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1. Contexte de la thése :

Le but de cette these était d’élaborer et d’étudigs films minces hybrides orientés et
nanostructurés composés d'un polymere semicondycte poly(3-hexylthiophene)
regiorégulier (P3HT) et de nanocristaux colloidaemiconducteurs de CdSe. Pour cela,
principalement deux méthodes ont été mises en odavtechnique de croissance épitaxiale
directionnelle initialement développée par M. Britdnn et coll. 1), et l'orientation par

brossage mécanique.
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Figure 1-1: Gauche et milieu image TEM en champ clair et cliché de diffraction
électronique correspondant d'un film de P3HT fahéq par croissance épitaxiale
directionnelle. L'image en champ clair indiqgue umgructure lamellaire formée par
I'alternance de domaines cristallins (zones sompetsde zones interlamellaires amorphes
(claires). Le cliché de diffraction électroniquer@spond a celui d’'un matériau fibrillaire
semicristallin.Droite: Représentation schématique de la structure laarelldu P3HT semi-
cristallin ainsi que des directions cristallograjpjoies du P3HBans la phase cristallisgg).

L'intérét de l'orientation et de la nanostructimat de composés de P3HT et de
nanoparticules (NPs) de CdSe se trouve surtout Hiamsortance de la morphologie des
films pour des applications dans le domaine du @haltaique ou de I'électronique plastique
ou de tels hybrides P3HT/CdSe peuvent étre utits@ésme couche activ@+{4). Dans le cas
de cellules solaires, le P3HT (NPs de CdSe) jouslke de matériau donneur (accepteur)
d’électrons et de transporteur de trous (électrob'gbsorption d’'un photon par I'hybride
génere un exciton qui peut se dissocier aux irtesfaentre P3HT et NPs en une paire
d’électron et trou libres, ceci du fait de la difféce des affinités électroniques entre les

\Y



Résume de la thése en Francais

matériaux. La percolation des charges libres jumgu’électrodes induit ainsi un courant
photovoltaique. Un point majeur dans de tels matériest que la morphologie et les
propriétés électroniques sont intimement corrélésseffet, la longueur de diffusion d’'un
exciton dans le P3HT étant d’environ 10 nm, uneasdon de phases entre P3HT et NPs a
I'échelle de la dizaine de nm est essentielle pmiimiser la dissociation des excitois ).

Par ailleurs, le transport des charges dans degmpods r-conjugués est généralement
anisotrope, avec dans le cas du P3HT une mobiltieure le long de I'axe des chaines de
polymeres (axepsyr) et dans la direction du-stacking (axe bpzyr) comparé a I'axe des
chaines alkyles latérales du P3HT (axgyt) (7—10. C’est dans ce sens qu'il est intéressant
de pouvoir contréler I'orientation du polymére ‘échelle de nanostructuration de matériaux
hybrides dérivés suivant I'application envisagée&lkestronique plastique.

M. Brinkmann et coll. ont obtenu des films de P3idiientés et nanostructurés
présentant une structure lamellaire avec alternaleceones cristallines et amorphes par
croissance épitaxiale. lls ont observé qu’'avec Emm procédé, en rajoutant des NPs
sphériques de CdSe, ces derniéres se localisestlgazones amorphes du P3HIL (12).
Des films hybrides orientés et nanostructurés amsi &&té obtenus avec une échelle de
nanostructuration d’environ 10-20 nm, ce qui cqgoesl environ a la longueur de diffusion
d’'un exciton dans le P3HT. Cependant, la méthodséaé pour ces travaux repose sur un
procédé contrélée manuellement et ne permettantupasonne reproductibilité en termes
d’épaisseur et de superficie des films orientés. digfaces de zones homogénes étaient ainsi
trop faibles pour certaines caractérisations foretaaies des films telles la diffraction des
rayons X ou la mesure de propriétés optiques ginsipour I'utilisation de ces films dans des
dispositifs type cellules solaires et transistors.

Sur la base de ces études, ce travail de thesensistgdo notamment en un
développement du procédé de la croissance épiaaial de 'améliorer pour obtenir des
films de meilleure qualité en termes d’homogéndeésurface et d’épaisseur des films. Un
deuxieme aspect a consisté a appliquer le procédélappé pour le polymére seul a des
mélanges polymeéres-nanoparticules de CdSe et iétles propriétés morphologiques et
structurales ainsi que la dispersion des nanop#&tcdans le volume des films par
tomographie électronique. Enfin, le travail a paté I'élaboration de films hybrides orientés
de P3HT seul puis de films hybrides par un autozduié basé sur un brossage mécanique.
Dans tous les cas, la structure et les propriéédilins obtenus ont été étudiés et caractérisés
par diverses techniques (microscopie électroniguear@smission, diffraction électronique,
diffraction de RX en incidence rasante, spectromcofabsorption UV-vis). Ceci a permis
d’établir un modeéle de la structure des films etcdenaitre I'importance des paramétres du
procédé (vitesse de croissance, nature des su@hspraids moléculaire du polymeére,
proportion de NC dans le mélange, etc.) sur lagira des films.

2. Amélioration de la méthode de croissance épitaxiale

Un aspect important de ce travail de these a déngiaméliorer la méthode de croissance
épitaxiale directionnelle de films de P3HT et deéniaux hybrides P3HT/nanocristaux de
CdSe. Ce travail a permis d’augmenter la surface ztmes orientées a des valeurs de

Vi
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I'ordre du cmz et ce de maniére reproductible. &€€athélioration a été rendue possible grace
(i) a une croissance a vitesse contrélée (entreu®98 et 4um/s) du front de cristallisation

du TCB et du P3HT a l'aide d’'un systeme de tramstamotorisé, (ii) I'utilisation d’'un
dispositif de fusion de zone pour éviter I'évapimmatdu TCB lors de la croissance, (iii)
I'utilisation d’un substrat guidant le PTFE et desétements de surface adéquats des lames
de verres pour améliorer I’'homogénéité des films.Figure 2-1 montre un schéma tres
simplifié de la méthode. Sur la base de ces dépelments, I'influence des différents
parametres expérimentaux sur la qualité des filbterms (épaisseur, homogénéité, degré
d’orientation, superficie des zones orientés, nsittwture) a été étudiée. lREgure 2-1
illustre I'effet de la vitesse de croissance sutdgré d’orientation des films.

Ghm
wld=
Nl TR T SEE AL T

Figure 2-1: Schéma simplifié du
procédé de croissance épitaxiale @
vitesse controlée

Wi
FEHTTIE pdiis

La microscopie optique a polariseurs croisés moqgtrain film orienté de P3HT
préparé a 20Qm/s présente encore des zones claires contraireaudiitn préparé a 4m/s
pour lequel I'extinction est presque totale a lepiion d’'une zone en bas de I'image (voir
Figure 2-2. Une faible vitesse de croissanceuf/s) permet ainsi d’obtenir des films plus
homogéenes sur des zones plus grandes. La strudhmanique d’absorption des films de
P3HT fabriqué par cette nouvelle méthode est pdidiement bien définie et des rapports
dichroiques atteignant 10 ont pu étre obtenus ta qotre connaissance est la valeur la plus
élevée mesurée pour un film de P3HT. Une analyge pbussée de la structure vibronique
d’absorption de ces films en fonction du poids rooléire du P3HT a relevé que l'intensité
relative de la contribution 0-O0 augmente avec poidsléculaire. Les études de
nanomorphologie par MET en haute résolution monigere la taille des segments conjugués
dans les zones cristallines tend a augmenter ayecAMsi nous montrons une corrélation
trés nette entre la longueur de conjugaison desszoristallines et le poids relatif de la raie O-
0 en absorption.
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Figure 2-2 : Images de microscope optique a potaris croisés et spectre d’absorption UV-
vis d’'un film de P3HT (Haut): préparé a une vieske translation du front de croissance du
TCB de 20Qum/s (bas) : préparé adm/s (20um/s pour le spectre d’absorption UV-vis).

3. Structure et morphologie des films épitaxiés

Des mesures de diffraction de rayons X au synamd&SRF ont permis de mettre en
évidence d'importantes différences structurales fdms en fonction de M Alors que les
échantillons de P3HT de masse élevée et moyenpe-gd kDa et M| ~ 20 kDa) présentent
clairement une symétrie de fibre avec comme axdilite I'axe des chainespsyr, les
échantillons de P3HT de faible massg #110 kDa se comportent differemment. En effet, au
lieu d’'une symétrie de fibre, ces échantillons enésnt des domaines cristallins avec
principalement trois plans de contacts préférenmtidlinsi, nous avons pu identifier des
domaines avec l'axe des chaines perpendiculairsubstrat, des domaines avec l'axe des
chaines tiltées de 45° par rapport au substratetidmaines ayant une orientatioffaton ».
Ces différences structurales se reflétent direabérdans la morphologie des films observés
par MET.

Figure 3-1 : Image de microscopie en transmissionmm®de champ clair pour des films avec
des masses molaires des P3HT différents.

La masse moléculaire Mdu P3HT influence aussi fortement la structureeiaire
semi-cristalline 13). Pour les films préparés par la méthode a crotssdente, de grandes
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périodicités lamellaires ont pu étre observéesréueigure 3-1) En effet pour un P3HT de
masse molaire M= 50 kDa, les périodicités L mesurées sont d’emvé#0 a 45 nm. Dans la
littérature, les périodicités lamellaires obsesvgénéralement sont plutét I'ordre de ~30 nm
(13, 14). Nous attribuons cette augmentation de la péritidilamellaire pour des basses
vitesses de croissance a une croissance prefdiersidon 'axe des chaines d’autant plus
favorisée que la cinétique de croissance du TCBadde.

4. QOrientation de Films de P3HT par brossage mécanique

En parallele de la croissance par épitaxie, dessfile P3HT et hybrides ont été
orientés par la technique de brossage. Contraireancroissance épitaxiale, cette technique
n'est pas basée sur l'utilisation d’'un substragmi@ant mais sur celle de forces de cisaillement
permettant d’orienter les chaines polymeres. Teglament, le principe est assez simple : un
film de P3HT (ou d’'un mélange hybride P3HT : Cd®se} préalablement déposé sur un
substrat (par dépbt a la tournette par exemplejs Pa film est brossé par un tissu a
microfibres a I'aide d’'un cylindre en rotation ajgpié sur le film avec une pression contrélée.
Nous avons étudié le degré d’orientation et d’owistallin du P3HT dans ces films brossés
par spectroscopie UV-vis, TEM en haute résolutionpar diffraction électronique. Des
mesures de diffraction de rayons X nous ont pem@smieux comprendre le processus
d’orientation des films en fonction du nombre deleg de brossage. Le brossage mécanique
de films de P3HT induitles effets suivants: (i)euorientation des chaines de P3HT
parallelement a la direction du brossage ; (iiyi€ntation des domaines cristallins change
d’'une orientation préférentielle edge-on» avant le brossage a une orientatioifaikon »
apres le brossage (voir surHagure 4-J).

Avant brossage N Apresbrossage

(020) \. Qg

\ 0 by -
t I “, | | ” " ”
Aou i @ ‘edge-on flat-on
300

qL 200

0=0°
qL Qout o Four >

Figure 4-1 : Clichés de diffraction de rayons X m’é@chantillon avant et aprés brossage. Le
schéma a gauche illustre la configuration des mesuCes mesures ont été réalisées a
L'ESRF.

A l'aide de mesures de diffraction en fonctionl'dagle d’incidence, nous avons pu
montrer que l'orientation des films se propage’ielface film-air a travers I'épaisseur des
films avec un nombre croissant des cycles de bgessdJn impact important de la masse
moléculaire du polymeéere a été mis en évidence.iéntation dans le plan des films est
facilement induite par brossage mécanique pourédbantillons de faible masse alors que
I'orientation d’échantillons de masse élevée sasirée plus difficile. Ceci est attribué aux
repliements et aux enchevétrements des chainesmqpéchent une réorientation des plans de
chaines de P3HT liés aux plans voisins du faitrdtacking.
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5. Comparaison de films brossés et epitaxiés

La comparaison de la morphologie et de la strudeefiims épitaxiés et brossés du
P3HT a révélé des différences notablesFlgure 5-1montre les images de haute résolution
de TEM ainsi que les clichés de diffraction élestnoes. Pour les films épitaxiés, il est
possible de distinguer clairement des zones ditstal séparées par des zones amorphes.
Cette distinction entre amorphe et cristallin esdidroup plus ambigué pour des films brossés
ou on ne peut pas réellement mettre en évidendiende entre les zones amorphes et zones
cristallines. Les clichés de diffraction montrenissi des différences significatives. En
particulier 'absence de la réflexion (002) corrasgant a la répétition des monomeres le long
des chaines de P3HT est significative. Ceci peatétpliqué par différents niveaux d’ordre
dans les films brossés et épitaxiés. En effetskobation de cette réflexion suggére un ordre
transrationnel dans la direction de I'axe des a@mimpliquant un ordre cristallin 3D dans les
films épitaxiés.

Epitaxied Film

(002) (202)

Figure 5-1 : Images de haute résolution TEM etlddig de diffraction électroniques pour un
film de P3HT (M=17,6kDa) épitaxié et brossé.

Pour les films brossés, il y a ainsi un désordaagrationnel statistique selon I'axe des
chaines gsnt.Ceci empéche un ordre cristallin 3D et expliquédence de la réflexion (002)
dans les films brossés. Les importantes différentesdre et de structure entre les films
épitaxiés et brossés se refletent directement ldanspectres d’absorption UV-vis. Comme le
montre la Figure 5-2 les films epitaxiés montrent une structure netteinplus claire que les
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films brossés. En particulier, la contribution whigue 0-0 est particulierement intense et
bien définie dans les films épitaxiés. Ceci conéritordre cristallin élevé dans ces films
epitaxiés.

0,4 0,25
Slow rate DEC 6.6 4 times rubbed film
X 4.2
\/9.3 0,20
0,34 //
0,15
g g
£ 0,2
g E
S S 0,104
2 &
© ©
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Figure 5-2: Comparaison des spectres d’absorptidfvis de films de P3HT (17.2kD) épitaxiés
(gauche) et brossés (droite). La Ilumiere incidengést polarisée parallelement (/) ou
perpendiculairement/{) a I'axe des chaineesssyr. Les valeurs numériques indiquent les rapports
dichroiques.

6. Morphologie et structure de Films hybrides épitagié

Le procédé de croissance épitaxiale amélioré ppurdissance de films de P3HT a
éte également appliqué a des mélanges polymeres jR2 NPs colloidales (CdSe) au cours
de ce travail de thése. Les NPs de CdSe sont c@®spban cceur inorganique recouvert
d’'une couche de molécules organiques, les liga@ks derniers assurant la stabilité
colloidale des NPs en solutiob5-19. Cependant, la couche de ligands issue de lh&yat
forme une barriere isolante défavorable au transiercharge polymére. NPs. Il est donc
nécessaire d’échanger les ligands de synthese 'gairas plus adaptés pour faciliter ce
transfert de charge pour des applications danssiigis électronique ou optoélectroniques
(par exemple transistors ou cellules solaires). rabu la these, trois points ont plus
spécialement été étudiés: (i) l'influence de ldlda@t de la morphologie des NPs ainsi que
I'effet de la proportion P3HT:NPs sur la nanostauation ; (ii) I'étude de la distribution des
NPs dans le volume des films par tomographie dépitjue ; (iii) I'étude de l'influence des
ligands de surface sur la morphologie des fiim&wbs. Pour cela des protocoles d’échanges
de ligands ont été spécialement développés. Taaeanalyses ont impliqué de synthétiser
des lots importants de NPs sphériques et de naoo+ixs Ganorod$ de rapport d’aspect
variables.

6.1 Distribution des NP dans le volume des films

L'étude de films hybrides par des méthodes de TEdhdard ne permet pas de
conclure quant a la distribution des nanoparticdeess le volume. En effet, le TEM standard
donne uniquement une projection 2D du volume salediéechantillon. Ainsi, pour avoir une
information sur la distribution des NPs dans leuno¢ des films, des techniques plus
avancéees comme la tomographie électronique soessaéices. En collaboration avec Ovidiu
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Ersen et Lucian Roiban de I'Institut de PhysiqueletChimie des Matériaux de Strasbourg
(IPCMS), de telles mesures de tomographie ont pel @&alisées sur des films hybrides
fabriqués par croissance épitaxiale. Des films ayhifférentes charges en NPs (P3HT:NP
1:1, 1:2 et 1:3) ont été ainsi analysés.Higure 6-1montre les résultats de cette analyse.
Contrairement a toute attente, les NPs ne sontdssbués dans I'ensemble du volume
comme cela a souvent été observé pour des filmsdegsimilaires préparés par dépbt a la
tournette 2, 19-21).

a) P3HT:CdSe 1:1 w/w b)P3HT:CdSe 1:2w/w c) P3HT:CdSe 1:3 w/w
= W g ™ o : B e L ; ;
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Figure 6-1: Etude par tomographie de films hybsdeomposes de P3HT:CdSe avec des
proportions (w/w) a) 1:1, b) 1:2 and c) 1:®aut: Coupeslongitudinales extraites des
volumes reconstituésilieu: Coupes observés a partir des reconstructions toapggues
Bas: Histogrammes normalisés montrant la variation dediensité de NPs a travers la
section des films. Les fleches rouges et bleusgiedile coté TCB ou P3HT respectivement.

