous working inks
(T_P10_D5_R) is that no high temperature is needed (60°C instead of 130°C), which is more

comfortable for large scale formulations.

In TEP:
10* W@ 10%,, P(VDF-TIFE) + 5% DMDBS (dissolved at 140°C in TEP)

In DMSO:
W® 12%,, P(VDF-TrFE) + 5%, DMDBS (dissolved at 60°C in DMSO)

I In 70% TEP + 30% DMSO:
\ 12%,, P(VDF-TIFE) + 5%  DMDBS (dissolved at 60°C in DMSO)

\‘\ —&—PEDOT:PSS for screen-printing W shear 7 @ shear N
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Figure 3.22: Rheological behavior of solution of 5 %w: of DMDBS dissolved in TEP at 140°C added at a 10 %wr
P(VDF-TrFE) solution in TEP at 60°C, 5 %w: of DMDBS dissolved in DMSO at 60°C and 12 %w: P(VDF-TrFE) added at
60°C, 5 %we of DMDBS dissolved in DMSO at 60°C and added to a solution of P(VDF-TrFE) dissolved in TEP at 60°C
(result: 70 % TEP + 30 % DMSO, 5 %wt/potymer DMDBS + 12 %wt/total P(VDF-TrFE)). Measurements were done with a
shear rheometer (cone plate geometry: 50 mm diameter and 1° angle): viscosity versus shear rate obtained by
applying multiple shear rate ramps (increasing and decreasing) at 20°C. The curve of commercial PEDOT:PSS
(Orgacon EL-P 5015) was added as reference.

To summarize, the use of a gelifying agent in the P(VDF-TrFE) solutions allows to obtain
shear thinning solutions with stationary properties (independent of time and history) once
prepared using the home made reactor. Further, and to work at lower temperatures, the gelifying
agent can be dissolved in small amounts of DMSO, a good solvent, before being blended with the

polymer solution.

In the next section, the properties of films obtained using the viscous shear thinning inks in
the presence of the gelifying agent and prepared using the reactor will be examined. We recall that

these inks have optimal properties for film formation using screen-printing or doctor blading.
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3.4.5 Properties of films
3.4.5.1 Structure of films obtained using T_P10_D5_R

SEM images of T_P10_D5_R films obtained using doctor blading on glass substrates, dried at
135°C and cooled at room temperature, are displayed in Figure 3.23. Homogeneous films with no
big domains are obtained at large scales (a). At greater magnification, linear structures appear (b)
which become even more pronounced at higher and higher magnifications (c,d). In image d, taken
at the highest resolution one can distinguish structure reminiscent of those observed in
Figure 3.21 and obtained in cryo SEM. Similar images are obtained for films dried at room
temperature and then annealed at 135°C during 40 min and cooled down at room temperature.

The lines can be attributed to DMDBS. Indeed, it has been shown that DBS forms crystalline fibers

that are nucleating sites on which polymers can crystallise epitaxially.12 A similar mechanism

could apply for DMDBS.

GRSH GBS

Figure 3.23: SEM image of dried film of the ink T_P10_D5_R (spin coated on glass) dried at 135°C and cooled down at
room temperature (x 5 000; x 20 000; and x 50 000)

5

To summarize, the ink T_P10_D5_R has rheological properties which are suitable for screen-

printing and doctor blading and allows for the formation of homogeneous P(VDF-TrFE) films.
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3.4.5.2 Wettability of films

For processing purposes, it is important to measure the surface free energy of dried films.
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Measurements for P(VDF-TrFE) films are shown in Figure 3.24. Before annealing, the surface free
energy is of 27 + 6 mN/m when the solvent used is TEP independently of the presence or not of
the gelifying agent. After annealing, the surface free energy increases to 30 + 2 mN/m. For
P(VDF-TrFE) in GBL, the surface free energy of dried films is the same before and after annealing
(31 £ 3 mN/m). For all cases, the dispersive contribution to the free energy dominates over the
polar contribution. In accordance with this observation, a contact angle between water drops and
the films are around 100° before annealing, and 95° after annealing [Table 3.5] (a little lower in
GBL). Such high contact angles can be problematic when depositing aqueous inks on these films.
For example, dewetting problems are encountered when inkjet printing PEDOT aqueous
solutions, to create a conducting film on top on PVDF films. To overcome this problem, UV-Ozone
treatment as well as heating the substrate will be used for PEDOT layers printed by inkjet in the

next chapter.

Contact angle of water drops [°]

Ink Before annealing | After annealing
3D7T_P12_D5R 99.940.2 95.3+1.3
T_P10_D5_GR 97.71+0.5 92.5+2.1
T_P15 99.1+0.4 95.4+1
G_P15 91.1+2 81.4+0.7

Table 3.5: Contact angle of water drops on P(VDF-TrFE) dried films obtained from different formulation: T_15P,

G 15P, T P10 D5 R 3D7T P12 D5 R.
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Figure 3.24: Surface free energy of films made from different solutions of P(VDF-TrFE):

T 15P, G_15P, T P10 D5 R, and 3D7T P12 D5 R.
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3.4.5.3 Crystallinity of films

DSC measurements were done on dried films using different formulations of P(VDF-TrFE)

with DMDBS as gelifying agent.

Indeed, DMDBS is also known to be a nucleating agent: smaller crystals, in higher number,

and with more homogeneous size should be obtained.

Figure 3.25 shows that the Differential Scanning Calorimetry (DSC) curves of films obtained
with different formulations with DMDBS concentrations of 0, 0.1, 1 and 5 %uwt/polymer- For the 1 or
5 %wt/polymer DMDBS, the melting peak becomes sharper compared to the smallest concentrations
indicating that the size of the crystals has less dispersity. If annealing is performed for 30 min at
135°C, the Curie peak shifts to higher temperatures, but the shift is smaller for the 5 %w: DMDBS
solution. It is possible that the crystals are of smaller size in this case as the nucleating agent may
favor the appearance of numerous crystal nuclei, or because the annealing was done at
temperature a little higher than the onset of the crystallization peak. The Curie peak is also
broader. By adding 30 %y, of DMSO in the formulation, the peaks are similar as for TEP alone, but

with a broader melting peak indicating more dispersity in crystal sizes.
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Figure 3.25: Differential Scanning Calorimetry of films of P(VDF-TrFE) obtained by drop casting different
formulations of P(VDF-TrFE) (10%w: or 12%w) in TEP (or 70 %ve: TEP and 30 %ver DMSO) with DMDBS as gelifying
agent (0.1, 1 or 5 %wt/polymer) and dried at 20°C, with or without annealing 30 min at 135°C.
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A degree of crystallinity AX,. was calculated using the enthalpy of the melting peak AH,;,.;¢,

which is the area of the peak divided by the heating rate (1°C/3s), with the relation AX, = %.

The melting enthalpy for a 100 % crystalline sample AH,, was estimated at 86.92 J/g using the

weighted average of Hy,p,, . (1435 cal/mol from litterature'* equal to 93.76 ]/g) and Heo pppp

(1300 cal/mol from litterature®* equal to 66.31 J/g). Finally, a degree of crystallinity between 20
and 38 % was found, but the difference between the samples is within the estimation error due to
the error in the measurement of the weight of the sample, as well as the determination of the area

under the melting peak.

To conclude, the differences in structure between the different formulations is small
indicating that the use of a gelifying agent (with or without DMSO) does not drastically modify the

properties of the films.

In next section, a more complex formulation will be studied using a mixture between a good
and a bad solvent of P(VDF-TrFE). A phase separation is expected with consequences on the

rheological behavior of the solutions.

3.5 P(VDF-TrFE) solutions in a mixture of a good and a bad

solvent

The aim of this part is to formulate a shear-thinning ink of P(VDF-TrFE) without using a
gelifying/nucleating agent, to obtain a film composed of polymer only. Indeed, impurities can lead
to deterioration of the device during the polarization of the P(VDF-TrFE) films with high voltages
and cause short-circuits. The use of a combination of a good and a bad solvent for the polymer
may lead to phase separation and consequently give rise to interesting rheological behavior. A
shear-thinning behavior may be expected. If this strategy succeeds, films composed of only

P(VDF-TrFE) will be obtained after complete evaporation of the solvents.

3.5.1 Formulations of xgB/xcG_Pxp inks

The good solvent of P(VDF-TrFE) used is y-butyrolactone (GBL). It was combined with
benzyl alcohol (BzOH), a bad solvent of the polymer. The solution studied consists of 15 % of
P(VDF-TrFE) which was first dissolved in GBL at 50 - 60°C (to speed up the solubilization) before
different amounts of BzOH were added at the same temperature. These solutions were
transparent. If, on the other hand, the components were mixed together at room temperature, the

polymer stayed in powder form and did not dissolve, but after heating at 50 - 60°C, the solutions
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became transparent. The solutions were then studied at lower temperatures to examine whether
phase separation occurs and what its consequences are for the rheology of the phase separated

mixture.

P(VDF-TrFE) inks Visual observations
33B/67G_P15
28B/72G_P15 Become opaque (white) during the first day
26B/74G_P15
20B/80G_P15 Become slightly opaque (white) after one week
10B/90G_P15

5B/95G_P15
Table 3.6: Visual observation of solutions of 15 %w: P(VDF-TrFE) in GBL (G) and BzOH (B)
after some days stored at 4-6°C.

Keep transparency after 1 year

The transparent solutions were stored at 4 - 6°C several days [Table 3.6]: for concentrations
higher or equal to 26 %y of BzOH, the solutions acquire a white appearance and became opaque
quickly. This is indicatives of a phase separation and a possible formation of an emulsion. For
20 %yoi of BzZOH, a longer time was needed to become opaque, meaning that the solution is more
stable at this temperature. For concentrations lower or equal to 10 %.:, the solutions stayed
transparent, even after one year at 4 - 6°C, meaning that they are either stable or needed a lower

temperature to phase separate.

Three solutions were studied in term of rheological behaviors: 33B/67G_P15 with 1/3 of
BzOH and 15 %uw: of P(VDF-TrFE), and more stable ones, 25B/75G_P15 and 25B/75G_P12, with
less BzOH or less polymer. We noted that the concentration of P(VDF-TrFE) has an impact on the

stability of the ink: the more concentrated the solution, the faster the destabilisation.

3.5.2 Rheological behavior

The rheological properties of the first ink, 33B/67G_P15, were measured just after
formulation (the solution was still transparent) and after being stored three days at 20°C (the
solution was white). The shear ramps were done at 30°C and the resulting viscosities are shown

in Figure 3.26.
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Figure 3.26: Rheological behavior of a solution of 15%w: P(VDF-TrFE) in 1/3 BzOH and 2/3 GBL measured with a
shear rheometer (cone plate geometry: 50 mm diameter and 1° angle): viscosity versus shear rate obtained by
applying multiple shear rate ramps (increasing and decreasing) at 30°C just after formulating the ink (left: 56 ramps)
or after storage 3 days at 20°C (right: 30 ramps). The inset displays the non-reversibility of the cycles: the numbers
and arrows indicate the number of the cycle and the direction of the ramp.

For the ink measured just after formulation, a stable Newtonian plateau was observed even
after 56 shear ramps [Figure 3.26 (left)]. The rheological properties of the ink stored at 20°C,
which has a white appearance, were difficult to measure at temperatures around 20°C and the ink
is ejected from the rheometer upon application of shear. Most probably, these inks at such
temperatures develop strong normal stresses and possibly shear thicken. In order to measure the
rheological properties of these solutions a higher temperature of 30°C was used instead. Even at
this temperature a complex behavior is observed. At the beginning, Newtonian behavior was
observed (in purple), then after each cycle, the viscosity increases at all shears and shear thinning
behavior emerges for a high number of cycles. The solution properties clearly evolve with the
number of cycles and the viscosity increases by an order of magnitude at low shears. The cycles
are actually not reversible. If the shear ramp is from low to high shear and back the cycle is not
reversible. On the other hand, if the cycle is from high to low shear and back, the cycle is reversible
[inset Figure 3.26 (right)]. We do not have a simple explanation for this behavior. The application
of high shear rates to these solutions gives rise to a large viscosity increase. It is possible that shear
modifies the structure of the phase separated solution or emulsion. Indeed, if the ink is stored at

20°C, it destabilises slowly, but if the ink is stirred in a reactor, the white color appears quickly.

Additional insight into the behavior of these solutions comes from measurements at
different temperatures. A constant shear rate of 10 s'! was applied while the temperature was

decreased in steps [Figure 3.27]. At a temperature of 30°C, the viscosity remains constant with
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time. As the temperature was decreased to 29°C, the viscosity started increasing with time until

the ink was ejected from the rheometer making the measurements unreliable.
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Figure 3.27: Rheological behavior of a solution of 15%w: P(VDF-TrFE) in 1/3 BzOH and 2/3 GBL measured with a

shear rheometer (cone plate geometry: 50 mm diameter and 1° angle): viscosity and temperature versus time
obtained by applying temperature steps at 10s -1. The solution is ejected from the rheometer right before 28°C.

At 30°C, the ink can be rendered shear thinning by using a number of shear cycles. For lower

temperatures, the rheological properties are difficult to measure and the solutions are probably

shear thickening. If we call Tw the temperature at which the viscosity starts to increase

dramatically with time, Tw decreases with decreasing amounts of polymer and of BzZOH. The Tw of

two other formulations with less BzOH or less P(VDF-TrFE) were measured [see Appendix A.8].

We obtain Tw = 21 - 22°C for 25B/75G_P15, and Tw = 6 - 7°C for 25B/75G_P12. The difference is

important between the two inks although there is only 3%u: of polymer difference. The diagram

of Figure 3.28 summarizes these properties. The ink 25B/75G_P15 has a working temperature

close to the ambient temperature and could be suitable for screen printing.

P(VDF-TrFE)

Yowt PVDF

15%

\12%

BzOH

Yy /3

%Bz0OH

GBL

Figure 3.28: Phase diagram of the difterent P(VDF-TrFE) inks in a good and a bad solvent and corresponding working

temperature Tw.
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In the next part, the ink 33B/67G_P15 will be studied in more details in term of structural

properties to get more insight on the peculiar rheological properties of these solutions.

3.5.3 Structural study of 33B/67G_P15 ink and 33B/67G solution

Scanning Electron Microscopy (SEM) was performed on 33B/67G_P15 ink using cryogenic

mode, and on dried drop-cast films.

: P(VDF-TIFE)
@ = 30-50 nm_.

Yowt PVDF

15%

BzOH

PLACAMAT SF 50 3 O0nm T \

. H@=130-400 hm  @=130-140 nm

SEI 150k 000 1 W

Stored 2 weeks at 20°C < Tw Stored at Tw= 30°C

) > —y
Drying at T>>Tw: Non porous films Drying at T<Tw: Porous films
R

Annealing at 135°C + cooling down:
Non porous film restored

Figure 3.29: Phase diagram of P(VDF-TrFE) in GBL and BzOH and cryo-Scanning Electron Microscopy (cryo-SEM)
pictures of solutions of a) 0 %wt or b) and c) 15 %w: P(VDF-TrFE) in 1/3 BzOH + 2/3 GBL
(without sublimation and with metallisation).

Figure 3.29 displays SEM images of 33B/67G_P15 inks, and of a mixture of the two solvents
33B/67G (= 1/3 BzOH + 2/3 GBL). The two solvents were supposed to be miscible: the solutions
appear transparent. However, very small spheres of diameters between 30 and 50 nm appear in

cryo-SEM [Figure 3.29 a)]. The solution has therefore the structure of a nano-emulsion. Its
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rheological behavior is Newtonian with viscosities of few mPa.s. For 33B/67G_P15 ink, a similar
structure is observed with spherical particles of diameter comprised between 130 and 140 nm if
the ink was stored at Tw = 30°C [Figure 3.29 c)]. In the case where the ink was stored under the

critical temperature, at 20°C < Tw for two weeks, the diameter of the spheres increases in size and

shows more dispersity and is comprised between 130 and 400 nm [Figure 3.29 b)].

Figure 3.30: SEM images ( without metallisation, GBSH mode) of film obtamed by drop- castmga 33B/67G_P15 ink on
glass, drying two days at 23°C.

2um

lpm  JEOL 12-Sep-18
x10,000 0.50kV UED GBSH WD 3.0mm 14:36:27

Figure 3.31: SEM images ( W1t110ut meta111sat1011 GB.S'H mode) of film obtained by drop-casting a 33B/67G_P15 ink on
glass, drying at 135°C during 30 min and cooling down slowly at room temperature.

SEM images of drop cast films of this solution are shown in Figure 3.30 and Figure 3.31. The
image of the films dried at 23°C show a porous like structure and the presence of spheres
intercalated by linear domains, which are clearly visible at higher magnification. The size of the

spheres is of order 1 um in diameter; the lines have roughly similar widths.

If the drop-castinkis dried at 135°C for 30 min and then cooled down progressively to room
temperature, a more homogeneous film is obtained [Figure 3.31] with domains of sizes in the

order of 10 - 20 um. At higher magnification, a homogeneous texture with line like structures is
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observed. If the porous film dried at 23°C is further annealed at 135°C for 30 min and then cooled
down, a structure similar to that of films dried directly at 130°C is recovered. Both porous and
homogeneous structures can therefore be obtained with this ink depending on the drying

conditions.
We think that the polymer migrates in the domains of the good solvent.

To conclude, P(VDF-TrFE) is soluble in mixtures of GBL (a good solvent for the polymer)
and BzOH (a bad solvent) for the temperatures greater than 30°C and the solutions are
transparent. These inks are unstable at lower temperatures and when subjected to shear. The
critical temperature below which the solutions become unstable increases with the concentration
of polymer or of BzZOH. When the ink is sheared near the critical temperature Tw, its initial
Newtonian behavior changes to a shear-thinning behavior with a large increase of the viscosity
for low shears. This feature can then be used to prepare viscous solutions with shear thinning
behavior, in a reactor, and the solution used at the appropriate temperature (which can be
controlled and varied by changing the concentration of polymer or bad solvent) for processing

and film making.