En effet, dans les films hybrides prépares parag@f on observe clairement une
structure en bicouche. Une couche de polymere savde une décoration de quelques
nanoparticules puis une couche hybride nanostréetcomposée d’un mélange de polymere
et de nanoparticules. Plus la proportion des NRs da film est élevée, plus la couche
hybride devient épaisse. Des analyses statistiqueespermis de conclure que pour la
proportion 1 :1 la couche hybride occupe envirof4fe I'épaisseur totale du film alors que
pour la proportion 1 :3, cette couche hybride oecplpis de 70% de I'épaisseur totale du film.
Afin d’expliquer cette structure originale en bicbe, nous proposons un mécanisme de
croissance faisant intervenir une concentratiorl separtir de laguelle les nanoparticules
s’agregent dans les zones amorphes du polymeére.
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6.2. Effet des ligands de surface sur la morphologie

Dans ce travail, nous avons choisi d’étudier lacfmnnalisation des NPs de CdSe
par des ligands polypyridines comme la-Bexylpyridine (HexPy), la 1-10 phénanthroline
(Phen), et la 4,4',4" -tri-tert-butyl-2,2":6',2ggridine (TerPy). Dans un premier temps, des
protocoles d’échanges adaptés a ces ligands omhiégs au point. La caractérisation des
réactions d’échanges de ligands a été réaliséegmtechniques photophysiques (PL, UV-
vis) et par RMN. Les NPs fonctionnalisées ont dmséié insérées dans les films de P3HT
afin d’étudier l'influence des ligands sur la mlologie des films. Un exemple des résultats
obtenus est présenté dngure 6-2.Une bonne nanostructuration est obtenue dans ldesas
ligands de TerPy et de Hex Py (ayant tous les 2gdaspements solubilisants) alors que le
ligand entierement conjugué Phen conduit & unegagoh des NCs.

«Jg;:.g%_—]

Flgure 6-2: Influence de la nature des ligands deface des NPs de CdSe sur la
morphologie des films hybrides préparés par crnse épitaxiale

7. Orientation par brossage mécanique de films hybisde

La méthode d’orientation par brossage mécaniqugatesent été appliquée a des
films hybrides.La Figure 7-1montre une image de TEM en haute résolution etidéhé de
diffraction électronique correspondant d’'un filmbinge brossé. La distribution angulaire
azimuthale des réflexions (1@@)r et (002}4se mesurées a partir du cliché de diffraction est
également représentée. Sur I'image de haute résolainsi que sur le cliché de diffraction,
on voit clairement que les nanobatonnets et leBebale P3HT s’orientent parallelement a la
direction de brossage. Nous avons ainsi pu momaerdes analyses supplémentaires que
c’est I'orientation de la matrice polymére qui @iie I'orientation des nanobatonnets.
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Figure 7-1: Gauche image de TEM haute résolution, l'orientation deanorods suit
I'orientation des chaines polymereBroite: cliché de diffraction électronique d'un film
hybride orienté par brossage. La distribution arajté des chainede polymére est identique a
celle des nanorods

La comparaison de films hybrides composés de P3HIe emanobatonnets de CdSe
préparés par brossage mécanique et par croisspitariae s’avere intéressante. Egure
7-2 montre des clichés de diffraction et des imageshemp clair correspondantes d’un film
hybride préparé par brossage mécanique et d'umdgu@paré par épitaxie. La comparaison
de ces films montre des différences notables. Tatord, I'orientation dans le plan des
nanobatonnets est clairement définie dans les firassés alors que dans les films épitaxiés
cette orientation est peu marquée. De plus, dandilles brossés, les nanobatonnets sont
clairement orientés avec leur aggise (Qrand axe) parallele a la surface du film alaue q
I'image en champ clair du film épitaxié ainsi qaefaible intensité de la réflexion (0@23e
suggérent la présence de nanobatonnets inclinésilRars, la nanostructuration clairement
visible dans les films épitaxiés est absente dassfilms brossés. Ceci est lié a I'absence
d’une structure lamellaire semi-cristalline bieficié dans le cas des films brossés.
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Figure 7-2 : Clichés de diffraction électroniquesimages TEM en champs clair d’'un film
hybride orienté par brossage mécanique et d’'un fidmparé par croissance epitaxiale
directionnelle. La masse moléculaire du P3HT est de,#M7,6 kDa et les dimensions
nanobatonnets sont 20 b nm.

8. Conclusion

Ce travail de these avait pour but d’élaborer diessforientés et nanostructurés de
matériaux hybrides polyméres conjugués :NPs calle&d présentant un intérét pour
I'électronique plastique. Deux méthodes ont pria@ment été mises en ceuvre pour
I'élaboration de ces films: la croissance épitaxidirectionnelle et le brossage mécanique.
Pour la méthode de croissance épitaxiale directibemndes développements instrumentaux
en vue d’améliorer la qualité des films orientéstermes d’homogénéité sur de grandes
surfaces ont été réalisés. L'influence des diff&yeparametres (vitesse de croissance,
substrats, etc.) sur la qualité des films obtenéteatudiée. En paralléle, I'influence du poids
moléculaire sur la morphologie et la structure fiess épitaxiés et brossés a été mis en
évidence. D’importantes différences d’orientatiale structure et de morphologie sont
observées aussi bien en fonction du poids moléeutki P3HT qu’en fonction de la méthode
de préparation des films. Concernant les films o épitaxiés, des mesures de tomographie
électronique ont mis en évidence une structurei-enourhe jamais observée jusqu’alors pour
de tels films. Ces observations ont permis de @epon scénario de croissance des films. Ce
travail présente une caractérisation en termes aphuologie, structure et orientation assez
compléte des systemes de P3HT seul ainsi queldesHibrides epitaxiés et brossés. Dans le

XV



Résume de la thése en Francais

futur, des caractérisations électriques (transp@itharge) et des applications de ces systemes
dans des dispositifs sont envisagés. Les procédésthodes développés au cours de ce
travail peuvent étre appliqués a d’autres syste(aaes polymeres et NCs). Des études
préliminaires effectuées au laboratoire ont égatgrmpermis de montrer que des polymeres a
faible gap d’énergie peuvent étre orientés a I'aldda croissance épitaxiale directionnelle a
vitesse contrélée. Ceci ouvre de nouvelles pers@scpar exemple dans de domaine de la
détermination de la structure cristalline de celymeres afin de mieux comprendre les
corrélations entre la structure et les propriégsas polymeres.
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Introduction

Inorganic materials based electronic devices hamine ubiquitous in our society
and in our everyday life. During the last fifty yea many efforts were put into the
miniaturization of inorganic based electronic degi@and the reduction of their cost to make
them accessible to a broader public. The field rgfanic electronics.e. devices based on
carbon materials seeks for an additional reduatibthe production costs using processing
techniques of the electro-active materials fronsinkinge.g.roll-to-roll printing techniques.

In addition, organic electronic devices are lighaad flexible as compared to their inorganic
counterparts. Indeed, organic solar cells produlegdroll-to-roll printing techniques on
flexible substrates or flexible displays are amdmg goals in the field of organic electronics
and some products have already appeared on themark

The recent tremendous developments in the field mainly be ascribed to the
discovery in the 1979 of T=conjugated polymers that are conducting in thejeti statei,e.
that behave as synthetic metal3. (This breakthrough was awarded in 2000 by thedNob
Prize of Chemistry with Alan J. Heeger, Alan Madi& and Hideki Shirakawa as the
recipients. Few years after their discovery, it whewn thatreconjugated polymers exhibit
semiconducting properties in their undoped stateis Twas probably one of the most
meaningful progresses made in the field of orgaelectronics. Indeed the solution
processability in combination with their semi coaoting properties made of conjugated
polymers the main actors in organic electronicsviltays these materials are already widely
used for example in organic solar ceR§, rganic light emitting diode$,(4) or organic field
effect transistorss).

Other solution processable semiconductors are ambcgsemiconductor colloidal
nanocrystals. Although the synthesis of such nariofes was known for years, novel and
highly successful methods of synthesis in termshefsize control and size polydispersity
appeared in the 198draised a lot of attention of the scientific comrtyron these nano-
objects in view of their numerous potential apglmas. Inorganic semiconductor

1
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nanocrystals are of main interest due to their-dgggendent energy bandgap and thus their
tunable photoluminescence and absorption properiies cite only one example, such
nanocrystals have already been successfully usdidjiio emitting diodesE, 7).

Both colloidal NCs as well as semiconducting coajed polymers possess the main
advantage of cost-efficient solution processabiliihe association of inorganic NCs and
conjugated polymers to form hybrid electro-activatenials gave rise to the field of hybrid
electronics although this terminology is not fregile used. These hybrid materials aim at
combining the advantages of both the organic andyanmic components in order to achieve
better devices performances as compared to alharganes. Hybrid materials were first
successfully used for the fabrication of light émd diodes 8) and later in solar cells at the
beginning of the 200?5(9, 10). Since then, hybrid materials have raised inenggaisiterest in
relation with the development of the so-called @igand Large Area Electronics.

For a successful application of conjugated polymeasocrystals and hybrid materials
in electronic devices, a deep understanding of fpteysical properties is essential. A key role
is played by the macromolecular organization, thmgstallinity, the structure and the
orientation of the polymers. In the case of hyhrithe orientation but also the morphology
and the dispersion of the NCs within the polymetrimare of major importance. This opens
the door to a large field of fundamental researchtlme controlled orientation and the
controlled structuration of conjugated polymersvadl as of hybrid materials.

In the scope of this work, we were mainly interdste the controlled orientation and
the structural and morphological characterizatidntion films of regioregular poly(3-
hexylthiophene) (rr-P3HT). Therefore, we used matmlo preocssing methoddirectional
epitaxial crystallization andmechanical rubbing Of main interest in this work was also the
elaboration and the full characterization of hylthdih films composed of P3HT and CdSe
nanocrystals prepared by these two methods. Angbiet of focus was to understand the
processes allowing for the orientation and the sanoturation of such hybrid materials.

The first part of this thesiglgapter 1) introduces the current state of the art and the
main fundamental properties of the materials usedhie scope of this work. It also
emphasizes the main principles in view of the sssitg applications of such hybrid materials
in organic electronic devices such as solar c8ié&sni-crystalline polymers as well as main
approaches for the controlled orientation of polggneill be introduced. The concept of
excitonic bulk heterojunction and the required mate architectures will be described.
Finally main approaches described in the literaforethe controlled fabrication of hybrid
materials will be presented.

In Chapter 2, we focus on the synthesis and the surface chemaft CdSe
nanocrystals. Main attention will be paid to theface functionalization of CdSe nanocrystals
using various polypyridine ligands. The numbermdéteoring groups of the ligands to the NCs
was varied and the influence of the latter on tthogption-desorption kinetics of the ligands
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on the nanocrystals as studied by advarfeeduclear magnetic resonance methods will be
studied.

Chapter 3 is devoted to the preparation of highly orienteBHP thin films by
directional epitaxial crystallization (DEC1Y). The method will be presented and the main
improvements of the method realized in the framéhaf PhD work will be described. The
improved method will be called slow-DEC.

In Chapter 4, thin P3HT films prepared by the improved slow-DE@thod will be
fully characterized in terms of orientation, morfggy, structure and UV-vis absorption
spectra. The impact of the slow growth kineticsva#l as of the molecular weight Vof the
P3HT on the structure and shape of the crystatloraains will be studied.

Chapter 5 is devoted to an alternative orientation methad”®HT thin films, namely
mechanical rubbing. The thin P3HT films will be lfulcharacterized in terms of the
morphology, the degree of orientation, the strctand the influence of the UV-vis
absorption spectra. A comparative study of P3Hmdilgrown using directional epitaxial
crystallization or mechanical rubbing will also jx@sented in this Chapter.

Chapters 6 and7 are devoted to the elaboration of highly oriertted hybrid films
composed of P3HT and CdSe nanocrys@lsapter 6 treats about hybrid thin films grown
by slow-DEC. A main focus of this Chapter is to awel the 3D distribution of the
nanocrystals within the hybrid thin films using tleéectron tomography technique. The
impact of the chemical nature of the capping ligaatithe NCs on their integration into the
P3TH matrix is also explored. I€@hapter 7, the elaboration and the characterization of
hybrid thin films by mechanical rubbing is discu$sA comparative study of oriented hybrid
thin films prepared by slow-DEC and by mechaniedibing in terms of morphology and
orientation will also be presented
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Chapter 1. Fundamental concepts and

state of the art

This chapter is dedicated to the introduction afht@iques and concepts relevant to
this PhD work. In a first partyzconjugated and semi-crystalline polymers will ety
introduced. Several techniques for the controlle@rdgation of polymers will thereafter be
presented. Basic physical and chemical propertfesemiconducting nanocrystals will be in
the focus of an ensuing part. Finally, the lasttparthis chapter focuses on hybrid materials.
We will mainly introduce hybrid materials of intetdor organic and large area electronics.
Some basic concepts about the application of suydirids will be presented. The main
strategies for the fabrication of hybrids materiadgill be introduced and discussed.






1. Conjugated polymers

T-conjugated polymers (hereafter referred to as ugaipd polymers) are
macromolecules presenting delocalizedrbitals and electrons in their backbode4). On a
chemical point of view, conjugated polymers are posed of sphybridized carbon atoms in
their backboneHigure 1-1). This means that two neighbouring s|arbon atoms are bound
via double bonds composed of oaebond and oneatbond, each carbon providing one
electron of each typel{4). The 2s orbital of each carbon atom hybridizethwhe 2p and
2p, to form the sporbital. On the other hand, timeorbitals form via the hybridization of the
2p, orbitals. This is illustrated irfrigure 1-1in the case of the f£l, ethylene molecule
(represented as ;8=CH,), the simplest and model molecule for, dpybridization. A
conjugated polymer will be composed of alternatiogible and single bounds which allows
to have delocalized—orbitals along the backbone of the polymg&rd). The length scale of
this delocalization is the so-called conjugatiomgér. The conjugation length is generally not
equivalent to the total length of the polymer chasnsmall chemical defects, twisting or chain
folding of the polymer chain can interrupt the aaggtion.

Jz = orbirlal pa = wrbikgl

plane of the
fPz - Grbitals

Figure 1-1: Schematic illustration of the formatiari double bound in ethylene A4d&).
Reproduced fron¥).

The existence of fremelectrons in conjugated polymers gives them speoifitical
and electronical properties as compared to satliratganic macromolecules. In particular,
the delocalization oft electrons makes the propagation of electric ettoitaalong the entire
macromolecule possible. The deformation of tik@bitals induced by external electric fields
renders polarization effects importa8j.(The delocalization and conjugation of tieerbitals
in one plane also induces a stiffness of the potybaekbone which tends to planarize the
macromolecule. A lack of planarity of the conjughbackbone therefore goes along with the
loss of conjugation?). This stiffness of conjugated polymers has alstrang influence on
its organisation in the solid phase.

To a certain extent, energy bands in conjugateynpeis are formed in a similar way
as in inorganic crystal$-{gure 1-2. For a single atom, discrete energy values aaéadble. If
several atoms associate to form a molecule, theggrevels of each atom are degenerated
and slightly shifted as compared to the levels airgle atom. In the case of the ethylene
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molecule, a bondingtg and antibondingr¢) orbitals are formed due to the,dpybridization.
The 1t orbital is frequently called highest occupied nealar orbital (HOMO) and thet*
orbital lowest unoccupied molecular orbital (LUMQj the case of a macromolecule such as
polyacetylene containing an infinite amount of sarbon atoms, these energy levels form the
valence 1)) and the conductiont) energy bands which are separated by the ban(figpre
1-2). The bandgap of the conjugated polymer dependshenchemical structure of the
polymer and on its conjugation length: the londee tonjugation length, the smaller the
bandgap. In their undoped form, conjugated polynagesintrinsically semiconductors. It is
possible to transform them into conductors via dgpDue to the position of their HOMO-
LUMO levels, most conjugated polymers are p-typadumtors. In order to have n-type
semiconducting conjugated polymers, the LUMO |eskeduld be lower to approx. -4 eV with
respect to the vacuum leved)( By analogy, p-type semiconducting conjugatedymers
should have a high HOMO lev8)(

Energis Vide

- a*{iLtuUMOy — _l

* (LUMO) [ﬂc -

=* (LUMO)

-

x* (LUMO)

x {HOMD)

]l_ = (HOMO)
_H_ = (HOMa) ||
_‘ x (HOMO) _‘ \_ Iﬂ_
Ethylene Butadiene Octatetraene Polyacetylene
e \I / o ._II
Tt xw/ﬁk“‘*‘l»ﬂ/‘ﬁ T N

I\. flz II\\. jn

Figure 1-2 : Illustration of the formation of thewrduction band (BC) and the valence band
(BV) in polyacetylene C#{IC-H,),.CHs. Reproduced frorR).