While the formulation remains complex with a precise protocol for producing shear
thinning inks, an advantage of this formulation strategy is that the solution properties are
reversible by heating the ink as it goes back to its initial state at high temperatures (transparent
and Newtonian). Further, these inks provide the possibility to form microporous films of
P(VDF-TrFE). These piezoelectric porous films are attracting much attention!> and have
applications in energy harvesting: they can for instance be used as separator membranes in

lithium-ion battery.16-18

3.6 Conclusion

Two batches of P(VDF-TrFE) were studied. Both contained 79.4 %uw: of VDF unit and
20.6 %w: of TrFE unit. Their weight average molar mass in equivalent PS is respectively 238 and
278 kDa (measured in THF). The critical concentration C* was determined by a systematic
rheological study as a function of the concentration: 18.7 %.. = 0.26 g/mL and
14.1 %w:= 0.19 g/mL were found for the two batches respectively. For all the concentrations, the
elasticity of P(VDF-TrFE) solutions was lower than its viscous part, and the shear behavior was
Newtonian. To modify this behavior and render it shear-thinning for screen-printing applications,

two different ways were developed.
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First, a gelifying agent was added in one or two good solvents of P(VDF-TrFE). In this case
DMDBS was found to be an interesting gelifying agent. The solvents used are TEP, present in the
commercial ink, and DMSO. Optimization of the proportions have shown that around 5 %wt/polymer
DMDBS is needed in 10 - 12 %uwt/totas P(VDF-TrFE) to obtain an adequate shear thinning behavior
with a sufficiently high viscosity. The elasticity of the ink also increases and becomes closer to its
viscous part. After a proper stirring, the rheological behavior of the ink becomes stable. Cryo-SEM
measurements have shown that P(VDF-TrFE) is in the shape of spheres of 40 - 50 nm diameter
in TEP, and DMDBS organizes them in a fern like shape: parallel lines spaced by 350 + 100 nm
with subdivision and the appearance of the polymer as small spheres when the sublimation is high
enough. The shear thinning behavior is most probably due to the presence of these lines which
can orient in the direction of the flow. DMSO can also be used to decrease the solubilization
temperature of DMDBS (from 130 - 140°C in TEP to 60°C. The printed films are quite
homogeneous with some lines and, as expected, no big crystal domains are visible because of
DMDBS which acts as a nucleating agent. DSC measurements have shown that the impact on the

size of the crystals for formulations with 0 to 5 %wt/polymer DMDBS is not so important.

The second kind of inks developed use a good and bad solvent of the polymer, both miscible,
to obtain a segregation and a sort of nano-emulsion. GBL was used as a good solvent and BzOH as
a bad solvent of P(VDF-TrFE). Cryo-SEM images has shown that contrary to expectations, GBL and
BzOH were not fully miscible and form a nano-emulsion. Then the added polymer stays in the GBL
domains and make them growth: that is the destabilisation of the ink. The addition of polymer to
this mixture, induces a phase separation at low temperatures and the rheological properties of
the phase separated mixture are highly dependent on the shear history of the sample. This
dependence is important especially near a critical temperature (itself related to the concentration
of the bad solvent and of the polymer). Subjecting the samples to repeated shear cycles renders
them shear thinning with high viscosities at low shears. The inks prepared using shear under
appropriate temperatures are well adapted to screen printing applications. The obtained films
can be porous if dried at room temperature, or completely homogeneous with big domains if dried
at 135°C or if the porous films are annealed at 135°C. The porous films can have applications in

lithium-ion batteries as membrane separators.
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4.1 Introduction

Piezoelectric devices are composed of a piezoelectric layer sandwiched between two
electrodes. The direct piezoelectric effect is the response of a piezoelectric material to a
mechanical external stress: a strain is induced which generates an electrical potential
proportional to the applied stress. Inversely, the reverse piezoelectric effect is the response of a
piezoelectric material to an electric field: a mechanical deformation is induced.! The purpose of
piezoelectric devices is then to obtain a displacement by applying a voltage (in the case of
actuators, speakers, etc.), or to apply a displacement to create a voltage (in the case of a pressure
sensor). Using P(VDF-TrFE) as a piezoelectric layer in the field of medical pressure sensors is a

possibility which is considered by many studies.?

Piezoelectric catheters are medical devices used to measure and treat cardiovascular
diseases such as arrhythmia. This disease consists of abnormal heartbeat (too fast, too slow, or
irregular), and leads to stroke and cardiac arrest. To treat these fibrillations, catheters are used.
They measure the heart beat and locate the tissues causing the abnormal electrical signal. The
tissues are then burned, by radio-frequency heating or cryothermy cooling, to restore normal
heart beat: this is called cardiac ablation.3# The challenge is to diagnose and treat the precise

anatomic location of the arrhythmia.

In this context, a collaboration with the IHU (Institut Hospitalo-Universitaire) Liryc
(L'Institut de Rythmologie et Modélisation Cardiaque) was established. The aim was to develop
flexible pressure sensors, allowing the exact localisation and the measurement of the applied force
on the inside of a 3D printed heart for laparoscopic training simulators. For that purpose, a matrix
of pressure sensors was conceived. The devices should have electrodes to record the signal, and a
piezoelectric layer. All the materials used should be easily processable. The 3D-printed heart has
similar mechanical characteristics as the human heart and will be used by students to simulate
surgery using catheters. Arrhythmia is detected when an abnormal output electrical signal is
recorded when a pressure is applied by a catheter. The human body simulator as well as the 3D-
printed heart and a schematic of a matrix of piezoelectric devices is presented in Figure 4.1:

electrodes are represented with blue lines, one device being the intersection between two lines.
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3D-printed heart

Piezoelectric layer  Single sensor

Bottom electrode

Top electrode

Body simulator

with serum media Catheter

Figure 4.1: Human body simulator for laparoscopic training with 3D-printed heart and schematic of a matrix of
Dplezoelectric devices to be deposited on the inner walls.

This chapter combined two goals: using the inks formulated in previous chapters to develop
pressure sensors, as well as designing devices to be implemented in the 3D-printed heart in the
framework of the collaborative project. Nicoletta Spampinato, Konstantinos Kallitsis, Gomes
Correia and Lauriane Giraud from LCPO were part of the collaborative work as well as Rémi
Dubois and Pierre Jais from Liryc. Nicoletta Spampinato and Konstantinos Kallitsis have
developed more particularly the devices with metallic electrodes, while I developed the devices

with PEDOT electrodes. The piezoelectric layer is in each case made from P(VDF-TrFE).

A previous attempt spraying directly the bottom electrode into the 3D-printed heart has
shown that the polymer used for the heart was cracking due to the temperature used during the
spray (110°C). This is why the various devices presented below will be prepared separately from
the heart. The devices have to be conform to the shape of the artificial heart as they will be fixed

on the inner walls of this latter.

In this chapter, devices with metallic electrodes will be characterized as this is simpler to
implement, then more flexible devices with organic PEDOT:PSTFSI electrodes will be introduced,
and finally devices screen-printed with commercial PEDOT:PSS and different formulations of

P(VDF-TrFE) will be discussed.
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4.2 Materials & Methods
4.2.1 Materials

The materials used are: commercial PEDOT:PSS ink (Orgacon EL-P 5015 from Sigma
Aldrich), commercial P(VDF-TrFE) ink (FC25 Ink P from Arkema), and formulated inks 1 % or
0.5 %w: PEDOT:PSTFSIK go kpa, and P(VDF-TrFE) inks T_P10_D5_R and 3D7T_P12_D5_R from
previous chapter, and 10 - 15 %uw: P(VDF-TrFE) 75,25 (from Arkema) in Cyclopentanone (from
Acros Organics). All PEDOT inks were formulated (even the commercial one), with 5 %y, DMSO

or Ethylene Glycol (EG) and 0.04 %w: Zonyl FS-300 fluorosurfactant.

Polydimethylsiloxane (PDMS) (from Neyco: 10 %u: crosslinker added to 1 %w: PDMS),
Kapton tape (poly(4,4'-oxydiphenylene-pyromellitimide) tape) and polyethylene terephthalate
(PET) (from DuPont Teijin Films: 125 and 175 pum) were used as substrates.

Carbon tape was used to create better contact between the tips and the PEDOT electrodes

during the polarisation.

4.2.2 Devices fabrication

Different types of devices were made either using a substrate or using free standing films of
the piezoelectric polymer. Metallic or organic electrodes were then introduced using various

types of deposition processes. All the created and characterized devices are listed in Table 4.1.

Electrodes Piezoelectric layer Substrate Section
Material Process Material Process
- Kapton tape
= Thermal - PDMS (+ free
% Au (+Cr) evaporation| 10 — 15 %u. DocFor standing film*)_ 4.4
= P(VDF-TrFE) blading, f fl;ee standing
75/25 Drop - film
0.5 %w: PEDOT:PSTFSIK|  Spray in casting or
1%u PEDOT:PSTFSIK | D0 |cyclopentanone| P | pET
o Blade coating | PDMS 4.5
£ 0.5 %w: PEDOT:PSTFSIK Inkiet
| _or PEDOT:PSS mszon :
FC25 Ink P
PEDOT:PSS e1.» 5015 srclrrftelgg T_P10 D5 R srclrrftelgg ey 4.6
3D7T_P12_D5_R

Table 4.1: Summary of the devices created and characterized. (* free standing film of P(VDF-TrFE))

The metal electrodes were evaporated in inert atmosphere at 10-¢ mbar with a PLASSYS
ME400B evaporator (Chrome: 10 nm, Gold: 200 or 300 nm). The organic electrodes and the
piezoelectric layer were deposited using different printing methods: a A4809 Aztek airbrush with

a 1.02 mm nozzle (for spray coating), an Erichsen Doctor Blade (air gaps 150 pm and 10 mm/s
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speed), a single nozzle Microfab Jetlab4 inkjet printer with a MJ-ATP-01-050 piezoelectric nozzle
(the optimized parameters of the printer were the following: frequency: 600 Hz, first rise time:
15 ps, dwell time: 15 ps, fall time: 20 ps, echo time: 10 ps, second rise time: 10 ps, dwell voltage:
55V, echo voltage: 0 or 10 V), and an EKRA X5 screen-printer (pressure: 120 N, snap off: 1 mm,
speed: 180 or 300 mm/s for electrodes with respective screens 150 - 30 and 200 - 27; and 100
or 50 mm/s for P(VDF-TrFE) with screen 90 - 48).

All the devices, with metal and organic electrodes, were annealed at 135°C (value taken
from the literatures) (or 129°C for the formulations T_P10_D5_R and 3D7T_P12_D5_R, that is the
onset of the melting peak measured in Chapter 3) during 30 min and cooled down slowly at room

temperature before being characterized.

To encapsulate the devices, a PDMS layer can be added at the top of the devices.

4.2.3 Characterization

A proof of concept of a piezoelectric device with a thick free standing film of P(VDF-TrFE)
obtained by drop casting, and aluminum foil used as electrodes (very large area of 16 cm?) is
presented in Figure 4.2. By applying a pressure on the device, an output voltage was recorded
with an oscilloscope. The signal is generated during the displacement and not when pressure is
held constant. Two peaks appear: one when the device is pressed, and one when the pressure is

released.
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Figure 4.2: Electric response to a pressure applied to a piezoelectric device
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However, for thin films, the signal generated during the displacement is in the noise level of
the measurement. Polarization of the piezoelectric layer is then very important and increases the

output voltage as shown in Figure 4.3.

Figure 4.3: Electric response to a pressure for polarized devices (left) and non-polarized devices (right) using a 10 um
thick P(VDF-TrFE) layer.

To polarize the obtained devices, a aixACCT Systems TF Analyzer 2000E was used. A
continuous sinusoidal voltage was applied at different frequencies (usually 1 Hz) using increasing

voltage steps until the electric field E reached 100 MV /m (or before in the case the device breaks).

The electric field E is obtained by dividing the applied voltage V by the thickness t of the
piezoelectriclayer: E = % The electrical displacement D is then obtained by integrating the output

current (which is done directly in the aixPlorer30 software): D = &yE + P where P = ¢y(&, — 1)E

is the polarization, g, is the vacuum permittivity, and &, is the relative permittivity (or dielectric

N , . . -1
constant).6 The polarization is then proportional to the displacement with a constant factor b

Er

In this chapter, the devices will be characterized by the displacement hysteresis loop as a function

of the electric field.

These loops have several characteristic features. The saturated displacement Ds, (or
saturated polarisation Ps,) is the maximum displacement (or polarization) reached for a certain
field. The remanent displacement D, (or remanent polarization P;) is the displacement (or
polarisation) that remains after switching down the field. The coercive field E. is the field required
to supress the remanent polarization [Figure 4.4]. In the plots of intensity versus field, two
maxima appear at +E.. These maxima correspond to the displacement of charges which occurs

upon the change of sign of the polarization.”
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In the case of a pressure sensor, the piezoelectric polymer is used as a capacitor. The aim is
then to have the highest output voltage for the smallest applied strain. Efficient pressure sensors
are then obtained when the difference between Pr and P, is small. Efficient actuators are obtained

when the slope near E. is very high.

An example of a measured ferroelectric hysteresis loop and the corresponding switching
current peaks is displayed in Figure 4.4, with a schematic of the polarization and charge

accumulation for different applied fields.
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Figure 4.4: Displacement and intensity of the output current versus field measured on a 368 mm? /4 um thick device

stencil-printed with commercial inks: PEDOT:PSS gris015 for electrodes and P(VDF-TrFE) rczs mk p for piezoelectric
layer. The polarization and charge accumulation are schematized for different applied field.

Figure 4.5 shows the response when a short circuit occurs between the top and the bottom
electrodes for sinusoidal and triangular signals: the sinusoidal signal will be used for the rest of
the experiments. A short circuit will then be seen as a circle instead of a sharp hysteresis loop in

the displacement curve, and no peaks in the intensity curve.
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Figure 4.5: Short-circuit of one device measured with triangular or sinusoidal signals at 100 V and 1 Hz
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4.3 Thermal evaporated metal electrodes & spin coated or
doctor bladed P(VDF-TrFE) layer

4.3.1 Device fabrication

First, attempts with metallic electrodes were carried out. Thermal evaporation of gold was
performed on Kapton tape, free standing films of P(VDF-TrFE), or on PDMS. In the case of Kapton
tape as substrate, the P(VDF-TrFE) layer was spin coated from a solution at 10 %uw:. The free
standing film of P(VDF-TrFE) used as substrate was deposited by doctor blade from a 15 %wt
solution on a glass substrate heated at 60°C, and dried 20 min at 60°C [Figure 4.6]: the obtained
films in this condition have a thickness close to 15 um. The film is then peeled off the glass
substrate to obtain a free standing film. Last, an encapsulation was tried: the electrodes were
evaporated on top of two PDMS substrates, and a thick free standing film of P(VDF-TrFE) obtained
by drop casting was sandwiched between the two electrodes. The purpose of increasing the
thickness of the film was to improve the output signal, and the evaporation of the electrodes onto
PDMS was to avoid the use of high temperatures to the P(VDF-TrFE) layer during the thermal

evaporation. The obtained devices are displayed in Figure 4.7.

a e By Metal evaporation

Peeling the free Deposition of gold
standing film electrodes

By Doctor Blade

Deposition of
P(VDF-TrFE) on PTFE

or glass substrate

v v v

Concentrati.on 15 % |Annealing| 135°C /30 min‘ Dgposited 200 - 300 nm
of the solution thickness

Blade Air-gap 150 pm Rate 0.1-0.3nm/s
Blade speed 10 m/s Material Gold
Deposition 60°C Method |Shadow masking
Temperature

Drying 60°C / 20 min

Figure 4.6: Processes parameters for metal electrodes on top of free standing film of P(VDF-TrFE)
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Figure 4.7: Photo and schematic of the devices with metal electrodes: a) using Kapton tape as substrate, b) using a
free standing film of P(VDF-TrFE) as substrate, c) using PDMS as substrate and a free standing film of P(VDF-TrFE).

4.3.2 Device characterization

In this part the devices with metallic electrodes and commercial P(VDF-TrFE) will be
polarized. First the device with gold electrodes on Kapton tape [Figure 4.8], and then the one with
gold electrodes on free standing P(VDF-TrFE) films [Figure 4.9].

For the device on Kapton tape, the hysteresis has the shape of rounded rectangle and the
intensity curve is tilted from the horizontal [Figure 4.8]. That means the device is very leaky and

a short-circuit occurs.
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Figure 4.8: Current intensity and displacement versus field of devices with gold electrodes, Kapton tape as substrate,
and spin coated P(VDF-TrFE) layer.

In the case of gold electrodes on top of free standing film of P(VDF-TrFE), the device is more
flexible, and a hysteresis loop can be recorded. A higher displacement (and so polarisation) as
well as a sharper hysteresis loop are obtained when the temperature during the thermal

evaporation of the electrodes is controlled to be under the annealing temperature [Figure 4.9].
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Figure 4.9: Current intensity and displacement versus field of devices with gold electrodes on free standing
P(VDF-TrFE) film: non optimized (with 300 nm of gold and uncontrolled temperature) and optimized (with 200 nm
of gold and controlled temperature under 135°C).
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The deposition process of the electrodes is then very important. The melting of the

P(VDF-TrFE) has to be avoided.

However, the output voltage of the devices on top of free standing films of P(VDF-TrFE),
measured with an oscilloscope, was too low and in the range of the electrical noise of the

instrument.
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Therefore, another type of device with metallic electrodes was made: a thick drop casted
P(VDF-TrFE) film was embedded between two PDMS substrates on top of which the electrodes
were evaporated. Copper wires were attached at the extremity of the electrodes with silver paste
before finishing the encapsulation with PDMS. These devices had good output voltage signal
(albeit not recorded by us prior to use). In the Lyric institute, the devices were connected to an
electrical grid which enables the measurement of the output voltages of multiple devices
simultaneously [Figure 4.10]. However, a similar output voltage was measured for different

devices in the matrix when only one was pressed. It was attributed to the grid design.

=,

Figure 4.10: Encapsulated device (left) and setup used by the team of the Liryc centre to measure the output current
of multiple devices at the same time in response to an external pressure (right).