One of the most successful and most used conjugptdgimer is nowadays
regioregular poly(3-hexylthiophene) (rr-P3HBigure 1-3shows the chemical structure of
rr-P3HT. P3HT is composed of a conjugated backlmdn@iophene rings and lateral hexyl
side chains that provide solubility and allow tcepare semiconducting inks in common
solvents ). Regioregularity refers to the control of the figaration of the lateral side
chains. Regioregular P3HT is mostly defined ashbad-tail head-tailie. the monomers
bind between the position 2 of the first one and hosition 5 of the second one)
configuration. Although widely used, P3HT is notideal system. The HOMO level of P3HT
lies quite high and this impedes a long term opagastability because of oxygen doping.

10
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Also, the bandgap of P3HT (2.0-2.1 eV, dependinghenmolecular weight) is such that the
absorption spectrum of P3HT only covers the visgadion of the solar spectrur)(

In the solid state, P3HT chains can stack via tiretacking interactions to form
molecular crystalsFigure 1-3illustrates the formation oft-stacked planes of P3HT. The
convention used for the different crystallograpags in P3HT crystallites is also illustrated
in Figure 1-3

Ap3ut
“: b
P3HT

Cp3ut

Figure 1-3: Chemical structure of rr-P3HT and dusfion of the crystallographic
directiongzstacked P3HT layers (scales not respected inrépgesentation).

Conjugated polymer crystals differ in an importaoint from inorganic crystals. In
fact, the forces in the three crystallographic aimns in a crystal or a solid of conjugated
polymer crystals are strongly anisotropic. For oeggular poly(3-hexylthiophene) or P3HT
for example, these interactions are strong alorggrdistacking direction whereas in the
direction of the alkyl-side chains the interacticar® dominated by weak van der Waals
forces. This anisotropy of interaction within tha@ig strongly influences the mechanical and
electrical properties of the polymer. In the fallng, we will introduce in more detail the
properties of P3HT in its solid and crystallizedchpé.

2. Semi-crystalline polymers: the case of reqgiorequfasly(3-
hexyltiophene)

The crystallization of polymers is known since fhst half of the 28 century 5-9).
To be able to crystallize, a polymer must have rapetely regular chain conformation such
as linear polymers (polyethylene, polyamie&;) or a stereoregular polymers (having lateral
side chains) as for example polystyrene or poly(atkiophenes)§). B. Lotz showed that in
order to understand the crystallization of polymdigee scales of organization can be
distinguished §):

» The crystal structure of the polymer which trediew the conformation of the
chains within the unit cell (on a scale of a fewg\to ~20 A).

11
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* The lamellar structure, which results from the ophdolding which is
characteristic of the polymer chemical structune gscale of ~50-500 A).

* The organization of these lamellae into more comp&uctures such as
spherulites, fibres, etc. These structures defiree final morphology of the
polymer in the solid phase, for example in a tlilm {from the pm? to the cm?
scale).

In the following we will treat these different aspe on the basis of published works for the
case of rr-P3HT.

2.1 Crystal structure of P3HT

P3HT is known to crystallize easily and it is alihmspossible to generate thin films
of purely amorphous P3HT. Therefore the crystalcstre of P3HT got a lot of attentioh, (
6). However, to date the exact structural model P is still not determined. The lack of
knowledge about the exact structure is mainly du¢he difficulty to grow large areas of
P3HT single crystals 56). One of the first proposed crystal structures for
poly(alkylthiophene)s is based on well organizemiddar packing of planar backbones that
are uniformly spaced by the alkyl side chains. #swroposed by Prosa and coworkers in
1992(9). Since then, several crystal structures for polyl#tkophene)s have been published.
Among those, some were proposed by Tastiral (10). These authors combined molecular
modelling and X-ray diffraction measurements oretstr aligned P3HT. Their proposed
structures vary mainly in number of polymer chamshe unit cell £0). More recentlyDag
et al. proposed a structure based on molecular dynarmugations (1). One of the most
recent refinements of the P3HT crystal structueseld on electron diffraction measurements,
is that published by Kayunki@t al(12). The authors performed selected area electron
diffraction on highly oriented P3HT films obtaindxy directional epitaxial crystallization
(12). Figure 2-1shows thecrystal structure of P3HT as determined by Kayurgk@l. The
authors propose a monoclinic unit cell containiwg thains shifted relatively to each other
(@psyt=1.60 nNM, bpsr=0.78 NM, Cp3pr=0.78 nm andy=86.5°). The definition of the
crystallographic directions in the structure of H3I4 the following: thecesyr-axis refers
always to the P3HT backbone direction. Thegyr-axis refers to theert stacking direction
and theapsyr-axis corresponds to the-hexyl side-chain directionlhe observed shift of the
two neighbouring polymer chains is enforced byhkgyl-side chains that crystallize into an
orthogonal sub-celllQ). To date, the main difficulty for the determirmatiof the exact crystal
structure of P3HT lies in the determination of thect configuration and orientation of the
hexyl-side chains. In the scope of this thesisused the P3HT crystal structure proposed by
Kayunkidet al.(12).
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Figure 2-1 :(a) Crystal structures of P3HT as determined by Kayuirédi al. viewed along
two different crystallographic directions (hydrogatoms have been omitted for the sake of
clarity). Reproduced fronfs). (b) Evolution of the lattice parametepsyr in black and the
lattice parametebpsyt in red with increasing molecular weight. Reproduced frdrd).

Several authors reported polymorphisms in poly(étkyphene)s 14-1§. Two
crystal phases of P3HT, phase | and Il, have beepoged with a transition from phase | to
phase Il at a temperature of about 601@).(The main difference between phase | and phase
Il is the order within the hexyl side chains. \Whual, evidence recently side-chain disorder by
using®*C MAS NMR and X-ray diffraction4). Phase | is described as a well organized 3D
crystalline phase whereas phase 1l is a 2D crys¢éafihase in which the side chains are less
ordered.e. a smectic-like structure.

Another kind of polymorphism evidenced for P3HTthe change of thepsyr and
bpsyt lattice parameters with increasing molecular weigideed, Zeret al. evidenced an
increase of the lattice paramet;yr and a decrease syt with increasing molecular
weight (13). Figure 2-1 (b)shows this evolution of the lattice parametassyr and bpayr
with My,

2.2 Chain folding and lamellar structure

One of the most important concepts for the undedstg of semi-crystalline polymers
Is chain folding T, 8). Figure 2-2 epresents schematically a lamellar crystal of gblyene.
The concept is the similar for other semi-crystali polymers in particular
poly(alkylthiophene)sg, 17).

The polymer chains are well crystallized within grgstalline lamellae of size L. The
polymer chains are however generally longer thanctigstalline phase and thus, these chains
tend to fold. Chain folds and chain ends cannoinbreduced into the crystalline lattice and
form thus a much less ordered phase which is giyeederred to as the amorphous phase
within the semi-crystalline polyme¥(8).

13



Chapter 1. Fundamental concepts and state of the ar
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Figure 2-2 : Schematic representation of a lameltalyethylene crystal. Reproduced from

referencg8).

In the case of P3HT, chain folding could be dinealidenced and imaged using
scanning tunnelling microscopy (STM). The first W®rin this sense were performed by
Mena-Osteritzt al. and Gréviret al. (18—-22. Such works are of great interest as they allow
the direct visualization of the chain folding of ndecrystaline P3HT and other
poly(alkylthiophene)sFigure 2-3represents the visualization of chain folding gs8TM and
the corresponding model of the chain conformatioetemined by semi-empirical

calculations.

-'.l.

prit ﬂ"’n'\ bl
i-"}o b"h‘ﬂr:"_ri‘l-w

- j 13

14

LI I I A | [
(] PN T
k.__ Vb : [ B A I

Figure 2-3: (a and b) STM image
showing the short-range ordering of
regioregular P3AT. (¢ and d) 2D
crystalline packing as modeled by semi-
empirical calculations. The “hairpin”
intramolecular folds are composed of
several 3-alkylthiophene monomers in
all-cis con- formation, whereas folds of
larger radius may include both cis and
trans conformations. Reproduced from
(18).
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The ratio of crystalline/amorphouse. the extension of the crystalline lamellae L
depends on many factors. In the case of P3HT, lem#p strongly on the chain lengile(
the molecular weight) and the processing conditidgre very short P3HT chains, chain
folding does almost not occur, and the system majority composed of the crystalline phase
(23). The threshold molecular weight for which chaifdifng sets in is reported to be around
Mw=10 kDa for rr-P3HT Z4, 25). In fact, the evolution of the lamellar pericglafunction of
the molecular weight was found to show two phases. molecular weights up to J#10
kDa, the lamellar periodicity increases and theathes a plateau value of L ~30n24-{26.
Another, indirect indication for chain folding ibe evolution of the lattice paramet@yr
with increasing molecular weighsdeFigure 2-1) In fact, the higher amount of re-entrant
chains into the lattice (after folding) exert aess on the close packing of the molecules and
induces an increase of the lattice parameter witheasing amount of folds and re-entrant
chains €.g.with increasing molecular weight},(13).

A part from the molecular weight, the processingditons are of great importance
regarding the lamellar period. The crystallizatlonetics plays a specific role. In this sense
Crosslandet al. evidenced an increase of the lamellar period byngly slowing down the
crystallization kinetics47). A similar observation was made in the scopehef work and
will be treated in Chapter 4.

The molecular weight, the solvents, the temperatureé the processing conditions
strongly influence the morphology and thus the lkemeeriodicity of P3HT thin films Z8—
31). In the following, some of the most charactecistiorphologies obtained for P3HT thin
films will be presented.

2.3Various morphologies and orientation of P3HT thinlins

Properties of conjugated polymers such as chardalitgodepend on the chemical
structure of the polymer backbone. But they depdsd very strongly on the morphology and
the crystallinity of the polymer in the solid phg2d, 32). In particular, as polymer chains are
intrinsically 1D objects, orientation of the chaipkys an important role. The macroscopic
properties can therefore be highly anisotropic fiaghly oriented samples38, 34). As
mentioned above, the morphology as well as theedegf crystallinity in a polymer depend
strongly on the processing conditions. Indeed ilutsam-processed thin films of polymers,
the solvent evaporation rate rules the crystalbraekinetics. Therefore, films deposited from
high boiling point solvents exhibit in general gtmer degree of crystallinity as compared to
the films deposited from low boiling point solver{®5, 36). The latter is also influenced by
the deposition technique which can be more or fiegsts For example, spin coating is fast as
compared to drop castingg). Most P3HT thin films deposited by these methgde rise to
a fibrillar morphology 24, 28, 36, 37). In the following we will present some examples o
how the molecular weight and the processing cdneante the thin film morphology of such
spin coated or drop cased thin films. In a secdaeg@ sther processing methods used for
P3HT and their influence on the obtained nanomdaggyowill be presented.
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2.3.1. Effect of the molecular weight

The effect of the molecular weight of P3HT has begtensively studied2b, 28, 36-39.
Herein, we will present one example out of numemmudished works36). Figure 2-4shows
the AFM phase images of thin layers obtained frorP3HT fractions of different M
deposited by (i) dip coating from a chloroform gwmn, (i) drop casting from a
chloroform:tetrahydrofuran mixed solvent (14:3,)vand (iii) spin coating from chloroform.
All these films show the typically observed fiball morphology frequently observed for
P3HT. The two slowest deposition techniques (diptiog and drop casting) show well
defined nanorod-type morphology independently of Mhereas the fast deposition (spin
coating) shows such a morphology only for the loweolecular weight samples. The
formation of anisotropic fiber structures is favibigy low molecular weights, except for very
slow deposition for which high molecular weightadeto fibril formation as well.

Rl = ZdkDng

ikl

Nr

ki Skl

M= 1,2k03

Figure 2-4 : Atomic force microscopy phase image$in layers obtained from RR-P3HT
fractions of different Mand using different processing techniques. Repreddrom(36).

2.3.2. Specific processing methods and specific morphoésgi

As seen previously, P3HT films deposited by spiatic or drop casting present a
fibrillar morphology @4, 36, 37, 39). The solvent plays an important role on the afisity
of these nanofibers. However, under special crysasibn and processing conditions, the
P3HT morphology can be tuned. For example, Crod®h al generated P3HT spherulites
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under controlled crystallization conditior®7f. These spherulites were generated by swelling
and deswelling the films in GSapours under controlled vapour pressure. The spteer
morphology of the films by Crosslaret al.is shown inFigure 2-5 Besides the spherulitic
morphology of the P3HT, the work of Crosslagtdal is particularly interesting in the sense
that they can control the nucleation density witthie films. They have developed a simple
methodology to control homogeneous nucleation im thlms by using a controlled
swelling/deswelling of the films. For P3HT, sphdéial domains of 10-100 mm diameter
were obtained reproducibly by controlling the sated vapor pressure of €Svhich
determines the nucleation density of P3HT sphesilih a thin film.Figure 2-5shows the
nucleation density as a function of the vapor press

Figure 2-5: POM images (200m x 200 xm) of a 40 nm thick P3HT film grown from £S
solvent after an initial swelling at 91.0 %49 for 600 s. The sequence of polarized optical
microscope images shows the dependence of theatiooledensity of spherulites versus
PSSt (b) Graph showing the variation of homogeneousleaation density of spherulites

vap
cryst

versusp,,, . Reproduced fror(27).

Another example of original morphology of P3HT wagported by Brinkmanet al.
(40). In this work, the authors prepared so-calleds®#iebab fibers of P3HT4(). Such
Shish-Kebab fibers are composed of an oriented (tloeeshish) onto which lateral crystalline
fibrils made of folded polymer chains (the“kebapsire connected with a periodicity in the
18-30 nm range (sddgure 2-9. The P3HT chain axis is oriented parallel to fiber axis,
whereas thetstacking direction is perpendicular to it. SuchisB-Kebab fibers can be
generated by epitaxial crystallization of 1,3,5chtorobenzene in the presence of a bad
solvent of P3HT such as for example pyridine orayexanone. Such fibers present highly
anisotropic optical properties.
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Figure 2-6 :a) Optical micrograph of a Shish-Kebab fiber takeith crossed polarizers,
showing highly birefringent TCB needles decorateth wighly oriented P3HT fibers (the
orientation of the polarizer and analyzer are dégdt by two arrows. b) Highly oriented
P3HT fibers decorating the TCB needles as obsewveldr the polarized light microscope.
The polarization of the incident light is given the arrow. c) Enlarged TEM-bright-field
image of a shish-kebab fiber of P3HT showing thettpacking of nanofibrils (kebabs) along
the backbone of the fiber (shish). d) Schematiactire of a shish-kebab fiber. The axis
directions for the unit cell are depicted by arrol&eproduced frortt0).

3. Controlled orientation of polymers

Besides the control of the nucleation and cryaitiion of the polymer, the control of
the orientation of the latter in the solid phasefishigh interest as it can induce a strong
anisotropy of the macroscopic properties. The @steof orientation of conjugated molecules
is twofold. In particular, two properties relevdatthe field of organic electronics that can be
tuned by the orientation are: (i) the charge transproperties 3, 34) (ii) the optical
properties 41).

Presently there exist several approaches for tiemtation. Some methods make use
of an orienting substrate onto which the polymemwg by molecular self-assembl§1( 42,
43). Other methods make use of the application ofraeical shearing forces: these methods
are mainly based on the anisotropy of the streafjthe forces in the polymer along the chain
direction and between two neighbouring polymer cbd#4—-46 . These methods are quite
general for all kind of polymers. Herein we willggent a selection of those which are of
particular interest for this work and those whickrev successfully applied t@conjugated
polymers and in particular to P3HT.
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3.1 Orientation by using mechanical shearing forces

. Mechanical rubbing consists in applying a cylinder covered with aveélcloth and
rotating it at a controlled velocity onto a thinnfi of polymer undergoing a translational
motion.Figure 3-1shows a schematical representation of the process.