These devices, although showed a good response, are not flexible enough and the bending
of the devices caused cracking and damage of the electrodes. In the next section we will examine

the use of organic electrodes.
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4.4 Printed PEDOT:PSTFSI electrodes & doctor blading of
P(VDF-TrFE) solutions

4.4.1 Device fabrication

Attempts with doctor bladed P(VDF-TrFE) layers and PEDOT:PSTFSI electrodes were
carried out using three different deposition processes: spray coating, doctor blading and inkjet

printing.

For the spray coating, a mask made of PET was deposited on top of the PET substrate and
0.5 %wt PEDOT:PSTFSI g kpa with 5 %w: DMSO was sprayed. The substrate was heated at 120°C
during the deposition to enhance evaporation of the solvent. The P(VDF-TrFE) layer was then
deposited by doctor blade and the top electrode sprayed in the same way as the bottom electrode.
Unfortunately, a short circuit was found between the top and bottom electrodes. It was attributed
to the DMSO from the PEDOT ink formulation as the P(VDF-TrFE) is soluble in DMSO. For the rest
of the depositions, the formulation will use EG as additive instead of DMSO. The PEDOT electrodes
were too rough due to the spray coating method. That is why other techniques were then used,
and the substrate was changed for PDMS to be more flexible and so easily adaptable to the
3D-printed heart.

The ink, 1 %w: PEDOT:PSTFSI g0 kpa and 5 %w: EG, was deposited with a doctor blade on a
PDMS substrate, using a mask made of PET to shape the electrodes. Despite the good adherence
between the 125 pm PET mask and the PDMS substrate (due to the stickiness of the PDMS), some
PEDOT flowed under the mask making short circuits between the different bottom electrodes.
Heating the substrate during the printing at 120°C gives the same result but with higher resistivity
between the electrodes (from 1 to 300 kQ2/0). P(VDF-TrFE) was deposited by doctor blade as for
the free standing films previously described. For the top electrodes, the use of the PET mask was
not possible: during the removal of the mask, a delamination between the bottom electrode and
the P(VDF-TrFE) layer occurs due to better adhesion between PEDOT and PDMS than between
PEDOT and P(VDF-TrFE). This technique was therefore abandoned and inkjet printing was
pursued for the top and bottom electrodes. Inkjet printing does not need a mask to shape the

electrodes.

Inkjet printing was used with 0.5 %u: PEDOT:PSTFSI go kpa with 5 %uw: EG and 0.04 %w:
surfactant. Before printing the 2 mm width lines, the ink was sonicated 5 min and filtrated with a
0.45 pm PTFE filter. To improve adhesion of PEDOT, a UV-Ozone treatment was performed during
atleast 30 min for PDMS and during 10 min for P(VDF-TrFE) [See Appendix A.4 for details on the
wettability of PEDOT films]. The substrate was heated at 50°C for the bottom electrode, and 60°C
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for the top electrode to improve adhesion even further. The printing resolution which has given

the best results is 400 dpi. The PEDOT ink was dried 5 min at 120°C, and the P(VDF-TrFE) layer

was deposited by doctor blade [Figure 4.11].

°By Doctor Blade eBy Inkjet By Doctor Blade oBy Inkjet
Deposition of Deposition of Deposition of Deposition of
PDMS on the bottom piezoelectric the top PEDOT
aluminum plate PEDOT electrode layer electrode
Deposition 50°C 50°C 60°C 60°C
temperature
Drying 100°C / 1h 120°C / 5 min 60°C / 20 min 120°C / 5 min
\\,4' \\"' N f

Preparation | UV-ozone
of the treatment

substrate | Pre-heating | 50°C/5min | 60°C/5min | 60°C /5 min

Fjgure 4.11: Processes parameters for inkjet printed PEDOT electrodes

35 min - 10 min

For the PDMS substrate, if it was deposited on a flexible aluminum plate, the PDMS layer
can be peeled off without too much difficulty. On the other hand, if the PDMS was deposited on a
rigid aluminum plate, the PDMS layer adhered strongly and was difficult to peel off. In this case,
the electrodes and the P(VDF-TrFE) film can actually be peeled off the PDMS layer and obtain free

standing films with embedded electrodes.

The organic printed devices obtained by spray coating, doctor blade or inkjet printing are

displayed in Figure 4.12.
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Figure 4.12: Photo and schematic of the devices with organic electrodes deposited by spray, doctor blade and inkjet
printing.
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4.4.2 Device characterization

The spray coated or doctor bladed devices were completely leaky and no further
characterization was possible. The hysteresis loops of the devices obtained by inkjet printing
PEDOT:PSTFSI electrodes on PDMS substrate and on free standing films of P(VDF-TrFE) are
presented respectively in Figure 4.13 and Figure 4.14.
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Figure 4.13: Current intensity and displacement versus field of devices obtained by inkjet printing PEDOT:PSTFSI
electrodes, with PDMS substrate, and doctor bladed (left) or drop casted (right) P(VDF-TrFE): respectively 15 um and
80 um thick.
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Figure 4.14: Displacement versus field of devices obtained by inkjet printing PEDOT:PSTFSI electrodes on top of free
standing P(VDF-TrFE) film.

Because of the roughness of the PEDOT layer, a 15 pm layer of P(VDF-TrFE) was not
sufficient to have an efficient device: the rounded shape of the hysteresis loop shows short-circuits
in the device. However, increasing the thickness of the piezoelectric layer to 80 um reduced the
short-circuits as seen with the sharper hysteresis loop. The free standing inkjet printed device

shows also a nice hysteresis loop. The displacement is related to the thickness of the piezoelectric
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layer. Indeed, for a five times thicker layer (80 um instead of 15 pm), the displacement is 50 times

higher (Dsar: 92.1 versus 1.5 / Dr: 61 versus 1.4). The thickness of the device is then very important.

To be able to compare the different formulations of P(VDF-TrFE) developed in Chapter 2,
devices were then printed via screen-printing using commercial PEDOT:PSS as electrodes. This

will be described in the next section.

4.5 Screen-printed and stencil-printed commercial
PEDOT:PSS electrodes & new P(VDF-TrFE)
formulations

4.5.1 Device fabrication

Two different geometries were considered: A) an array of 15 by 15 devices of three different
areas (25, 10 and 4 mm?), and B) an array of 2 by 3 devices of two types of areas (270 and
370 mm?) [Figure 4.15].
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Figure 4.15: Geometry of the devices using A) screen-printing, and B) stencil-printing for the P(VDF-TrFE) layer. In
blue the electrodes and in orange the P(VDF-TrFE).

The mask used for the electrodes for geometry A is composed of 2 and 5 mm width lines.
These electrodes were screen-printed. The piezoelectric polymer was screen-printed or stencil
printed using a mask composed of rectangles corresponding to the area at the intersection of the
electrodes. Note here that the P(VDF-TrFE) is not complete but consist of an array of small
rectangles separated from each other to avoid a global response of the piezoelectric material and

increase the flexibility of the matrix.
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In geometry B, the electrodes were screen-printed over six large areas. The P(VDF-TrFE)
film was stencil-printed between the two electrodes. Stencil printing was used because one of the
P(VDF-TrFE) formulations we wanted to test dissolves the screen-printing mask. In the case of
stencil printing, the screen is a metallic mask without mesh, and the squeegee used is a metallic

blade.

The electrodes were always printed via screen-printing with PEDOT:PSS EL-P 5015 ink and
dried 5 min at 110°C. For the piezoelectric layer, screen-printing was performed with FC25 ink P,
T_P10_D5_R and 3D7T_P12_D5_R inks. A speed of 100 mm/s or 50 mm/s was used; the speed is
generally reduced to avoid the formation of bubbles during the printing. In the case of the last ink
(3D7T_P12_D5_R), the concentration of DMSO in the formulation was too high and dissolved the
mask of the screen. To be able to compare it with commercial ink (FC25 ink P), stencil printing

was used.

To increase the thickness of the screen-printed P(VDF-TrFE) layer (=1 - 2 um), multiple

layers were printed (with drying at 110°C between each layer from 5 min to 1 h).

All of the devices used PET as a substrate. A few devices used PDMS, but the electrical
resistance of the electrodes was very high. It is possible that the poor wettability of the PEDOT

solutions on PDMS makes for less homogeneous films.

The organic screen-printed devices obtained are displayed in Figure 4.16 and the

characteristics of the different devices is given in Table 4.2.

o Number of Drying duration | Squeegee
Ink Printing method | 5 g T pRY Jayers At 110°C 1pee%1
FC25ink P Screen-printing 5 5 min 100 mm/s
T_P10_D5_R 2 1h 50 mm/s
FC25ink P
T_P10_D5_R Stencil-printing 1 10 min 100 mm/s
3D7T_P12_D5_R

Table 4.2: Printing parameters for the piezoelectric layer in screen-printing or stencil printing.
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Figure 4.16: Photos and schematic of the devices with organic electrodes and P(VDF-TrFE) deposited
by screen-printing.

Figure 4.17 displays a 3D schematic of the printed patterns and a microscope picture. When
1 his used to dry the P(VDF-TrFE) layers, homogeneous films of the different layers are obtained

as shown by microscopy images [Figure 4.17].