Pressure Pi

elvetcloth

Z

Figure 3-1: Schematical representation of
the mechanical rubbing of a thin P3HT film

Translationatspeed v

Mechanical rubbing is extensively used for the maéon of polymers such as of polyimides
and polycarbonategl4, 47-50 as well as for the orientation of small organiclecules such
as a-sexithiophenes5(, 52). Orientation of P3HT by mechanical rubbing witie Cpzur
direction parallel to the rubbing direction is afsequently reported in the literature although
a deep understanding of the orientation processclsng @1, 53-56. In the scope of this
thesis, an explanation of the orientation procdsB3HT upon mechanical rubbing will be
presented and discussed (see Chapter 5). The adeawf mechanical rubbing is the
possibility to generate large surfaces of orierfti@ds on any type of substrate in a relatively
easy and cost-efficient way. The main drawbackheftechnique is the difficulty to control
accurately the final film thickness and the appeegzof scratches in the films.

. Friction transfer is of importance for this work as it was usedtfo preparation for
the substrates of PTFE. Friction transfer for PW/&S originally developed by Smith and
Wittmann @5). The rather simple principle is illustrated Figure 3-2 b A block of the
polymer to be oriented is applied with controlleggsure onto a translating substrate at a
given temperature. By this way, polymer chains @eposited onto the substrate with an
average orientation corresponding to the directibtranslation of the substrate. Nagamatsu
et al. successfully applied the friction transfer mettiodthe fabrication of oriented films of
poly(2,5-doctyloxy-1,4-Phenylenevinylene) and riy$8-alkylthiophene)sFigure 3-2shows

a SEM image of a P3HT thin film prepared by thismod. The distribution of the in-plane
orientation of the P3HT chain axisp§qr) Is of around 10° as measured from GIXD rocking
curves. This corresponds to a high degree of aiiemt. The authors reported preferential
“flat-on” orientation of the crystalline domains in P3HTntHilms prepared by friction
transfer.
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mliner sack

. thraminy
firented £l

Figure 3-2 :a) SEM image of the friction-transferred P3HT filmheTdrawing direction of
friction transfer is indicated by the arrowinset GIXD rocking curvearound the 100
reflection. Reproduced front57). b) Schematic representation of the friction-transfer

technique. Reproduced fraf®g).

. Strain alignment was introduced in the late 19%by Petermann and Gohil for the
fabrication of highly oriented polyethylenB9). The method consists in stretching a molten
polymer film followed by a crystallization step thakes place at a temperature below the
melting temperature of the polymer. This avoids mdlaxation of the molecules and allows
the “freezing” of the oriented state. A schemaldscription of the method can be found in
Figure 3-3 O’Connor and coworkers prepared highly orient8#HP films using a modified
version of the Petermann’s proces®)( They deposited a film of P3HT onto PDMS.
Afterwards the PDMS was strained up to a desiredgogage. This method yielded highly
oriented P3HT films with thepsyr direction parallel to the stretching direction.Gohnoret

al. reported an in-plane orientation of the straingredd P3HT characterized by a
FWHM~20°.

\\ Figure 3-3: Schematic diagram for the
\ N g method of preparing polyethylene oriented
-\‘l ' ' films by strain alignment as proposed by
\ hegled glass slida. 0 Peterman et al. Reproduced fr¢&9).
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3.2 Orientation by using an orienting substrate

. Epitaxy consists in the oriented growth of a crystal (guaygstal) on top of the
surface of another crystal (host crystal) in onenore crystallographic axed4d). Generally
one can distinguish between homo-epitaxy wherehtted and the guest crystals have the
same chemical nature and hetero-epitaxy where thestgand the host crystals have a
different chemical nature. For a successful epalagrowth, both crystals must have some
symmetry relations. In particular, the lattice graeters of both crystals have to match in at
least one crystallographic direction. A mismatchhaf lattice parameters of guest and host of
10-15% is considered as an upper limit for a sigfaéspitaxial orientationd2). Epitaxy was
first described for inorganic crystals and epitakyolymers on organic or polymeric crystals
made many progresses since the seminal works id9B€6° (42, 60). Wittmann and Lotz
mentioned that: “As a general rule, the guest pelyahains lie with their chain axis parallel
to the substrate surfacetd).

Several authors describe epitaxial orientation 3P on organic substrate? 23,
25, 40, 43, 61). Since the work of Brinkmanet al. on the epitaxial crystallization of P3HT on
a aromatic substrate of 1,3,5 trichlorobenzene (T @& guest/host couple P3HT/TCB was
for some years the only reported work on epitagrgktallization of P3HT. In the case the
oriented growth of P3HT on TCB, the method is sasfid due to the good agreement of the
parameterscpayt and Crcg With Cpaur = 2¢rcg (54). In 2009, Brinkmanret al. reported
epitaxial orientation of P3HT on an aromatic sditByKz (61). And recently, epitaxial
orientation of P3HT on an oriented polyethyleneigaied by the Peterman and Gohil
method) substrate was reporte®)( In this work the P3HT backbone aligns paraltekhe
polyethylene chains.

Epitaxial growth of P3HT plays a major role in tlwerk as this method was improved
and extensively used for the growth of highly oteehthin films of P3HT or hybrid materials
(P3HT and nanopatrticles) on an aromatic substrfaleC8. The method will be described in
detail in Chapter 3

. Grapho-epitaxy is also called “artificial epitaxy” because it i®tnbased on the
matching of the crystalline lattice of host and gjubut rather relies on the matching of
“artificial lattices” such as for example a symnetnicro-relief of the substrate onto which
the guest fitsg2). In contrast to epitaxy, in the case of graphibagy, the substrate is not
necessarily crystalline. In some cases it is diffi¢co distinguish between a pure grapho-
epitaxial and a pure epitaxial effect. Liegtral reported orientation by grapho-epitaxy of a
polyfluorene derivative on an oriented substratpalyimide ©3). Tanakaet al.reported the
alignment of linear dye molecules into the groowésa friction transferred PTFE film and a
grapho-epitaxial effect was suggested to explarrdéisults §4). Oriented films of P3HT were
obtained by drop casting a P3HT solution on fricticansferred PTFEGP). Although the
authors did not conclude about the orientation ggeca grapho-epitaxial effect due to the
topography of the PTFE is possible. In the scopthisf work a grapho-epitaxial effect was
observed for the oriented growth of TCB crystalssabstrate of PTFE prepared by friction
transfer.
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3.3 Directional crystallization and zone casting

. Directional crystallization using a thermal gradiert is well developed in the field of
inorganic semiconductors6§, 67). It consists in crystallizing from the melt the
molecules/polymers by moving the sample at verwspeeds (from a fewm/s to a few
pm/min) in a temperature gradient. Directional difitation (crystallization) is a relatively
old technique that was used for example in the £8%0Lovingeret al. for the crystallization

of poly(ethylene oxide) spherulites and polyamidé8—70Q. It seems that directional
crystallization fell into oblivion for several yesarand is being rediscovered nowadays.
Schweicheret al. showed recently that it can be used for the groeftisingle crystals of
sexithiophenes6(/). Recently Todeet al. used directional crystallization in a temperature
gradient for the crystallization of poly(butane-pply(vinylidene fluoride) and polyethylene
(72). Directional crystallization in a temperature graudies one method used in the present
work for the growth of oriented TCB crystals thaillvgerve as substrate for the epitaxial
orientation of P3HT (see Chapter 3).

Zone casting(72—79 consists in depositing a molecule/polymer from sofu (kept
at a temperature,J onto a moving substrate (temperatugg Where the solvent evaporates
therefore leaving a thin film of the solute onlye solution is continuously supplied to the
substrate by a flat nozzle. The supply rate, thestsate velocity and the temperature a5
well as the solutions concentrations are the manarpeters to control for the crystallization
and orientation process and they should be cayefthosen.Figure 3-4 illustrates the
principle of the technique. This method is widebed for the oriented deposition of small
molecules such as pentaceii8)( Recently Leeet al obtained well oriented nanoribbons of
the conjugated polymer poly(2,5-bis(3-alkylthiopkgl)thieno[3,2-b]thiophene) (PBTTT)
(74).
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Figure 3-4 : Schematic representation of the zamsting technique. Reproduced frgn2).
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3.4 Interest of the orientation of conjugated polymem®xamples

3.4.1. Anisotropy of charge transport

Dimitrakopouloset al. showed that for small molecules such as pentat¢kaesharge
carrier mobility is correlated to the degree of erdn the thin films. They showed that
disordered pentacene molecules behave as insulgitbra mobility of 10° cn.V*.s* while
well ordered andtstacked pentacene act as conductors having niediiit the range of 10
(76, 77).

Figure 3-5: Mobility versus angle fc
strain aligned P3HT films. The filn
where strained by 100 %. The data
from six strained films applied 1
orthogonal transistors. The mobili
data is reported from 0° to 90° ar
reflected to show the expected beha
of the mobility anisotropy over a 18! |
range. The semicrystalline nature ."
the film along with the crystallin
distribution around the strain directio
allows for this expectation. Reproduceu
from (34).
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For conjugated polymers such as P3HT, many stueleédenced that the charge
transport properties are closely related to thensic properties of the polymer such as the
molecular weight Z8, 36). But it was also widely reported that orientat@md morphology
play a key role 7). The charge mobility in the direction perpendauio the chain strongly
depends on the orientation of the crystalline dosaof P3HT. Along therestacking
direction this mobility is higher than along the;nt direction. Jimisoret al. showed that in
the case of P3HT oriented by directional epitagigitallization, the charge mobility is one
order of magnitude larger along the polymer chareation Cpsnt) than in the direction of
the alkyl side-chainsaésut) (33). Recently O’Connoet al. measured the charge transport in
strain aligned P3HT as a function of the anglatiet to thecpsyt direction 84). The results
are displayed ifrigure 3-5 They reported a maximum anisotropy of 9 for tharge carrier
mobility. High anisotropy of the charge transpariot only desired to maximize the charge
carrier mobility within devices by appropriatelyaping the electrode in the directions of the
fast transport direction. It also allows for exampb have less cross talks between adjacent
transistors in arrays of OFETES]).
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3.4.2. Anisotropy of optical properties

The anisotropy of optical properties of conjugagaymers is a very interesting
feature for their use as polarizing films. An exaenjor the use of an oriented P3HT-PCBM
photovoltaic device as an electricity generatingapper in Liquid Crystal Displays (LCD)
was recently presentedl). The idea is to use P3HT oriented by mechanichbing as
polarizer. On the oriented P3HT, PCBM was depoditedvaporation for the fabrication of a
polarizing organic photovoltaic device. Such a dewould thus play the role of electricity
generating polarizer allowing to use the back scadtt light to generate powdfigure 3-6
shows a schematic illustration of such a setup @na rubbed P3HT film with anisotropic
optical properties.

(a) Bisch polarizes with witical (b) Uguid crystsl molecules Bach TOPY device with
raclpcuing diepction wertical molecolar
: ockentation
[ Backlight
o illurmination

Front 2OV device with Tranaparent

"I"-I-MH-I‘I'H 1Hw;;athﬂ
et et Wit hortuiiiol moeivontal modecular conducther glass

ol Ul @it conductive glans

Figure 3-6 :(a) Schematic constructions of LCD afig the potential LCD system integrated
with an oriented organic photovoltaic devi¢e) oriented-P3HT film with the rubbing
direction parallel or (d) perpendicular to the molecular orientation in trenalyzer.
Reproduced fror41).

! PCBM is a fullerene derivative frequently ussdeectron acceptor in organic solar cells.
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4. Colloidal semiconducting nanocrystals

4.1 Basic physical properties

Nanocrystals (NCs) are colloids formed of an inargacore which is stabilized by a
layer of organic molecules, the ligandsgure 4-1) For nanocrystals having a diameter of 1-
10 nm, the inorganic core is composed of a few ters few thousands of atoma9j. The
small size of the NCs makes them objects where tggamechanical phenomena influence
their physical properties. For this reason, theyadso referred to as “quantum dots”.

Organic ligands
(1-2 nm)

Inoanic
core
(3.5-7 nm)

Figure 4-1 : Schematic illustration of the architee of colloidal NCs and high resolution
image of CdSe NCs.

In bulk crystalline semiconductors, the energy lsaaice formed by the delocalization
of the charge carriers over a large amount of geils. The electronic structure of bulk
semiconductors is thus described by two bandscdeheuction and the valence band that are
separated by a forbidden band of energies whosthvgcdalled the bandgap. If this bandgap
Is too large, the conduction band is empty at raemperature. With an external excitation
(e.g. illumination), it is possible to excite charge roars from the valence band to the
conduction band. If the photon energy is closeh® Ibandgap, rather than having a free
electron and hole pair one can have the formati@namulombically bound electron-hole pair
called exciton. By analogy with a hydrogen atomgea&aiton can be described by its effective
Bohr radius awhich is usually a few nm. In the case of bulk CdSe&s about 5 nm80). As
NCs have sizes in the same order of magnitudeeaBadhr radius, the excitons are confined
in such nanopatrticles. The quantum confinementhen quantum dot tends to change the
energy levels of the exciton in the way that thrergjer the confinement (i.e. the smaller the
quantum dot), the larger the bandgap is. Therefthre, bandgap energy in the case of
semiconducting NCs is strongly size dependent.éiMudution of the bandgap energy of NCs
can be expressed by the following w&y,(82):
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where E;’”"‘ is the bulk value of the energy gap; andm, are respectively the electron and

hole effective masses relative to the electronteosid masses, r is the radius of the NC and

is the dielectric constant of the bulk semiconductative to the dielectric constant of
vacuum. Roughly speaking, the second term in tedta corresponds to the quantum
confinement effect whereas the last term is reladdtie coulombic interaction of the electron
and hole. To summarize, when the radiug the quantum dots very large, the energy gap

tends towards the bulk valug"*. This is schematically illustrated Figure 4-2.
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Figure 4-2 : Schematic illustration of the energgnd gap of the NCs as a function of their
size. Reproduced fro(i9).

This size dependence of the band gap of the N@sl&t@s directly into size depended
optical properties. The photoluminescence as vgetha UV-vis absorbance are strongly size
dependentFigure 4-3shows the size dependent emission under UV exaitaif spherical
CdSe NCs with diameters ranging from 2 to 7 nm.

(TR TASCEM Skl

Figure 4-3 :Emission of colloidal dispersions of CdSe spheniocrystals with diameters
varying between 2 nm (left) to 7 nm (right). Duethe quantum confinement effect, the
increase in the size of nanocrystals leads to ast&ft of the photoluminescence from approx.
480 nm to 650 nm.
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4.2 Crystal structure of the nanocrystals

Depending on the reaction temperature and theiksef the growth, two competing
crystal strucutres can occur for CdSe nanocrysthészinc blende (cubic) and the wurtzite
(hexagonal) crystal structur@3). Figure 4-4illustrates these two crystal structures on the
model system of ZnS.

a2

ey i o

Figure 4-4: Zinc-blende (cubic) and wurtzite (hg®aal) crystal structures of ZnS
nanocrystals. Reproduced from refere(84).

The lattice parameters of CdSe in the zinc-blenklase areacqse= bcase= Ccase
6.077 A, and in the wurtzite phaseiyse bease 4.299 A, andtcgse=7.010 A (from JCPD3.
It was reported that the zinc-blende form is mdeblge at lower temperatures whereas the
wurtzite from is more stable at high temperatu@®.(Therefore, the zinc-blende form is
preferentially formed at lower synthesis tempeet200-240°C), as compared to the
wurtzite structure which forms preferentially aiglher temperatures (about 300°@RB)(
Although the wurtzite form is the most widely refsat, there is a strong competition between
the formation of both phases and a coexistencetf jpolymorphs occurs frequentindeed,
the transition of one phase to another is possilalea simple stacking fault as illustrated in
Figure 4-5 Indeed, the wurtzite form has an ABAB stackinglevtthe zinc blende structure
shows a ABCABC stacking. The (111) face of zinmdie and the (11f) face of wurtzite have
both planes alternately composed of Cd and Se af@Bns

55 =001  «Cd

-

Figure 4-5: Two dimensional

2 M b oe
representation showing the relationship between LT wuitze
the wurtzite and the zinc blende structures. o S . S

Waurtzite has ABAB stacking while zinc blende has b e i G
an ABCABC stacking. The (111) face of zinc blende r ‘
and the (11) face of wurtzite both have planes L e

alternatively composed of Cd and Se atoms. One :‘r:-’; jf;f ]
nanoparticle can switch between the two structures !"f“!r".'“x wurtzit2
with a stacking fault. Reproduced from (85). T_';lI:f,-_,,-."..._[nnﬂ
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4.3.Synthesis

For the wet chemical synthesis of semiconductingongystals, there exist several
approaches. Among these, two of them can be digsshgd: (i) the synthesis in organic
solvents at high temperature and (ii) the synthaisrsom temperature in agueous solutions or
in oil water mixtures and3( 84). In the monophase synthesis in aqueous solutithes,
nanocrystals are formed in agueous solutions aantpistabilizers which can be either
ligands or polymers. These stabilizers bind toNi@&s surface and avoid aggregation of the
latter via steric hindrance or by electrostaticutefpn ). In the bi-phase (oil water mixture)
method, the particles are formed in the water dtsptispersed in the oil phase thanks to
surfactants. This allows for the stabilization ¢fetNCs B8). The advantages of these
techniques are their simplicity and the fact thattlsesis is realized at room temperature.
However, these methods give rise to strongly pslyeise populations of NCs having a low
crystalline quality.

Nowadays, NCs are thus generally synthesized at bé&nperature in organic
solvents. The main advantages of the high temperanethods are the high crystalline
quality of the NCs, their low polydispersity ancethossibility to control their shape. In the
scope of this work, NCs were synthesized by thiedahethods which will be described in
detail in Chapter 2. The first efficient synthesfsSCdSe spherical nanocrystals following this
mehod was published in 1993 by Murray and coworl@&ss Furthermore, since the seminal
works of Alivisatoset al. on the control of the shape of CdSe NCs, manyrpssgs were
made in this sens8T, 88). Nowadays the synthesis of soluble and well asguek CdSe NCs
of various shapes is well masterddgure 4-6 shows some examples of CdSe NCs with
different shapes.

In the present work, we synthesized sphericallypetiaand nanorods-shaped CdSe
nanocrystals with the high temperature synthesmrganic solvents. This will be detailed in
Chapter 2.

d)

100nm

n
o~ IOO nm

shapesa) spherical CdSe NO89) b) rod-shaped CdSe (nanorods or NRs in sh@); c)
tetrapods with a CdS core and CdSe a(B88; d) hyperbranched CdSe nanostructu(@s).
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4.4.Ligand exchange and surface treatment

4.4.1. Necessity for ligand exchange

The synthesis in organic solvents at high tempegatields nanocrystals composed of
an inorganic core and an organic capping layeigahds (se&igure 4-1).
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Figure 4-7 :left: AFM images and J/V characteristics of solar celesdd on CdSe/P3HT
films as active layers using NCs capped with dffiédigands: butylamine (a), stearic acid
(b), oleic acid (c), pyridine (d), and tributylaneife). Each AFM image is ¥81°. Right: J/V
characteristics of the corresponding devices. Tharacteristics under illumination (hollow
symbols) were recorded under a simulated AM1.5Rtsp@ at 100 mW=cfa Full symbols
correspond to measurements in the dark. Reprodiroet(93).

These ligands are necessary for the stabilizatioth® nanocrystals as a colloidal
solution as well as for a good dispersion of thesNIC the polymer matrix in the case of
hybrid materials. Nevertheless, the synthesis tigaare generally formed of long alkyl chains
which behaves as an insulating layer regardinggehansfer. It has thus been shown that the
charge transport properties as well as the morgiyobdd hybrid thin films composed of CdSe
NCs and P3HT are strongly dependent on the capigiagds of the NCs9, 93). Figure 4-7
illustrates the effect of the capping ligands onthbohe morphology of spin coated
P3HT/CdSe nanocrystals used as active layers ar sells. The most efficient devices and
the smallest morphology features were observedhershortest ligand examined, namely
butylamine.

4.4.2. Different approaches for ligand exchange/surfaceatment

Surface treatment of the nanocrystals via ligancharge is an important step for all
device applications comprising CdSe nanocrystaifef@nt approaches were developed for
the ligand exchange process. Two main approachelecdistinguished: (i) the post synthesis
ligand exchange/surface treatment in solution afdhe post deposition ligand exchange/
surface treatment of the NCs after the film depmsit
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4.42.1. Post synthesis ligand exchange/surface treatment

The ligand exchange with short molecules such awdipg in solution after the
synthesis and before the introduction of the N@s the polymer matrix is probably the most
common approach for the fabrication of hybrid desicsuch as solar cell9 94-99.
However in most reports, the efficiency of the exulpe reaction is poorly characterized. In
the scope of this thesis, we used this approagetimrm ligand exchange reactions of CdSe
nanocrystals using various polypyridine ligands.isThpproach with its advantages and
drawbacks will be extensively described in Chagter

An alternative and interesting ligand exchange webtivas recently proposed via the
acid surface treatment of the N@¥,(98). In this case, the NCs are subjected after sgighe
to a washing procedure with hexanoic acid. The aw@ment of the solar cell efficiency was
attributed to an efficient removal of the synthdgjands. Surprisingly the authors report that
the NCs stay soluble after the surface treatmemthwimakes their integration into solar cell
devices possible.

4.4.2.2. Post deposition ligand exchange/surface treatment

Ligand exchange after the deposition of the tHim tonstitutes another approach for
the surface treatment of the NC89{103. This post film processing ligand exchange
involves mainly two steps: (i) the as prepared fiim is immersed during a given time in a
solution containing the new ligand; (ii) the ligaedichanged film is afterwards rinsed in a
suitable solvent to remove the initial ligands. #Arey similar post-deposition surface
treatment of the NCs is to subject the film to waglprocedures with hydrazine. This allows
to remove the initial ligands and to efficientlysgavate at the same time the created trap
states 103. The main advantage of the post-deposition ligaxchange is that the solution
processability of the NCs is not influenced by #ggregation of the NCs as is often observed
for ligand exchange reactions in solution. It malgessible to use for example small
molecules having two anchoring sites (diaminesyials, etc.) which allow to crosslink two
adjacent nanocrystals. Post deposition surfacéntezd and ligand exchange is an approach
that seems well suited for thin films of NCs alomeleed, if it is performed in the presence of
a polymer, it has to be ensured that immersiomefentire film into a solution of new ligand
as well as the washing procedures and eventuatigaimg will not dissolve or affect the
polymer fraction of the film.

The most adequate method strongly depends on #tensyFor the present work, we

applied the ligand exchange method in solution eefotegrating the NCs in the films of
interest. Further details on this aspect of thekwal be given in Chapter 2.
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5. Hybrid materials

The terminology of hybrid materials is widely usaald concerns almost all materials
in which organic and inorganic components are astext Hybrid materials are reputed for
their particular properties which result not ontythe combination the properties of both the
organic and the inorganic phases but often prowioeel properties. In particular, hybrid
materials can present interesting mechanical ptegef-or example, some hydrogels are of
main interest for biomedical applications but aghhiwater uptakes, their mechanical
properties are strongly impeded. Adding silica mmamtcles to such hydrogels allows to
provide also better mechanical stability and torggty limit the swelling of the hydrogel at
high water contentslQ4, 105. An improvement of the stiffness and the tenstlength of
one order of magnitude was also reported for hytmaderials associating clay nanosheets and
polymer (poly(vinyl alcohol)) processed by a lapgrlayer deposition method @6).

Due to the very wide field of hybrid materials, wél restrict in the following mainly

to hybrids associating conjugated polymers and samdiucting nanocrystals of interest for
organic electronics applications and in particialar cells. First we will present the main
advantages and the drawbacks of hybrid materialghi® fabrication of organic electronic
devices in comparison with all organic materiafsalsecond part, we will discuss the charge
transport properties of the hybrids and the conadpbulk heterojunctions relevant for
organic and flexible solar cells. Finally, we willview some approaches for the fabrication of
such hybrid materials.

5.1 Hybrid versus all organic materials

Herein we will introduce the main differences betwean “all-organic” solar cell and
a hybrid solar cell. One of the keys for organitifig¢ solar cells is the creation of a p-n
heterojunction. A p-n heterojunction is based oa #ssociation of one electron donating
material with one electron accepting material. Tiisans that the two materials have their
HOMO-LUMO levels positioned in a way as to allow fan efficient charge transfer (see
Figure 5-1), the electron being transferred to the acceptdrthe hole to the donor. Usually,
conjugated polymer plays the role of the electromad. In an all-organic solar cells the
electron acceptor is in most cases a soluble &rkerderivative PCBM107). In hybrid
polymer-nanoparticle materials, the frequently usethll molecule PCBM is replaced by
inorganic semiconducting nanocrystals such as QSe @6, 98). Some advantage of NCs
as alternative solutions to PCBM are (i) the cdmttion of the nanocrystals to the absorbance
of the materials regarding the solar spectrum;tifi§) tunability of the NCs bandgap with its
size and morphology which allows to adjust the lgapdaccording to that of the polymer and
to tune to some extent the absorption spectrum);tfie shape control of the NCs which
makes it possible to use long nanorods or tetrafmdsn improved charge transpd®6(98).
Despite these advantages, to date the efficiemdidéybrid polymer-nanoparticle solar cells
remain below those of all organic cells. Some reador this the issue of ligand exchange
and the lack of fundamental understanding of the ob the ligands in the device, a limited
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control of the morphology of the nanocomposite, riiteer inefficient charge transport in the
nanocrystal phase via hopping, €2¢96, 98).

5.2 Charge generation and transport in hybrid materials

Electronic processes in hybrid materials are rattemplex 8, 96, 98). A charge
generation can occur either by doping or by extezreitation €.g.illumination with solar or
UV light) of the hybrid. Herein we will focus ondlcharge generation by the absorption of a
photon and illustrate the electronic processeb@gdccur in hybrid solar cell8,(96, 998).

Formation of excitons: After the absorption of a photon by the hybrid ena, an
exciton can be formed either in the NCs phase trarpolymer phase.

Diffusion of the exciton or recombination:the photogenerated exciton can undergo
one of the different phenomena: (i) the diffusidose to a donor- acceptor interface where
under given conditions it can be separated in @ éfectron-hole pair, the electron remaining
in the nanoparticle acceptor phase and the hdleeidonor polymer phase; (ii) a radiative or
non radiative recombination if the exciton does resch the interface during its lifetime.
Indeed, as excitons are neutral, their motion isimituenced by any internal electrical field
and they are thus subject to random diffusion. diffesion length of the excitons in P3HT is
generally reported to ~10nr(@8).

Dissociation of the exciton into free chargesn the case where within its lifetime the
exciton could reach donor-acceptor interface, it can dissociate infoea charge carriers.
This process is fundamental for efficient photo&igitconversion and many conditions have
to be fulfilled for a successful charge generatian.this point, the question of the ligand
becomes fundamental. Indeed, the chemical struanaehe size of the ligands determine the
electron transfer between the donor and the accepise. The ligand shell can either favor
or impede the charge transfer. In addition, thergylevels of the NCs and the polymer must
be adequately adjusted in order to allow this obargnsfer (se€igure 4-7). However, little
is known on the effect of the binding of ligands thwe energy levels of the NCS, (109).
Depending on the energy levels of the NCs and thignmer, the exciton can be either
confined in the phase where it was formed or it d@sociate at the p-n junction formed by
the donor and acceptor.

Charge carrier transport: After the charge separation, the free electron laoid
have to travel through the material in order tocb#ected at the electrodes in a solar cell
device. As the ‘eand H are bound via weak coulomb forces, a spatial s¢iparis thus
necessary to avoid recombination. The charge carmell therefore travel through the
respective phases towards the electrodes, provltEdthere are percolation pathways that
lead towards the respective electrodes. The chaageport is partly assisted by an internal
electrical field originating from the work functiodifference between the anode (generally
ITO) and the cathode (a low work function metalrsas Al).
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Figure 5-1: Energy levels alignment in a conjughi@olymer/semiconductor nanocrystals
hybrid allowing the dissociation of the exciton®ia free electron and hole palreft panel
case where the excitons are photogenerated in #moarystal phaseright panel case
where the excitons are formed in the polymer ph@ike. electron (& and hole (h) transfer
processes are indicated with arrow. The electrodes made from ITO and Aluminum.
Reproduced fronB)

5.3.The concept of bulk heterojunction and importancé the morphology
control

A bulk heterojunction is an interpenetrated netwofkhe electron donor (polymer)
and the electron acceptor (nanocrystals) phasegure 5-2 shows a schematical
representation of a bulk heterojunction. An efintiebulk heterojunction must fulfill
essentially two points: (i) donor and acceptor pkagterpenetrated on a length scale in the
same range as the length of diffusion of the ersitmn order to allow most excitons to reach
the interface so as to be separated into free eh@agiers; (ii) the donor and acceptor phases
must provide percolation pathways for the chargaera towards the respective electrodes.

Figure 5-2: Schematical representation of a
bulk  heterojunction like solar cell.
Reproduced from (108).

As mentioned above, the diffusion length of exciterP3HT is reported to be around
10 nm (08). Therefore, the control of the nanomorphologyhef hybrids composed of P3HT
and NCs must be controlled on this length scale. ddncept of bulk heterojunction was first
introduced in the middle of the 198y Yu et al.for polymer solar cells composed of MEH-
PPV and fullerenesl(0, 111). This was a breakthrough in the field of orggpimtovoltaics
as it allowed to obtain much more efficient devicesw years afterwards, the first hybrid
bulk heterojunction composed of nanocrystals antynper for the fabrication of light
emitting diodes was presentetilp). The first example of a hybrid bulk heterojunatifor
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photovoltaic applications was presented in 1996Hgy group of Alivisatos (University of
Berkeley) first with a mixture of MEH-PPV and Cd8anocrystals but the solar cells had
quite low power conversion efficiencies (PCHJ1J3. It was a few years later in 2002 that the
same group published a seminal work where theyepted solar cell devices with PCEs up
to 1,7 % based on blends of P3HT and CdSe nandvagkesl nanocrystald 14). Since then,
research has steadily progressed in the field tatd-ef-the-art devices provide PCEs of 4,1%
based on P3HT nanofibrils and CdS spherical nastalsy@, 115

5.4 Fabrication of hybrid materials

The elaboration of hybrid materials composed of ogaystals and conjugated
polymers requires specific methods due to the éichitompatibility of the component8)(
Many approaches were developed for the fabricabbsuch materials. In some cases the
polymer and the NCs are simply blended. In othgr@gches, chemical bonds are formed
between the organic and the inorganic materialseiHesome selected and representative
examples will be presented and discus$gd (

54.1. Simple blends of the components

In most cases, the organic and inorganic comporuérike hybrid are first synthesized
separately and in a second step are blended irmanoa solvent (or mixture of solvents)
before solution processing the hybrid as a thim.fiAlthough this approach seems rather
simple, it bears limitations. In fact, the dispersof the nanocrystals in the polymer matrix is
not guaranteed and there is limited control ofdispersion/aggregation of the nanocrystals in
the polymer matrix. Whereas for NCs with theiriadicapping ligands (long alkyl chains) the
process is rather simple, after ligand exchange sihgation is more complicated often
implying to use solvent mixtures. Indeed, aftelmhd exchange it is often difficult to find
common solvents for both the NCs and the polymkusTsolvent mixtures must be used and
the choice of the solvent as well as the volumie @it each solvents are essential factors that
will influence the nanomorphology of the hybrid rthiilm. Other parameters such as the
concentration, the relative amount of the organolymer) to the inorganic phase
(nanocrystals), the deposition technique used ecqss the film (spin coating, dip coating,
drop casting, etc) also strongly influence the maoighology of the hybrid.

Huynh et al. processed the active layer of the hybrid solalsday spin coating a
mixture a P3HT and pyridine exchanged NRs fromlhaestd mixture chloroforme/pyridine by
using 5-15% of Py in the mixtur@ 16, 117). Jui et al. showed recently that the choice of
solvent mixture influences the efficiency of thebhy solar cells 118). They used various
solvent  mixtures: Chlorofomre/Pyridine, orthodialdlbenzen/ Pyridine  and
chlorobenzene/pyridine in a ratio (95/5 vol%). Theported PCEs of respectively 0,2%,
1,44% and 1,54%. The improvement of the efficiafmyhigh boiling point solvents was
attributed to slower crystallization kinetics oBtR3HT forming films with higher crystalline
order.
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As mentioned previously, simple blending of the twamponents to fabricate hybrid
materials brings some limitations and problems. oMercome the latter, other strategies
allowing a better control and if possible allowittggavoid the ligand exchange reaction have
been developed.

5.4.2. Hybrids via capping the NCs with the conjugated ypmler

Another approach for the fabrication of hybridstasfunctionalize the conjugated
polymers with anchoring groups allowing the chemasorption of the organic compound
onto the surface of the nanocrystals.

Following this strategy, Liu and co-workers prepgateybrids from functionalized
CdSe nanorods and a P3HT end-functionalized withn@angroups 1{19. The amino-
terminated P3HT were attached to the NCs just dfterigand exchange reaction with the
labile pyridine ligand. This approach allowed tovd@ good control of the morphology with a
nice dispersion of the nanocrystals into the polymatrix. These hybrids were incorporated
as active layers in solar cells and allowed to maprthe photovoltaic efficiencies compared
to simple blends of pyridine exchanged nanorodsssawadards rr-P3HTFigure 5-3(a)shows
the TEM images of the hybrid thin films preparedhastandard P3HT wherekgyure 5-3 (b)
shows the corresponding image prepared from thetitural P3HT {19.