1 layer PEDOT:PSS
2 layers P(VDF-TrFE)
1 layer PEDOT:PSS
PET

Figure 4.17: Schematic of a piezoelectric device: 1 layer of PEDOT:PSSei-p 5015 deposited by screen-printing, 2 layers of
T P10_D5_ R, and 1 layer of PEDOT:PSSeL-r 5015 deposited by screen-printing. Drying between the T_P10_D5_R layers
during 1 h at 110°C. Microscope image at the intersection of the layers. Picture’s caption: a) PET; b) PEDOT:PSS on

PET: ¢c) P(VDF-TrFE) on PET: d) P(VDF-TrFE) on PEDOT:PSS on PET: e) PEDOT:PSS on P(VDF-TrFE) on PEDOT:PSS
on PET,

If the P(VDF-TrFE) layers are dried 5 min only, the layers of PEDOT:PSS or P(VDF-TrFE) on
top of PET are quite homogenous. The region where P(VDF-TrFE) covers the PEDOT:PSS film
shows several folds and possibly wrinkles. Since the PEDOT:PSS film is thicker and more visible
under the microscope, we believe that these folds and wrinkles are actually on the PEDOT:PSS
film. The P(VDF-TrFE) then inherits these folds and wrinkles as shown in the profile of the
thickness [Figure 4.18].
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Figure 4.18: Schematic of a piezoelectric device: 1 layer of PEDOT:PSSkL-p 5015 deposited by screen-printing, and
2 layers of T_P10_D5_R. Drying between the layers during 5 min at 110°C. Profile and microscope images at the
intersection of the layers. Picture’s caption: a) PET; b) PEDOT:PSS on PET: c) P(VDF-TrFE) on PET: d) P(VDF-TrFE)
on PEDOT:PSS on PET.

When 1 h is used to dry the P(VDF-TrFE) layers, wrinkling problems clearly disappear. The
stress generated during the drying process when the layer of P(VDF-TrFE) is not well dried could
cause such folding. It is then very important to dry the layers completely. In fact, a drying time of

1 h was more than enough: doctor blading trials have shown that 10 - 20 min are enough.

4.5.2 Device characterization

In this section we will present the electrical characteristics of the different devices.

As mentioned previously, the adhesion of the PEDOT layer on PDMS was not optimal and
the resistance of the electrodes was high compared to PET. Further, the roughness of the PEDOT
electrode was high. The devices on PDMS were leakier than on PET and only the devices on PET
were sent to the Lyric institute for further characterization. Figure 4.19 shows a comparison
between PDMS and PET based devices. It is clearly seen that the PDMS devices show a hysteresis
loops with a rounded shape, that is characteristic of leakage, while the PET devices show sharper
hysteresis loops and clearly defined current peaks contrary to the PDMS devices. The PET devices

are more optimal than the devices on PDMS.
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Figure 4.19: Current intensity and displacement versus field of devices obtained by screen-printing commercial
PEDOT:PSS EL-P 5015 and commercial P(VDF-TrFE) FC25 Ink P on PDMS (left) and PET (right) substrates.

Figure 4.20 displays the displacement versus field of the devices on PET using stencil
printed T_P10_D5_R, 3D7T_P12_D5_R and FC25 Ink P inks. These devices clearly show sharp
hysteresis loops. The home-made formulated inks show behavior very close to the commercial
ink. This figure also shows the characterisation of the device with one home made ink using
different field intensities. The current peaks are well defined and the behavior is again similar to

the commercial ink (see Figure 4.4 for comparison).
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Figure 4.20: a) Displacement versus field of devices obtained by screen-printing electrodes (PEDOT:PSS EL-P 5015)
on PET and stencil-printing different formulations of P(VDF-TrFE). b) Details of the polarization process (with
increasing voltage steps) of the devices using 3D7T P12 _D5_R to print the piezoelectric layer.



164 CHAP 4: PIEZOELECTRIC DEVICES

Table 4.3 gathers information for the different devices as well as the electrical
characteristics extracted from Figure 4.19 and Figure 4.20 (the remanent and saturated

displacement, and the coerced field for an amplitude of 100 MV/m).

N° Ink Process | Frequency | Area Thickness| D, Dsat Ec
[Hz] |[mm?]| [pwm] |[mC/m?]|[mC/m?]|[MV/m]

1| Screen 25 10 70 105 57.5

| 2| FC25inkP 380 4 63 72 54.7
3 1 25 12.4 79 88 49.1
4 T_P10_D5_R | Stencil 25 6 56 72 46.0
5 270 3 54 66 45.6
6 3D7T.D12.D5 R 0.1 270 3 71 78 58.8

Table 4.3: remanent and saturated displacement and the coerced field of devices obtained by screen- and stencil
printing for the curves obtained with a maximum field at 100 MV/m.

The coerced field is in the same range for all the devices (45 - 59 MV/m). The saturated and
the remanent displacements are close to each other and are comparable for all stencil-printed
devices. The screen-printed device with the commercial ink, shows a similar behavior as the
stencil-printed one. In summary, the home-made T_P10_D5_R and 3D7T_D12_D5_R inks have

comparable characteristics as the commercial ink when stencil printed.

4.6 Conclusion

In this chapter, pressure sensors were developed with the aim of embedding them into a
3D printed heart for cardiac surgery training. Two main types of pressure sensors were studied:
with metallic or organic electrodes. Even if good electronic properties were found for the devices
with metallic electrodes, they were not flexible enough to be implemented into the heart. For the
“all organic” devices, the formulation of PEDOT inks has to avoid the use of DMSO. Indeed, this is
also a solvent of P(VDF-TrFE) and that leads to leakage between the top and bottom electrodes.
The use of spray or doctor blade for the electrodes has resulted in leakage due to high roughness
in the first case, and to bad adhesion between the mask and the substrate in the second case. Inkjet
printed (using PEDOT:PSTFSI) or screen-printed (using PEDOT:PSS) devices have shown good
electronic properties. The optimisation of the process to obtain smooth surfaces with less defects
was very important to improve those properties. PDMS substrate is preferred to PET for its
conformability to the 3D printed heart, however, the adhesion between PEDOT and PET is better.
That is why PET was chosen to compare the different P(VDF-TrFE) formulations. However, pre-

layers on top of PDMS substrate could be developed to resolve this problem.
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The formulations T_P10_D5_R and 3D7T_P12_D5_R were used to make devices and
compared to devices made with the commercial ink FC25 Ink P. The devices using both
formulations have properties very similar to those made with the commercial ink, with sharp

hysteresis loops and well defined current peaks, making them ideal for use as sensors.

In conclusion, our home-made formulations seem promising in the fabrication of
piezoelectric devices by screen- or stencil-printing methods. Further investigation in terms of
crystallinity could be interesting to determine the structural cause of the differences between the

devices.
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General conclusion and perspectives

In this work, the properties of PEDOT:PSTFSI and P(VDF-TrFE) inks, two polymeric
solutions were explored. Various formulations were needed to tune the rheological behaviors of
these inks to allow their deposition using different printing techniques. Pressure sensors were
then designed and fabricated to demonstrate the application of these organic functional inks in

organic devices.

In the case of the PEDOT:PSTFSI inks, the monomer STFSI and the polyanion PSTFSI were
synthesized. Structural studies by DLS, liquid AFM and cryo-SEM of the complex PEDOT:PSTFSI
have shown that the polymers form a network in water. The dimensions of the polyanion that
forms the network are in the range of few nanometers width and half micrometer long. The
conductive polymer, PEDOT, forms small nano-objets of 5 - 15 nm along the polyanion. A
systematic study of the rheological behaviors as a function of the concentration of PEDOT:PSTFSI
solution has shown that the ink has a Newtonian behavior at low concentrations, and becomes
shear thinning with gel properties at higher concentrations. The processability of these inks is
controlled by their viscosity and rheological properties and can be tuned by simply varying the
concentration of the complex or the molar mass of the polyanion. Surfactant was added in the
formulation to decrease the surface tension of the inks and make them compatible with low
surface energy substrates. High boiling point solvents such as dimethyl sulfoxide (DMSO) or
ethylene glycol (EG) were also used to increase the conductivity and the water resistance of the

dried films.

Four different deposition processes were then used with PEDOT:PSTFSI inks: doctor blade,
inkjet, screen-printing, and a soft blade deposition process. Homogeneous films were obtained by
doctor blading and inkjet printing of PEDOT:PSTFSI solutions, concentrated respectively at 1 %w:
and 0.5 %w:. The measured transmittance (72 - 93 %), the roughness and the conductivity
(230-380S/cm) are similar to those obtained with the commercial PEDOT:PSS ink with the same
formulation. Promising figures of merit up to 31 were reached, which is close to the minimum

used in industry for transparent electrodes.