100 nm 1 - 100 nim

Figure 5-3: TEM images corresponding to two hyHrichs containing 40 wt% of nanorods.

(A) Use of normal P3HT. In this case, the P3HT d&nel NRs do not have any specific
interactions. (b) Use ofnd-functionalizedP3HT that can attach to the NCs surface
Reproduced fron(iL19).

A similar approach was used by Zhagigal to prepare hybrids from CdSe NRs and
vinyl terminated P3HT 120. The developed process involves several stepst ffie as-
synthesized nanocrystals are ligand exchanged pyitidine. In a second step, pyridine is
replaced by an arylbromide which thus yields ayfhide capped nanocrystals. In a second
step, vinyl-terminated P3HT is coupled to the amythide capped NCs giving rise to a hybrid
of P3HT grafted on the surface of CdSe N@sother example of capping the NCs directly
with a functional group was proposed by Aldalei\al. who prepared oligothiophene having
a aniline anchoring group capped 4-formyldithiolmate functionalized nanocrystalk2().
More recently, the same group developed polythioplmpolymers side-functionalized with
carboxylic groups in order to graft them onto the&ace of CdSe nanorods. A nice dispersion
of the nanoparticles could be obtained again intswi-processed hybridd2?2).
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5.4.3. Hybrids via molecular recognition

Besides the capping of the NCs, another approadheismolecular recognition strategy.
Molecular recognition does not involve a direct miag of the polymer on the NCs, but it
allows to control the dispersion of the NCs in grmymer matrix by introducing chemical
groups onto the nanocrystals that recognize congaiéamny ones on the polymer. Following
this idea, De Girolamet al. prepared a solution processable P3HT derivativeagaing
diaminopyrimidine side groups, namely poly(3-helkigphene-co-3-(6-oxy-2,4-dia-
minopyrimidine)hexylthiophene) (P3HT-co-P3(ODAP)HTN the other hand the authors
functionalized CdSe nanocrystals with 1-(6-merchexyl)thymine (MHT). Both, the
functionalized polymer and NCs could recognize eattler via the three hydrogen bonds as
shown inFigure 5-4(123). This molecular recognition process forces aarmf distribution

of individual nanocrystals within the polymer mat(l23 124). The advantage of the use of
hydrogen bounds lies in the possibility to moduldte strength of the interaction by the
polarity of the used solvent or the temperatureimail case the hydrogen bounds allow for a
better cohesion of the hybrid thin films in theiddtate {23 124).

Cdda

! { , { Figure 5-4: Interactions between Poly(3-
P O oS hexylthiophene-co-3-(6-oxy-2,4-

1 diaminopyrimidine) hexyl-hiophene)(P2) and
{ 1-(6-mercaptohexyl)thymine Capped CdSe
' (CdSe-4) via Hydrogen Bonding.

54.4. In situ growth

A rather different method from the ones previouséscribed for the fabrication of
hybrid materials is the in-situ growth of the NCsedtly into the polymer matrix. The
principle of this approach is based on the dissmutof chemical precursors of the
nanocrystals in a solution of the polymer, anddh@wth of the nanocrystals directly in the
polymer template125 126). Beeket al. prepared in this way a hybrid bulk heterojunction
composed of ZnO and MDMO-PP\XLZ5). They started from diethylzinc as precursor fo t
ZnO formation. The conversion of diethyl zinc inEmO involves two steps which are
hydrolysis and condestaion, both of them occur idthylzinc is exposed to airl®5).
Therefore, the authors obtained a crystalline Zrédwvark by spin coating a mixture of
MDOM-PPV and diethyl zinc1l25. For a better control of the reaction, the terahee and
solvent mixtures were carefully chosen.

More recently a similar approach was used by Yetaa. who showed the possibility
to grow ZnO nanorods by hydrolysis directly in aodd copolymer of poly(3-
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hexylthiophene)-b-poly(zinc methacrylate acetatajrin (126). The block-copolymer plays a
twofold role in this work. It is at the same timepeecursor for the ZnO particles and a
template for the organization of the nanorods. esgoly(zinc methacrylate acetate) block of
the blockcopolymer serves as precursor for the Aaforod formation, the authors obtained
a P3HT/ ZnO hybrid. They reported a strong fluoeese quenching which they attributed to
a heterojunction composed of P3HT and ZnO nanorods.

Liao et al reported reported in situ synthesis of anothed ko NCs, namely CdS
nanorods of various aspect ratios directly in a P3hatrix (127). They incorporated the
obtained hybrid materials in solar cells and regbpower conversion efficiencies up to 2.9
% under AM1.5 simulated solar illumination (100 nonf).
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Figure 5-5 : Schematic representation of proposettmanism for the growth of rodlike ZnO
nanocrystals. Reproduced frqi26).

5.5 0riented and nanostructured hybrids

Other interesting strategies and approaches regpriie controlled processing of
hybrid materials have been described in the libeeatParticular interest was paid to the
controlled nanostructuration of hybrid materialsngsfor example templates or block co-
polymers 128 129). Another point that was addressed much is thentation of rod-shaped
nanocrystals in a polymer matrixx30, 131). The nanostructuration and the controlled
fabrication of oriented hybrid materials composéd®8HT and CdSe NCs was one of the
aims of this thesis. More particularly we were iasted in the fabrication of materials where
both, the P3HT as well as the rod shaped nanotsysiave a well defined in-plane
orientation. The state of the arts regarding tarostructuration and orientation of hybrid
materials will be presented in more details theesponding chapters (see Chapter 6 and
Chapter 7).

6. Scope of this work

In this chapter, we have presented a literaturgesuabout the main properties and
applications of materials that we were interestedthie scope of this work. The main
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properties of P3HT as a conjugated semi-crystallimel semiconducting polymer were

introduced. Furthermore, main strategies for th&trotled orientation of polymers in general

and P3HT in particular were discussed. We alsmdhiced the basic properties of colloidal

semiconducting nanocrystals and their applicationdevices such as solar cells. Some
strategies for the controlled fabrication of hybmaterials were presented.

The scope of this work was to develop and studyliigriented and nanostructured
hybrid polymer-nanoparticle materials. Followingstlgeneral aim, three main points were
addressed: (i) the controlled elaboration of higbhlyented thin films of pure P3HT by
applying some of the orientation methods descrhmye above; (ii) the controlled fabrication
of oriented and nanostructured hybrid materials mosed of P3HT and CdSe nanocrystals;
(i) in addition, we were interested in the sudafunctionalization of CdSe with various
polypyridine ligands and the influence of thesatids on the thins films morphology of the
resulting hybrids. We will now present in the follmg the methods and techniques
developed and the results obtained in the framkisfvork.
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Chapter 2.CdSe Nanocrystals: synthesis

and surface functionalization

This part is dedicated to CdSe colloidal nanocrigstenore precisely to their synthesis
using the so-called “hot-injection” method, to theproperties and to their surface
functionalization. CdSe is one of the best knowstesys in the field of semiconducting
colloidal nanoparticles and thus constitutes a maosesstem(1-4). The synthesis of such
nanocrystals is well known and developed. Presewdgy reproducible protocols leading to
narrow size distributions do exist for differentnoarystal shapes (nanodots, nanorods,
nanotetrapods, etc...). For the present work, thethggis of CdSe nanocrystals was
performed by following a protocol previously deywsd in the laboratory5, 6). Mainly two
types of CdSe nanocrystals were used and studpbrisal and rod-shaped nanocrystals,
the latter having various aspect ratios. For thehapcal particles, the used protocol is
particular in the sense that it allows to obtaimga quantities (~2 g) per synthesis with a low
polydispersity. In the following, the synthesiCafSe nanocrystals will be described and the
characteristics of the obtained nanocrystals wél jiresented and discussed. A second part
will deal with the surface functionalization of gpital CdSe nanocrystals with various
polypyridine molecules. The functionalization prabas well as the characterization of the
functionalized nanocrystals with various physicetical techniques will be discussed.
Depending on the chemical nature of the ligands, adsorption-desorption kinetics on the
NMR timescale of the ligand on the NCs surfacetddoel evidenced and will be discussed.
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1. Gerneralities on the synthesis of CdSe nanocrys

The colloidal nanocrystals (NCs) used in this warkre synthesized using the-
called hot-injection methodViore details about the synthesis of CdSe colloii@s can b
found inreferences1-5). Briefly, in the hotinjection method, the formation of nocrystals
such as CdSevolves three main stepFigure 1-1) (1-5 7, 8). The first step is the fa
nucleation of nuclei after injecting the reagemnt® ithe reaction vessel. This is followed b
much slower growth of the NCs from these seedsally, Ostwald ripening takes pla
which leads to a “dissolution” of the smaller narnystals at the benefit of the larger or

. T ™™ T ™™
MNucleation

Ostwald Ripening  Staturaton

e a l oo pn o d o a s o aalay

400 '.'.l[l GO0 1UD'I]*

Time

I;S-ocmu;li'.l

Figure 1-1: Schematic representation of the different stagemlwed during a typice
synthesis ofCdSe nanocryste. It takes place in three steps which are: the homoge
nucleation of seeds induced by the fast injectioa precursor, the much slower nanocry
growth where the “free precursors” in the solutiame consumed to form the nanocryst
Once all precursors reacted the Ostwald ripeningimge sets in. During Ostwald ripenir
small nanocrystals with a high free energy disappatthe benefit of thdarger ones.
Reproduced from refl) .

Concentration of Precursors
{arbitrary units)

As it was pointed out in the seminal work of LaMeid Dinegar in the early 19 it
Is essential to temporally separate the nucleatiep from thecrystal growtl in order to
obtain population of NCs with a low polydispersitthe former should take place on a mi
shorter timescale than the lat(1-5 7, 8). If all the nuclei are generated at exactly the s
time, the nanocrystals will start growing simulteusly and a population with a lo
polydispersity will finally be obtaine(1-5 7, 8). The polydispersity of a sample can
guantified by calculating the relative standard idgon o (in %) which is the standal
deviation of the size distribution of thanocrystals normalized by the average size. Sué
distributions are usually obtained from transmisstectron microscopy analysvide infra).
A sample is generally considered monodisperseeifréihative standard deviati«o is below
5% (). If 0 <10%, the sample is considel having a low polydispersitfd, 9).
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Chapter 2: CdSe nanocrystals: synthesis and suffiaoetionalization

In Figure 1-1 the nucleation step can be described as a coeseguof a
supersaturation of precursors in the solution ieduby the rapid injection of precursor
reagents to the solutiorl45 7, 8). A nucleation burst of stable crystal seeds mbfa
decreases the concentration and the nucleatiors stoypsoon as the solution is out of the
supersaturated regimé&igure 1-1) (1-5 7, 8). The homogenous growth of the NCs then
takes place as long as there are available presursthe solution. Once all the precursors in
the solution are consumed, the so-called “Ostwiglening” regime sets in. In this regime,
small NCs having a higher surface energy will b&sdived at the benefit of the larger ones
until an equilibrium state occurs which involvesmaich longer time scale than the two
previous steps. In the Ostwald regime, the numlfenamoparticles is thus continuously
decreasing to the benefit of fewer and larger N@some specific cases, Ostwald ripening is
used to get a very monodisperse population of NE€$dv the present work, the reaction was
stopped before the Ostwald ripening regime couldnsas it would lead to the degradation of
the polydispersity of the NCs’' populatio®, (6). In fact, if the system does not reach
equilibrium, Ostwald ripening tends to increase width of the size distribution as some
particles are shrinking in size whilst others arewgng. As the aim is usually to obtain NCs
of a few nanometers in diameter, the system cabeoteft until an equilibrium state is
reached because the obtained nanoparticles woutdabkarge and it would involve far too
long times to reach the final equilibrium state. Aentioned above, for the present work, in
order to obtain NCs with a low polydispersity, wepped the reaction before the Ostwald
ripening regime was reached by cooling the reactassel.

Experimentally, the decoupling of the nucleatiom &me nanocrystal growth steps is
obtained by a very fast injection of a precurs@gent into the reaction vessel. This injection
has to be very fast in order to limit the nucleatstep in time and to avoid any further
nucleation whilst the nanocrystal growth step hetsirs Therefore the initial concentrations
of reagents have to be carefully chosen.

2. Synthesis of spherical nanocrystals

Within the differently shaped CdSe nanocrystal® #asiest to handle are the
nanospheres because (i) they can be synthesizidgm quantities and (ii) they present a
higher stability in solution whereas nanorods agtdapods present sometimes problems of
solubility (10, 11). The longer the nanorods, the lower their soitypih common solvents
due to higher interparticle interactions that cdrbeshielded by the surface ligands.

For the present work, two batches of spherical M@se synthesized using a large
scale synthesis protocol developed by Myriam Pret@uring her PhD thesi%,(6). The
advantage of this large scale protocol is the pddgi to obtain gram scale batches of
spherical NCs presenting a low polydispersity. EhBCs are all from the same batch and
thus their properties and surface chemistry arentid®. As comparison, a standard
laboratory-scale synthesis of CdSe NCs yields apmprately 100-200 mg of nanocrystals.
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The following sections will be devoted to descripithe gram-scale synthesis based on the
work of Myriam Protiere§, 6). For our work two large-scale batches were sysitleel. Each

of those allowed to obtain approximately 1.5 g pierical CdSe NCs. Before discussing the
gram-scale synthesis protocol and the charactsisfithe obtained NCs, the laboratory-scale
synthesis of CdSe spherical NCs as used in thedtdg will be presented.

2.1. Synthesis on the lab scale

In the laboratory-scale synthesis protocol of Cdfigerical NCs, a Cd precurse.d.
Cd stearate Cdgtis dissolved in a high boiling point non coording solvent such as
octadecene®-7, 12, 13). Stearic acid (SA) and oleylamine (OA) are alslledl to the
solution to serve as stabilizing ligands of the opmnticles after the synthesis.
trioctylphosphine (TOP) serves also as ligand but e injected afterwards with the
selenium precursor. The ligands are composed @hahoring group that can coordinate to
the metal cation at the NC surface and of solubdislkyl chains allowing to keep the NCs
as a colloidal dispersion in hydrophobic solvemsring a synthesis, the ligands ensure a
double role depending on the temperature. At hégipieratures, the ligands can easily desorb
from the NC surface so as not to impede furthewgrmf the NCs. At room temperature, the
stabilizing ligands will be coordinated to the NC®irface to prevent their aggregation.
Without these stabilizing ligands, the solution Wblbe metastable and the NCs would tend to
aggregate due to the large attractive Van der Waates between the NCg)( Metastable
and aggregated NCs are useless for solution prage$sgure 2-1shows schematically the
experimental setup, the reagents and solventsfaséie synthesis.

Ar
o o : N\
] % s Sesolubilized [ Stearicacid (SA) OIeyI?/mlne(OA) y
T=250-300°C% 1 jnrop o ’
L O
504
icndSt2+ SA Sl Octadecene (ODE)  Trioctylphosphine (TOP)
i HC o~ Ny

ODE/OA E N

i
T

HaGo

-

Figure 2-1: Schematic representation of the synshet spherical CdSe nanocrystals at the
laboratory-scale with the chemical structures af #olvents and ligands used.

iy

In practice, the solution of the Cd precursor isithd up to 250°C under constant
stirring and under an argon atmosphere. The ihitigllow solution then turns colourless
after the complexation of the Cd by oleylamine atearic acid. Besides, a solution of
selenium in TOP (TOPSe) is prepared in a glove kimce the Cd solution is colorless and
the right injection temperature is reached, the $®Rolution is quickly injected into the
reaction flask leading to the formation of seedbweed by nanocrystal growth, as explained
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above. Once the desired NCs size is reached thle ildaken out to of the oil bath to allow a
temperature drop which stops further growth of W@s. After the synthesis, the NCs are
separated from the non reacted reagents by a pnacefl precipitation of the NCs by adding
a non solvent for the NCs and a solvent for thgyeats to the solution. A centrifugation
procedure allows to precipitate out the NCs whidn cbe redispersed in common
hydrophobic solvents such as hexane or chlorofamekxample. This washing procedure is
essential because it allows to eliminate all theeses ligands and other products of the
synthesis such as for example the ODE. In somesdhsewashing procedure is repeated 3-4
times.

2.2. Large scale synthesis

2.2.1. Synthesis

The gram-scale synthesis of spherical CdSe NCs eeased out in a 2-L reactor by
multiplying the quantities of all reagents by atéamf 20 compared to the lab-scale synthesis.
Myriam Protiere developed during her PhD an expenital protocol that allows to synthesize
gram-scale batches of spherical CdSe nanocrysi#tisdrameters of approximately 4 nm, 5
nm or 6.7 nm%, 6). For the present work, we applied the protocobliain two batches of
NCs with a diameter of 5 nm. More details about s$lyathesis protocol can be found in
referencesy, 6). Forthe fast injection of the selenium precursor, agpeperilstatic pump is
used. This pump is able to inject up to 0.5 L i5s36). The TOPSe solution for injection is
placed in a 0.5 L bottle and connected to the oeach the injection pump. A photography of
the experimental setup is displayiedrigure 2-2.The stirring of the solution in the reactor is
ensured by a mechanical stirrer moved electric&fficient stirringand a fast injection are
crucial points for a successful synthesis of mosjetlise NCs of CdSe.

Mechanical stirring Injection pump

Figure 2-2: Photography of the 2L reactor
for the large scale synthesis of nanocrys
with the injection pump. The selenium
precursor (Se dissolved in TOP) is locali:

in the small bottle at the right. The injection
pump is activated by a foot pedal. 1
. equipment is the same than the one used in
Molten salt bath TOPSe for injection referencegb, 6).
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Figure 2-3shows the reaction medium at different steps efgynthesis. In the left
picture, on can see the reactor with the @d8ecursor in octadecene, stearic acid and
oleylamine before the system has been heated tpetinjection temperature. The middle
picture corresponds to the hot solution after thjection of the TOPSe solution and at the
final stage of nanocrystal growth. At the right Eijure 2-3is a picture of the reaction
medium at the end of the reactiith the solution of non purified nanocrystals.

Before injection Hot solution after Final solution before

of TOPSe (formation of Cd- injection purification
ligand complex) of TOPSe (crystal growth)

e "] ]

Figure 2-3: Photography of the different steps dgrthe large scale synthesis of the CdSe
nanocrystalsLeft: Initial solution of Cd complexed in a solution aeylamine and stearic
acid with octadecendiddle: After the injection of the TOPSe solution, aftecleation and
during the growth of the nanocrystaRight: final solution of CdSe nanocrystals with a
diameter of around 5 nm at the end of the reachefore purification. Reproduced from
referencg5).

2.2.2. Purification of the nanocrystals

2.2.2.1. Purification of the nanocrystals of batch 1

Following the synthesis, the purification of thennerystals is an essential step. This
allows removing most of the ligands (stearic adbkylamine, TOPO) in excessge. not
attached on the surface of NCs. This purificatitap @llows also to transfer the nanoparticles
from the octadecene to more common hydrophobicestdv such as hexane. The main
difficulty for the purification in the present cagethe presence of stearic acid which has a
melting temperature of 70°C and is thus solid anrotemperature. The total volume of
solution after the synthesis is about 1.5 L. Thassial purification procedure by
precipitation followed by centrifugation as usedtts laboratory scale would be very time
consuming as in the laboratory, it is possible @atifugate a maximum of four flasks each
containing 60 mL.
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-'-:- [,'f Ar/Vacuum Figure 2-4: Apparatus for the
' connection purification of the nanocrystals by
using a column with a glass filter.
The purification allows to eliminate
the excess of ligand molecules and
other waste products from the
synthesis and to transfer the
nanocrystals in common solvents

Non-purified
nano-crystals

Purified nano-

Stearic acid and crystals such as hexane. Reproduced from
other wast€ referencg5).
products

An alternative purification method developed by Mym Protiere during her PhD and
described in references, 6) was therefore used. In this approach, the NCparnéed using
a funnel with a glass filter column connected toaguum line in order to facilitate the
passage of the excess stearic acid and other midaqts through the glass filter. The solution
of the non purified nanocrystals has to be ket @mperature T >70°C in order to avoid the
solidification of the stearic acid. This is realizéy the use of a heat gun. The purified
precipitated nanocrystals can be recovered fronglies filter and are redissolved in hexane.
At the end of the purification procedure, approxiehal.5 g of nanocrystals were recovered.

2.2.2.2. Simplification of the purification: batch 2

For the second large scale synthesis (batch 2)ptinécation procedure has been
simplified compared to the one described abovebédch 1. After the addition of methanol
and acetone for the precipitation of the NCs, t&ctor was placed overnight in an oven
heated at around 70°C. This allows to keep theristegrid in its liquid phase and the
nanocrystals precipitate at the bottom of the wmracthe supernatant can then be easily
removed and the nanocrystals remaining at the imotid the reactor are recovered. The
volume is now significantly reduced and most of sitearic acid has been eliminated. Thus
the purification can be performed by precipitatargl centrifuging the nanocrystals as done
for the laboratory—scale synthesis. This precijitand centrifugation was performed twice
before the purified nanocrystals were redispergseldexane. For this batch 2, approximately
1.5 g of nanocrystals were obtained after the jwartibn.

2.3. Characterization of the obtained CdSe nanocrystals

As mentioned above, two gram-scale synthesis oérsgdl CdSe nanocrystals were
performed giving two batches: batch 1 and batdh fhe following, the characteristics of the
obtained nanoparticles in terms of size, polydisipgrcrystal structure and surface chemistry
are presented.
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2.3.1. Particle size determination

The average nanocrystal diameter D can be dirélelgrmined by two methods: one
direct and the other indirect. The first direct huet relies on measuring the NC size for a
selection of NCs using Transmission Electron Micops/ (TEM) operated in bright field
mode. This yields a histogram of sizes for a samplNCs (typically 100 nanoparticles are
considered for such an analysis) from which an ayerdiameter is determined. The
polydispersityc of each batch is the ratio of the standard desnatf the population
normalized by the average value of the particlengizr and it is expressed as a percentage.
An alternative indirect method to obtain the paetisize is obtained via the position of the
first absorption maximum in the UV-Vis absorptigrestrum of a colloidal dispersion of NCs
which is directly correlated to the average sizethed NCs. In fact, by correlating the
absorption spectra with size measurements by TEBlediaket al. established that spherical
CdSe NCs with a diameter D is in the range of 2¥8abey to the following empirical law
(14):

D (nm) = 59.60816 - 0.54736+1.8873-10°:4? -2.8574310°%2%+1.62974:10°4*  (Eq.1)

where) is the wavelength corresponding to the first gson maximum (excitonic peak) in
the absorption the NCs.

The polydispersity of the size distribution can also be determinetiréctly from the
shape of the PL emission peak for spherical CdSe. &1 and Peng determined a relation
between the FWHMs of the PL emission and the digiibution assuming that each single
NCs size has afunction emissionX5). The relative FWHM of the size distribution caa b
calculated using the empirical formula:

%:eBAMZ_e—BMIZ Eq. 2)

whereAD is the FWHM of the size distribution, D is theesage diameter of the NCs, A and
B are two parameters respectively equal to 0.05&5@0071 for spherical CdSe NCs and
AM is the FWHM of the PL peak of the sample. As expacthe larger the FWHM of the PL

spectrum, the larger the polydispersity of the damp

The average diameter D as well the polydispersit{?o) of batch 1 and batch 2 were
determined using the three above cited methodsré@swdts are summarized Trable 2-1.

Both methodgyive very similar results in what concerns the ipktaverage size D.
The polydispersitiess extracted from TEM and from the shape of the Plkpshow
somewhat larger differences. This can be explamethe relatively poor statistics provided
by TEM measurements. In fact, 100 nanoparticlesadua batch of 1.5 g is a very little
minority out of the total population. Therefore thedirect method via PL and UV-vis
measurements might be more accurate due to ther Isgdtistics provided by these methods.
However TEM analysis of the NCs after the synthesisssential to control the shape of the
obtained NCs as the latter cannot be accessedyiather type of characterizatioRigure
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2-5shows TEM-BF imagesf the two batches and the corresponding histograithsthe size
distributions. These images confirm that the sysithgorovided spherical particles as
expected. Batch 1 is composed of slightly biggatiples compared to batch 2 but remain
nevertheless close to the expected value 55)8) (

Excitonic o from PL
A\{erage o from K Average PL peak | FWHM
size D TEM pga size from maximum PL FWHM
from TEM o maximum UV-vis (nm) (nm) (%)
(nm) (%) (nm) (nm)
Batch 1 5.3 16.5 620 55 635 31 11
Batch 2 4.8 13.3 602 4.8 620 36 12.5

Table 2-1 : Average CdSe nanocrystal sizes andesponding size distributions for batches
1 and 2 as determined from TEM and from the pasitibthe excitonic peak in the UV-Vis
absorption spectrum.
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Figure 2-5: TEM-BF images and derived size disttidms for the nanocrystals of batchl (top
pictures and histogram) and batch 2 (down). Theaye nanoparticle diameter measured on
approximately 100 particles is approximately 5.3 fombatch 1 and of 4.8 nm for batch 2.
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Figure 2-6: Evolution of the PL and UV-Vis absogptispectra with reaction time during the
synthesis of batch 1. The inset shows the evoluficdhe FWHM of the PL spectrum. The
FWHM is about 31 nm indicating a low polydispersifythe NCs, in agreement with what
was previously reported by M. Protiére using thmeaynthesis methd§, 6).

During the synthesis of batch 1, the growth of N@s was followed by extracting
some aliquots from the reactor at different reactiines during the NCs growth phase.
Theses samples were characterized by photoluminescand absorbance spectroscopy.
Figure 2-6shows the evolution of the PL and absorbance spegath the reaction time. As
expected, the PL peak and the excitonic peak inUleVis absorption spectrum are red-
shifted with increasing reaction time indicating dgrowth of the NCs. The FWHM of the PL
peak which as mentioned above is connected to dihaigpersity of the NCs, increases
strongly during the first 4 minutes after the injec and finally stabilizes at a value of ~31nm
(see inset ofFigure 2-6).M. Protiereet al reported similar FWHM values. The obtained
FWHM and polydispersity are slightly larger thanawitan be achieved using a classical
laboratory-scale synthesis, 6). However, the size distributions are still veayisfying and a
large amount of NCs is more important than a vewy polydispersity in our case as we want
to make comparative studies with the same bat®Gs.

For batch 2 the PL and the UV-Vis absorption sgecfrthe nanocrystals at the end of
the reaction are displayed and are compared t®lthand UV-vis absorption of the NCs of
batch 1 (se€&igure 2-7). With a final FWHM of 36 nm, the PL peak is slighlarger than in
the case of batch 1, indicating a slightly largee distribution and polydispersity for this
batch, as already mentioned. This is can be exalby some slight differences in the
synthesis of batch 2 compared to batch 1. In thating the synthesis of batch 2, some small
problems during the injection occurred and possthly time window of the injection was
slightly larger than expected. Accordingly, the pemal separation of the nucleation and the
NCs growth were not optimal therefore leading talight degradation of the polydispersity.
However, the NCs of batch 2 are still of good gyadind can be used for our studies. As
already observed by TEM, the particles of batchaehan average size of 4.8 nm, slightly
smaller than the ones of batch 1 (5.3 nm from TEM).
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Figure 2-7: Normalized photoluminescence and U\bl8sabsorption spectrum of batch 1
and batch 2 of CdSe NCs. The FWHM of the PL isdnighan for batch 1 indicating a

slightly higher polydispersity of the nanocrystalthe position of the excitonic peak of
absorbance indicates smaller particles than thesoofebatch 1 as already observed by TEM.

2.3.2. Crystallinity

X-ray powder diffraction measurements are a stahtirhnique to analyze the crystal
structure and crystallinity of NCs after the syrsise Such measurements were performed on
both batches. Below only the results for batchel mesented as the two diffractograms are
identical. The obtained powder X-ray diffractogrédRigure 2-8 is very similar to the one
reported by M. Protieret al for CdSe nanoparticles synthesized using the saethod 5,

6). As in her case, we find a predominant wurtzite-(hexagonal) crystal structure for the
NCs by comparing the obtained diffractograms to réference spectrum for bulk wurtzite
CdSe from the Joint Committee on Powder Diffractitandards (JPCDS). This is in
agreement with what is generally reported in therditure for CdSe spherical NCk 4, 13.
However, a closer look at the diffractograms shabesarly that the intensities of some
reflections, in particular those correspondinghe ¢102) and (103) reflections, are very low
compared to the expected JCPDS values sgeare 2-§. An excessive attenuation of the
(102) and the (103) reflections has previously bettnibuted by Murraet al. to the presence
of stacking defects along the [002] axi$. (Such stacking defects were frequently obsemed i
the high resolution TEM (HR-TEM) images and an egbais displayed irigure 2-8.These
defects originate from a strong competition betwtenhexagonal (wurtzite) and the cubic
(zinc blende) phase during the synthesis of CdSe.Nids indeed known that both phases
can occur in such systems depending on the exaditams of the synthesis and the size of
the NCs. The small nanoparticle size (~5 nm) ag thiel polycrystallinity of some of them
accounts for the broadening of the X-ray diffractmeaks which makes the resolution of the
triplet of reflections (100), (002) and (101) asliwas the triplet (200), (112) and (201)
reflections impossible (1,4).
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Figure 2-8: (left) Powder X-ray diffractogram of 8d nanocrystals from batchl and peak
position for wurtzite CdSe from the Joint Committae Powder Diffraction Standards
(JCPDS). The diffractogram is very similar to theeocobtained by Protiere who concluded
that the crystal structure of the NCs was wurtfike-(2). (right) high resolution TEM image
showing a NC with a stacking fault correspondingthe transition between a wurtzite
(hexagonal) and a zinc blende (cubic) crystal e

3. Synthesis of rod shaped CdSe nanocrystals

Rod shaped nanocrystals were also used in the fdfmbe present work. These
nanorods (NR) were synthesized by Dr. Angela Fipost doctoral fellow at the “Laboratoire
d’Electronique Moléculaire Organique et Hybride' HMOH) in Grenoble.

As for nanorods, no large scale synthesis protizcalailable several batches of 50-
100 mg were synthesized using laboratory scaleopotg. The synthesis of these nanorods
follows the so-called seeded-growth approach wiiek originally developed to obtain rod-
shaped nano-heterostructurdd, (18). In brief, pre-formed seeds of CdSe are firsppred
and purified, then they are co-injected with Se-T&ution to the reaction mixture that
contains solvent, surfactants and the cadmium psecuThe aspect ratio.€. rod length/rod
diameter) of the nanorods is controlled by varythg seed size or their concentration.
Lowering the concentration of the injected seedsuilte in longer nanorods. Using this
method, nanorods with low polydispersity and aspatit (.e. length over diameter ratio)
between approximately 1 and 10 can be obtaifégure 3-1displays the PL and UV-Vis
absorption spectra for CdSe nanorods with a simsen% 17 nm synthesized in the frame of
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the present work as well as a typical scanningstrassion electron microscopy (STEM)
image of these nanoparticles.
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Figure 3-1: (left) PL and UV-Vis absorption spectiar CdSe nanorods 5 nm 17 nm
synthesized according to the seeded growth approgigit) STEM image of the nanorods
(the scalebar corresponds to 100 nm).

The latter shows the low polydispersity of the seem®ne can also note that the
photoluminescence peak is significantly red-shiftmmimpared to nanospheres of similar
diameter: the PL peak maximum is located at 67Gorthe 5 nnmx 17 nm to be compared to
620 nm for the nanospheres of batch 2 with 4.8mdiameter (see Figure 2-7). This is due to
the fact that for nanorods, quantum confinementhefelectrons and the holes takes place
along two directions: along the NR long axis antbss the diameter, the latter providing a
stronger confinement as compared to the formeovarall, this will lead to the fact that the
UV-Vis and PL spectra of the nanorods will be intediate between those of nanospheres 5
nm in diameter and 17 nm in diameter.

4. Study of the ligand capping of as prepared CdSenoerystals

As mentioned above, NCs are capped by a layer ghnic molecules called
surfactants or ligands which stabilize the collbidespersion 19). This is the case for
spherical as well as for rod shaped NEigure 4-1lillustrates the architecture of a spherical
CdSe NC after synthesis. The ligands form the sarfayer of the NCs which, in the case of
assemblies of nanoparticles, will constitute theriiace between two adjacent NCs. In hybrid
materials associating nanocrystals with polymdrs ligand shell forms the interface between
the nanocrystals and the polymer. Therefore théralaf the ligand capping is essential for
all applications involving semiconducting hanocayst
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Organic ligands

Figure 4-1: Schematic representation of
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More precisely, there are two main reasons to phppailor the capping layer of the
NCs. The first one is that it has a huge influeanethe solubility of nanocrystals in a given
solvent and plays thus a key role for the solufpwacessing of nanoparticles-containing
nanomaterials 1{ 5). The solubility of the NCs in a given solvent determined by the
chemical nature of the ligands (hydrophobic or bythilic) and therefore, independently of
the inorganic core, NCs can be either dissolvekyairophilic or hydrophobic solvent2@).
The second reason is that in solution-processedichyimaterials associating colloidal
nanocrystals andae-conjugated polymers, the resulting morphology aegestrongly on the
ligand layer: this can lead to either a good disjper of the nanoparticles in the polymer
matrix or to an aggregation and a macrophase deparbetween the polymer and the
nanocrystals 10, 13, 21-23. Intrinsic properties of the hybrid materialscaldepend very
strongly on the chemical structure of the liganéist example charge transfer between the
NCs and the polymer as well as charge transpottiéWNCs phase are strongly influenced by
the ligand layer. In fact, charge transfer/transman be either hindered or favored by the
ligands depending if the latter allow a transitteé charges or if they behave as an insulating
layer @1). The optical properties of a colloidal dispersaNCse.g.the photoluminescence
and UV-vis absorption are also strongly influendsdthe surface chemistry of the NCs.
Enhanced PL quantum yields are obtained by pagsivtie surface trap states present at the
NCs surface by some organic ligands or polymé&4 @5). Alternatively, strong PL
quenching is observed by treating the NCs withnldg such as ethylenedioxythiophene
(EDOT) or pyridine, for example2p). The enhancement or quenching of PL quantum yield
depends on many factors, the chemical structutkeo€apping ligands being an essential one
(22, 24). For all these reasons, the quantitative chanaateon as well as the controlled
modification of the ligand shell of nanocrystals assential aspects in view of the perspective
of their applications in nanomaterials for photedédrs, LEDs, solar cells or biological
imaging (L9, 26).