For the screen-printing deposition, inhomogeneous films were obtained. This is mostly due
to capillary interactions between the ink and the screen. A systematic study using different
screens and different surfactants should be performed to obtain a better formulation of
PEDOT:PSTFSI for screen-printing. For the soft blade deposition, lines of PEDOT were obtained
by adding a high neutral polymer to increase the extensional properties of the ink. The deposition

was done on silanized glass, on PET, and on evaporated gold treated with octane-thiol. The well-
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defined lines have a thickness close to 700 nm and a width near 20 - 25 nm. Conductive AFM has
shown that the lines are conductive and polymers are aligned in the direction of the deposition. A
more systematic study on the conductivity of PEDOT lines should be performed using different

types of conductive AFM tips to better measure and understand the conductivity of the lines.

For the P(VDF-TrFE) inks, two batches of polymers were studied, containing 79.4 %w: of
VDF units and 20.6 %w: of TrFE units, with respective average molar masses of 238 and 278 kDa.
A systematic study of the concentration dependence of the rheological behavior has shown that
P(VDF-TrFE) in gamma-butyrolactone (GBL) is Newtonian for all concentrations atlow shear, and
becomes slightly shear-thinning at very high concentrations and shear rates. To modify this
behavior and make the solutions shear-thinning for screen-printing applications, two different

ways were developed.

First, a gelifying agent, 1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol (DMDBS), was added
in one or two good solvents of P(VDF-TrFE): triethylphosphate (TEP), present in the commercial
ink, and DMSO. The addition of this agent allowed to obtain an adequate shear thinning behavior
with a sufficiently high viscosity and elasticity. To understand the modification of the rheological
behavior of the ink by adding the gelifying agent, a structural study was done using Cryo-SEM
measurements. The drawback of this formulation is that it required high temperatures,
130 - 140°C, to dissolve the gelifying agent in the solvent. To reduce this temperature, DMDBS can
be dissolved beforehand at 60°C in DMSO, which is a good solvent of DMDBS. The same shear
thinning behavior is obtained for inks using 30 %y, DMSO and 70 %o TEP. However, this high
amount of DMSO in the formulation is not compatible with the screen-printing mask tested, as the
latter was dissolved by this formulation. A study on the various screen-printing masks and their
compatibility with DMSO should be performed as well as a study using other gelifying agents
compatible with solvents of P(VDF-TrFE) and which can be dissolved at low temperatures.
Nevertheless, it was possible to print these two inks using doctor blade, a screen in the case of the
formulation without DMSO, and a stencil for the formulation with DMSO. The obtained films were
quite homogeneous. Further characterization of these films showed that the gelifying agent does
not affect crystal sizes. The use of the gelifying agent is then promising to formulate P(VDF-TrFE)

screen-printing inks for piezoelectric layer deposition.

The second kind of P(VDF-TrFE) inks was formulated using a good solvent of the polymer,
GBL, and a bad solvent, benzyl alcohol. A nano-emulsion is formed by the two solvents, and the
addition of P(VDF-TrFE) makes the GBL domains grow. At room temperature, the rheological
behavior of the ink is highly dependent on its shear history, especially near a critical temperature,

itself related to the concentration of the bad solvent and of the polymer. The Newtonian inks can
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become shear-thinning, with high viscosities at low shears, when repeated shear cycles are
applied. A precise protocol has to be used to prepare inks using appropriate temperatures to be
adapted to the screen-printing technique. The obtained films can be either porous if dried at room
temperature, or dense and homogeneous if dried at high temperature (135°C). The porous films
can be rendered homogeneous by annealing. The porous films could be used as membrane

separators in lithium-ion batteries.

Finally, pressure sensors using the previous inks were made by encapsulating a
P(VDF-TrFE) layer between two electrodes (made of either PEDOT inks or metal evaporation):
on PDMS substrates, using free standing films of P(VDF-TrFE) to be embedded into a 3D-printed
heart for cardiac surgery training, and on PET to compare the different home-made P(VDF-TrFE)
formulations. While PDMS has the correct flexibility to make flexible devices, the wettability and
the adhesion of the PEDOT inks on this substrate was not optimal. Pre-layers on top of PDMS
substrates could be developed to increase the wettability and adhesion of PEDOT aqueous
solutions. Devices with metallic electrodes have shown good electric properties, but were not
flexible enough to be integrated into the 3D-printed heart. PEDOT inks used to print the electrodes
have to be formulated preferably with EG than DMSO. Indeed, the use of DMSO, which is also a
good solvent of P(VDF-TrFE), has led to short-circuits when P(VDF-TrFE) films were sandwiched
between PEDOT electrodes. Spraying or doctor blading using a mask have resulted respectively
in leakage between the bottom and top PEDOT electrodes, due to high roughness, or between the
bottom electrodes of the different devices, due to bad adhesion between the mask and the

substrate.

However, good electronic properties were obtained by inkjet printing PEDOT:PSTFSI and
doctor blading P(VDF-TrFE) solutions, or by screen-printing commercial PEDOT:PSS and screen-
or stencil-printing home-made P(VDF-TrFE) formulations. An important process optimisation
was therefore necessary to obtain smooth surfaces with less defects and thus improve the device
properties. The devices using stencil-printed P(VDF-TrFE) inks with DMSO or the commercial
screen-printing ink have shown similar properties: sharp polarization hysteresis loops and well
defined current peaks. These devices can be used in pressure sensor applications. Further
investigation in terms of crystallinity should be performed to better understand the differences

between the devices.

In conclusion, it has been shown that the studied PEDOT:PSTFSI and P(VDF-TrFE) inks can
be formulated adequately to be deposited using various printing technologies in order to make

functional pressure sensors. Additional work is needed to optimize such devices.



170 GENERAL CONCLUSION AND PERSPECTIVES

As general perspectives, PEDOT inks could be chemically modified to make them sensitive
to biological molecules, such as glucose, for organic electrochemical transistor applications, while
keeping their easy processability using various printing techniques. Both P(VDF-TrFE) and
PEDOT inks could be developed to become crosslinkable, which would reduce leakage issue in
devices. More generally, the methodology used, going from the synthesis to the characterisation
of the materials, to the deposition and the characterisation of the devices, could be applied to other

materials for other applications to contribute to the development of printed electronics.
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A.1 Size-exclusion chromatography of PSTFSIK

3007 -6
250 L5
S
=200 -4
8
@ =
w
E 150 F38
i) »
o 2
2 a
100 Lo
50 L
0 T T T T T T T T T T T T T T T T 0
0 5 10 15 20 25 30 35 40
5 Time [days] 05

4

S
I

r0.4

w
1

0.3

N
1
*

0.2

»*

Quantity of STFSIK [g]

Concentration of materials in DMF [g/mL]

1—#— Concentration of materials in DMF
—*— Quantity of STFSIK added
0 " T " T T T T T v T " T T T T T 0.0
0 5 10 15 20 25 30 35 40
Time [days]
Figure A.1-1: Evolution of the molar masse of PSTFSIKzs0 kva during its synthesis, in function of time, STFSIK added,
and concentration of the materials in DMF (without flow marker) in equivalent PS.

Polyanion M, | My | My | Dispersity | With or without flow marker
PSTFSIK 250100 197 | 94 | 249 2.7 without
237 | 114 | 277 2.4 with toluene
PSTFSIKgoxpa | 93 | 45 | 89 2.0 with toluene
PSTFSIKgoxpa | 82 | 43 | 78 1.8 with toluene

Table A.1-1: Molar masses of three polyanions designated as PSTFSIK 80 kpa, PSTFSIK 90 kpa and PSTFSIK 250 kpa obtained
after precipitation by SEC in DMF + LiBr in equivalent PS.
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A.2 Extensional rheology of a PEDOT:PSTFSI solution:

similar behavior to shear rheology
The extensional viscosity 17,y; 0of PEDOT:PSTFSI 90 kpa (0.96 %wt) was calculated with the

. . - 2n-1Inh . .
relation for viscous liquids!: n = (1;—(’75(1?)]/ where Rmin is the smaller radius of the neck of the
min

drop [Figure A.2-1], y is the surface tension of the fluid, ¢,(n) depends only on the shear thinning

flow behavior index n (determined at 0.38 in shear measurements [Figure A.2-2]).

-1.38 ms -1.04 ms -0.69 ms

Figure A.2-1: Detaching drops from a needle of: a) pure water and b) 0.96 %w: of PEDOT:PSTFSI o0 kpa in water.
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Figure A.2-2: Shear stress versus shear rate of 0.96 %wt of PEDOT:PSTFSI 90 kpa ink measured with a shear rheometer
(cone plate geometry: 50 mm diameter and 1°angle) at 18°C.
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1 Louvet, N.; Bonn, D.; Kellay, H. Nonuniversality in the Pinch-Off of Yield Stress Fluids: Role of
Nonlocal Rheology. Phys. Rev. Lett. 2014, 113 (21), 218302.
https://doi.org/10.1103 /PhysRevLett.113.218302.
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Rmin can be fitted considering that Rmin!/n is linear in time [Figure A.2-3]. The extensional

. . . . 2 dRpi
rate is then calculated with the relation € = — R
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Figure A.2-3: Smaller radius Rmin of the neck of the drop of 0.96 %w: of PEDOT:PSTFSI 90 kpa ink at 18°C versus time
and Rmin’/n (n=0.38).

If we assume that the surface tension of the solution is 55 mN/m [See 2.3.5], we obtain an
extensional viscosity with an identical extensional/shear thinning behavior than the shear
viscosity [Figure A.2-4]. The small shift in viscosity is due to the yield in the solution.2
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Figure A.2-4: Shear and extensional viscosity of 0.96 %wt of PEDOT:PSTFSI o0 kpa Ink at 18°C.

2 Louvet, N.; Bonn, D.; Kellay, H. Nonuniversality in the Pinch-Off of Yield Stress Fluids: Role of
Nonlocal Rheology. Phys. Rev. Lett. 2014, 113 (21), 218302.
https://doi.org/10.1103 /PhysRevLett.113.218302.
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A.3 Energy Dispersive X-ray spectrometry of
PEDOT:PSTFSI films on glass substrate

The SEM image of films deposited by inkjet printing has shown shiny points. First we
suspected nanoparticles (used for other formulations using the same ultrasonic probe). Energy
Dispersive X-ray spectrometry (EDX) was performed [Figure A.3-1] and didn’t show any
difference between films deposited by both depositions techniques. In fact, glass atoms were also
measured. The explanation of the white points finally comes from the SEM technic itself: the

electrons can penetrate the sample, and this penetration depends on the compound: r =

2.76X1072AE, 167
p20.89

where A is the average atomic weight (g/mol), £pis the accelerating voltage (keV),
Z is the average atomic number, and pthe density (g/cm3).3 For atoms of C, S, O, For N, at 0.5 keV,
the penetration depth of the electron is then in the order of 10 - 30 nm. The thicknesses of the
observed films were 230 + 30 nm (inkjet) and 510 + 80 nm (doctor blade), and so the
contribution of the substrate was more visible in the case of thinner films. The points come then

from the glass substrate itself.
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Figure A.3-1: Energy Dispersive X-ray spectrometry (EDX) of PEDOT:PSTFSI so ko2 films deposited by doctor blade or
inkjet.

3 Kanaya, K.; Okayama, S. Penetration and Energy-Loss Theory of Electrons in Solid Targets. /. Phys.
Appl. Phys. 1972, 5 (1), 43-58. https://doi.org/10.1088/0022-3727/5/1/308.
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A.4 Wetting surface properties of PEDOT:PSS and
PEDOT:PSTFSI films
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Figure A.4-1: Surface free energy of films made from different solutions of PEDOT:PSTFSI (80 and 250 kDa) and
PEDOT:PSS (PH 1000) with and without Zonyl fluoro-surfactant (Z) / DMSO (D).

The surface free energy of PEDOT films (PEDOT:PSTFSI go kpa, PEDOT:PSTFSI 250 xpa, and
PEDOT:PSSph 1000) is 73 + 20 mN/m [Figure A.4-1] for films obtained with solutions using DMSO,
which result in a contact angle between water drops and the film of about 90° just after deposition
[Figure A.4-2,a)]. By waiting, the water spreads onto the film and the contact angle becomes 5 + 1°
after 1 min [Figure A.4-2, d)]. For PEDOT films without DMSO, water start to spread onto the film
and at a certain point it infiltrates the film and make it break and fold on itself (the water goes
under the film) as shown in Figure A.4-2, ¢) and d). The resulting folding of the PEDOT layer after
drying of the drops is displayed in Figure A.4-3. It could be explained by a better segregation
between the PEDOT and the polyanion for films obtained with PEDOT:polyanion solutions

containing DMSO. Indeed, PEDOT is insoluble in water and so the film become more resistant to
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the water drop. That is in accords with the literature explaining the increase of conductivity of

PEDOT films with DMSO by this segregation during the drying.4>

Figure A.4-2: Water drop on PEDOT:PSTFSIso kpa + Zonyl fluoro-surfactant dried film: a) just after deposition (with or
without DMSO0), b) before dissolving of the film (without DMSO), c¢) during dissolving of the film(without DMSO), d)
after one minute (with DMSO)

Figure A.4-3: Picture of a PEDOT:PSTFSI film on top of which four drops of water were deposited and left to dry at
room temperature. The PEDOT:PSTFSI formulation used to deposit the film didn’t contained a high boiling point
solvent (DMSO or EG). The same picture is obtained for PEDOT:PSS films without DMSO or EG.

The surface free energy of PEDOT films is not only composed by a polar part as expected
for films from aqueous inks. The dispersive part should come from the PEDOT contribution, and

the polar part from the polyanion.

4 Shi, H.; Liu, C; Jiang, Q.; Xu, ]. Effective Approaches to Improve the Electrical Conductivity of
PEDOT:PSS: A Review. Adv. Electron. Mater. 2015, 1 4), n/a-n/a.
https://doi.org/10.1002/aelm.201500017.

5 Palumbiny, C. M.; Heller, C.; Schaffer, C. ].; Korstgens, V.; Santoro, G.; Roth, S. V.; Miiller-Buschbaum,
P. Molecular Reorientation and Structural Changes in Cosolvent-Treated Highly Conductive
PEDOT:PSS Electrodes for Flexible Indium Tin Oxide-Free Organic Electronics. /. Phys. Chem. C
2014, 718(25),13598-13606. https://doi.org/10.1021/jp501540y.
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A.5 Size-exclusion chromatography in DMF or THF of
P(VDF-TrFE)

P(VDF-TrFE) batch FC20 62-053 FC20 62-054 Solvent
olven
Calibration eq. PS| eq. PMMA [ eq. PS| eq. PMMA
228 - 248 - DMF
M; [kDa]
255 283 317 401 THF
161 - 138 - DMF
M, [kDa]
SEC 121 152 135 102 THF
503 - 504 - DMF
M. [kDa]
238 312 278 376 THF
_ _ 3.1 - 3.6 - DMF
Dispersity
2.0 2.1 2.1 3.7 THF
MFI 7.9 3.25
- - DM
(M calculated (DMsO / eq. PMMaA) [KDal) (512) (640) 50

Table A.5-1: Size-exclusion chromatography in DMF (+LiBr) in orange, and in THF in blue, in equivalent PS or PMMA,
and corresponding Melting Flow Index (given by Piezotech) for two batches of P(VDF-TrFE) (Mp: Peak molecular
weight; My: Number-average molecular weight; My: Weight-average molecular weight, Dispersity=Mw,/Mn, MFI: Melt
flow index).

The molar mass in weight in equivalent PS determined in DMF (503 - 504 kDa) is higher
than in THF (238 - 278 kDa) with similar molar masses in number (121 - 161 kDa), which result
in a higher dispersity (3.1 - 3.6 in DMF and 2.0 - 2.1 in THF). That can be explained by the fact

that some polymer sticks to the column in DMF [Figure A.5-1] and result in misleading values.
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Figure A.5-1: Raw signal of size-exclusion chromatography in DMF (+LiBr) and in THF, for two batches of
P(VDF-TrFE)
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A.6 Rheological measurements of P(VDF-TrFE) solutions

at different concentrations (batch FC20 62-053)

=
S,

10°¢ P(VDF-TrFE) FC20 62-053 in GBL 10%
15% 20% 25% 30% 35%
—a—shear 7 —e—shear N

AR | AR | AR | R | 107 R | M MR | LR | AL | !
10" 10° 10’ 107 107 10" 10° 10’ 10°
Shear Rate [1/s] Shear Rate [1/s]
Figure A.6-1: Rheological behavior of P(VDF-TrFE) (batch FC20 62-053) in GBL at different concentration (0.1, 1, 5,
10, 15, 20, 25, 30 and 35 %w), measured with a shear rheometer (cone plate geometry: 50 mm diameter and 1°
angle): viscosity versus shear rate and shear stress versus shear rate, obtained by applying shear rate ramps at 20°C.
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A.7 Temperature dependence of P(VDF-TrFE) solution in

GBL

Temperature dependency of the viscosity of a solution concentrated at 12 % in GBL was

measured on a large range: no drastic change in the slop of the curve Figure A.7-1 occurs and so

we expect that the state of P(VDF-TrFE) doesn’t change on all the temperature range measured.

10

Viscosity [Pa-s]

0.1

112% P(VDF-TrFE) (FC20 62-054) in GBL
]1°C/2.5s —m— temperature 7 temperature N

410 I 8I0
Temperature [°C]

|
120

Figure A.7-1: Rheological behavior of 12 %w: P(VDF-TrFE) (batch FC20 62-054) in GBL, measured with a shear
rheometer (cone plate geometry: 50 mm diameter and 1° angle): viscosity versus temperature at 10 s-1.
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A.8 Critical temperature Tw of 25B/75G_P15 and
25B/75G_P12
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Figure A.8-1: Rheological behavior of a solution of 15 %w: P(VDF-TrFE) in 1/4 BzOH and 3/4 GBL measured with a
shear rheometer (cone plate geometry: 50 mm diameter and 1° angle): viscosity and temperature versus time
obtained by applying temperature stagesat 10s-1. Tw =21 - 22°C.
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Figure A.8-2: Rheological behavior of a solution of 12%w: P(VDF-TrFE) in 1/4 BzOH and 3/4 GBL measured with a
shear rheometer (cone plate geometry: 50 mm diameter and 1° angle): viscosity and temperature versus time
obtained by applying temperature stages at 10s-1. Tw=6-7" C
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