Although the importance of the ligand shell of oahl NCs was recognized very
early in the field {, 3), the details of the interactions involved in thiading of the ligands
onto the surface of the NCs is not yet fully unterd and is still under investigatioh9; 27).
Schematically, one can say that a ligand is carstit of two parts: (i) an anchoring group
(e.g.a phosphine oxide, an amine or a carboxylic acidijg for quantum dots) which binds
onto the surface of the NC and (i) a chain whichl wonstitute the interface of the
nanoparticle and its surrounding®. the solvent molecules for a colloidal solutionodher
nanoparticles or polymer chains in a hybrid matelias generally assumed that ligands bind
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to the surface of a NC by forming dative bonds kisato the lone electron pairs on the
anchoring group of the ligand 4, 28). The ligands of as synthesized NCs can be removed
and replaced by other ligands as a function of dbsired application. This process is
generally referred to asurface functionalization, ligand exchange or soeféreatment.

The strength of the bond between the ligands aedstinface of the NCs depends on
many factors including the crystallographic facetdo which the ligand bindsl9, 27). In
fact, some facets present a higher binding endrgy tthers for a given anchoring groag, (
27). The affinity of the latter one regarding thefaae of a NC therefore influences strongly
the strength of the bond. The most frequently usedhoring groups for semiconductor
nanocrystals are phosphines oxides, phosphinesganthiols as well as carboxylic acids (
13, 29-3). In most of the above cited anchoring groups littends generally bind to the Cd
surface atoms of the NCs. It is therefore importarknow the number of surface Cd sites to
be able to evaluate the maximum number of ligaresNLC @8, 32). Following this, Taylor
et al. showed that different CdSe nanocrystals have réifte ratios of Cd:Se at the
nanocrystal surface3g). In most cases an excess of Cd atoms at theceudaeported in the
literature 83—35. However,ab initio calculations showed that in the case of amines, th
ligands could bind both to Cd and Se surface at(®@Ws28). In the literature regarding the
capping ligands and surface functionalizations ialiso frequently mentioned that the ligands
bind to the surface of the nanopatrticles in a r&@bér equilibrium state3d—41). The position
of this equilibrium depends on different factorglsas the binding energy of the ligand, the
concentration of “free” ligands in the solutionettemperature, et89). This equilibrium can
therefore be displaced by varying one of thesemeters and this is the basic principle of the
ligand exchange process.

In the following sections of this chapter, we valow that this adsorption-desorption
equilibrium can follow different dynamics dependimig the chemical nature of the ligands. In
the frame of this work we essentially focussed otygyridine ligands as these molecules
should be more suitable for charge transport tha&nnative ligands covering the NC&(
43). But before proceeding to the ligand exchangehef NCs, it is essential to know the
detailed composition of the ligand shell of thesgathesised NCs.

Composition of the NCs surface:In the frame of this work, we more precisely
focussed on the spherical CdSe NCs and tidetliclear magnetic resonance (NMR) to study
the composition of the capping layer of the asisgsized NCs. In the gram scale synthesis
protocol used for this batch, the nanoparticles stabilized by a mixture of three ligands,
which are trioctylphosphine (TOP), oleylamine (O#)d stearic acid (SA), sdéegure 2-1.
The Figure 4-2 shows the’H NMR spectra of the as-synthesised NCs for batcim 1
deuterated chloroform (CDg}l To ease the peak identification, th¢ NMR spectra of the
free ligand molecules (OA, SA, TOPO) recorded i@ $hme solvent are also displayed. The
attribution of the NMR signals of the as-synthedi$¢Cs to the three different ligands is
however difficult. In fact, the NMR signal of a negule complexed to a metal is not identical
to the NMR signal of the free molecule. Therefoigngicant changes are expected in the
NMR signals corresponding to ligands that are grhtinto a “nanoscopic” object such a NC.

64



Chapter 2: CdSe nanocrystals: synthesis and suffiaoetionalization

The peaks are expected to be shifted and broadkretb different effect2@, 35-39 44).
These include: the reduced mobility of the ligaattached to the surface of NCs compared to
free ligands, the diversity of chemical shifts dadactors such as different orientations of the
molecules attached to different NCs facets and dtx@esponding difference of binding
strength depending on the facet, etc. Therefoig ossible to attribute with certitude only
the isolated NMR signals at chemical shifts of &r®l 2 ppm corresponding respectively to
the protons of OA indexed (G) and (C) ($egure 4-2.
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Figure 4-2: Aliphatic region of th&H NMR of the as-synthesized CdSe NCs (batch 1pfand
the free ligand molecule in deuterated chlorofofirhe proton attribution for the free ligand
molecules was made with help of the Spectral Dataldar Organic Compounds (SDBS
database)(45). The letters above the peaks indicate the cormedipg protons. Traces of
chloroform and ethanol can be observed in the Nidé&sum of the as-synthesized NCs, the
latter coming from the purification procedure.
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The broad signal at 2.75 ppm can correspond eitheignals of protons SA(D) or
OA(E) or both of them attached to the NCs. The @raad intense signal &t1.5 ppm and
0~1 ppm can be attributed respectively to the pwtafithe protons of the methylene (-£H
and methyl (-CH) groups of the three ligands TOP, OA and SA. Thesgnce of peaks
related to ethanol in the NMR spectrum of the asttsgsized NCs can be explained by the
use of this solvent in the washing procedure ofNi&s. Traces of chloroform can also be
observed and were used as reference

Our system is quite complex as after synthesistinace of the NCs is passivated by
a mixture of three molecules having long alkyl csailnitially this study was meant to
guantify the proportions of the initial ligands cdmated to the surface of the NCs. We were
furthermore interested in determining an excharag® rof the ligands after exchange with
polypyridines and therefore a quantification of ihiéially coordinated ligands is necessary. It
would also be interesting to know which of the éhligands is replaced preferentially during
functionalization with polypyridines. However, penining an accurate quantification of the
ligands with standartH-NMR in CDCk as presented iRigure 4-2remains difficult as only
OA presents a distinct NMR signal in the spectrigoAthere are always some remaining free
ligands in the solution. Therefore for some liggntisan be difficult to distinguish the signal
related to free ligands and those grafted ontatintace of the NCs. The contribution of those
free ligands would therefore add uncertainties whemorming the quantification.

In order to perform an accurate quantification ok tsurface composition, a
collaboration with Marina Gramova, Michel Bardetdaco-workers from the Laboratoire
Résonances Magnétiques (LRM) at the Institute fandséciences and Cryogeny (INAC) of
the CEA Grenoble was initiated. The measurement qumhtification procedure will be
detailed in an article in preparation and onlyen ideas and results will be discussed here.
In a first step, we use the so-called diffustthNMR based on pulsed field gradients (PFG-
NMR in short) @0, 44, 46, 47). The main idea of this technique is to differatdgithe NMR
signals of free and grafted ligands using the fhett grafted ligands have a diffusion
coefficient D approx. one order of magnitude lotye&mn the free ligands, according to Stokes-
Einstein law 44):

kgT

dy, = (Eq. 3)

- 3nnD

where ¢ is the hydrodynamic diameter of the species (ligaound to a NC or free ligand) in
solution, lg is the Boltzmann constant, the dynamic viscosity of the liquid and T the
temperature of the solution. In the case of a Isattere particle (dis equal to the true

diameter of the particletd).

Therefore, these species will give different cilmifions to the spectra when pulsed
field gradients are applied and the contributionfree ligands can eventually be totally
eliminated. This technique allows thus an unamhigudentification of ligands bound to the
surface of NCs. The absolute quantification is therformed on standartH NMR relaxed
spectra using a recycling time of 45 s. A contienount of the compound GBY» is added
to a solution of NCs of known concentration (detewd from the absorbance at the excitonic
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peak (@4) ) to serve as a quantitative reference for thgamic compounds. These
measurements were mostly performed on CdSe NCsawhhbl in deuterated toluene as
convection effects in CDglperturb the measurements in diffusion NMR. Theaultssare
expected to be similar for NCs of batch 2. From idadated OA peak, the number of OA
molecules can be determined and their contribut@m be subtracted from the methyl and
methylene NMR related peaks. As the proportion ethyl and methylene protons in SA and
TOP are different, the integration of the peakatesl to those protons provides two equations
from which the number of SA and TOP can subsequdml derived. Such calculations
yielded the results summarizedTiable 4-1

Trioctylphosphine Oleylamine Stearic acid
(TOP) (OA) (SA)
Average number of 13 160 74

ligands per NC

Average number of
ligands per NC 0.18 2.22 1.03
surface area (nnf)

Table 4-1: Quantification of the ligands presenthie as-synthesised CdSe NCs of batch 2 by
'H-NMR in deuterated toluene (collaboration with @romova, M. Bardet and coll., CEA
Grenoble/INAC/SCIB/LRM).

The results indicate that the predominant liganas adeylamines (160 ligands on
average per NC) followed by stearic acid (74 ligaheC) and finally trioctylphosphine (TOP
with 13 ligands/NC). Taking into account that Cd$8es of batch 2 are nanospheres with an
inorganic core 4.8 nm in diameter, the surface a®&lC is approx. 72 nfn One can
therefore calculate the average number of eachdigear unit area of surface of the NCs. The
corresponding numbers are given in the secondfif@ble 4-1 It turns out that in total there
are approx. 3.4 ligands per fiwf surface. This is close to the results obtaifeedcdSe NCs
by the group of Z. Hens and collaborators althotighligand shells have slightly different
compositions 40, 46). From the results iffable 4-1 one can also extract the average weight
proportion of ligands iganss cOmpared to CdSe inorganic coregqgy the total average mass
of a NC being mic = Migands + Mcase The average mass of the inorganic core can be
approximated from the density of bulk Cd$e, 5.81 g/cmi. The spherical CdSe NCs of
batch 2 with a diameter 4.8 nm have a volume ofi® and thereforemcgse = 337107 g.

As for the mass of the ligand shell per NC, it t&@ncalculated from the values Bable 4-1
and the molar mass of each ligand, Mtop = 370.64 g/mol, Ma = 267.49 g/mol and WA =
284.48 g/mol: this giveRganas = 11410% g. The total average mass of CdSe NCs of batch
2 (0 = 4.8 nm) is thereforenyc = 451:10% g out of which approx. 25% correspond to the
ligand shell and the rest to the CdSe inorganie.d®dne could also calculate the molar mass
of CdSe NCs by simply multiplying the above numimge by the constant of AvogadroaN:
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6.02214x 107® mol* which gives Mic = muc % Na = 2.72x 10° g. From this result, one
straightforward conclusion is that the mass oflig@nd shell represents a significant fraction
of the total mass of such colloidal CdSe NCs amshotibe neglected.

Although we did not measure the ratio Cd/Se astlréace of our NCs, the number of
surface Cd sites on the NCs was estimated basgdevious works 13, 33). The number of
surface atoms is calculated by estimating first tihtal number of CdSe units in a NC of
radius R and by subtracting afterwards the numbene CdSe units in the core of the NC,
i.e.in a sphere of radius R-0.263 nm (0.263 nm béiegctosest neighbour distance in CdSe).
The number of Cd surface atoms can then be estinigtdaking into account that there is
usually an excess of Cd atoms on the surface dN@€13). Usually this excess corresponds
to approx. 1.2 times more Cd atoms than $&.(For NCs with a diameter of 4.8 nm
(R=2.4 nm), we therefore estimate a total numbesuoface Cd atoms of approximately 340.
As the Cd atoms are generally the binding siteshefligands, the number of surface Cd
atoms corresponds to the maximum number of ligahds can be bound to the surface of
NCs without considering the steric hindrance betweeighbouring ligand molecules. The
total number of ligands per NC (247 ligands /NC) cegermined by NMR Table 4-}
therefore corresponds to a surface coverage obappately 73 % of the available binding
sites which shows that the ligand shell is quitesge This surface coverage is similar to the
values measured by Rutherford Backscattering speaipy by Tayloet al although in that
case, the CdSe NCs studied were covered only vitRQ molecules33). One could expect
that with more bulkier ligandd.¢. only branched ligands), the surface coverage wbeld
lower.

The ratio of organic to inorganic material can alde determined by
thermogravimetry.Figure 4-3 shows the results of the thermogravimetric measants
performed on the NCs of batch 1. For means of coisgathe same measurements were
performed on stearic acid. Unfortunately the oarthesis ligands could not be measured as
they are liquid at room temperature. For the asth®gized NCs, three phases can be
distinguished in the thermogram of the CdSe NGOst lai loss of mass can be observed up to
a temperature of ~500°C and for temperature 5007C<800°C no significant loss in mass
can be observed. For T > 800°C a significant Idssass can be observed. We believe that
the first decrease of mass for T < 500°C correspdadhe loss of organic materials. the
ligand shell and that for T > 800°C, the inorga@Se cores of the NCs start to be damaged.
Considering this, we get approx. 27% of organicemalt in the sample. This is in very good
agreement with the results obtained from the NMRsueements mentioned above.
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Figure 4-3 : Thermogram of the NCs of % 707
batch 1 after synthesis. For means of éiﬁ \
comparision the thermograom of stearic % 40-
acid is displayed. Oleylamine and TOP K 28
could not be measured as they are liquid 101
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5. Surface chemistry of the nanocrystals: ligand exaigge with
polypyridines

As mentioned above, the synthesis ligands cangdaaed by other ligands which are
more suited for the desired application. Sincevtheks of Huynhet al, pyridine is one of the
most frequently used ligands in hybrid photovokaat least for CdSe-P3HT mixturd®(21,

23, 26, 48-52. The improvement of the efficiency of hybrid gsoleells with pyridine-
exchanged nanocrystals compared to as-synthesiZsdads attributed to a strong reduction
of the inter-particle space due to the very smak ©f the pyridine molecule49). Still,
pyridine exchanged nanocrystals are far from bamgdeal system for hybrid photovoltaics,
one important reason being that pyridine exchanggabcrystals are not soluble in usual
solvents such as chloroform. Thus, for processid§eCNCs-P3HT based hybrid solar cells, a
solvent mixture containing a small amount pyridisgenerally usedlQ, 53). As pyridine is

a bad solvent for P3HT, this can induces some awmimgthe morphology making the control
of the latter difficult 54).

Similarly to the details of the interactions betwdeyands and NCs surface, ligand
exchange of CdSe NCs is not sufficiently understaltidough it remains a key point for the
fabrication of working hybrid materials for eleatio applications. Many experimental
methods do exist to get a qualitative indicaticat tihe surface chemistry of the NCs has been
changed upon ligand exchange (quenching of thecRanges in the solubility, NMR, etc.)
but a quantitative evaluation of the exchange oatdhe number of ligands per NC remains a
difficult task @2, 24). Thus the comparison and the establishment efnational standards
concerning hybrid materials devices remain difficul
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Figure 5-1: Schematical illustration of ligand exaige with pyridine.

For example, the efficiency of hybrid solar celsposed of P3HT and CdSe capped
with butylamine led to device performances of 1.88%), but as far as the exchange ratio of
the pyridine and butylamine coated nanocrystalsnas comparable, the origin of this
improvement cannot be attributed with certitudghe chemical nature of the ligand. In a
following chapter (see Chapter 6), an example @ngimthroline exchanged NCs, shows that
the morphology of hybrid thin films (CdSe NCs+P3HsEems to depend more on the rate of
exchange than on the chemical nature of the ligand.

Various authors studied the surface chemistry myahtl exchange of nanoparticles in
more detail using various ligands. Some of theseksvavere fundamental studies of the
surface chemistry and the influence of the ligaodghe properties of NCSQ, 36—38 44,
56, 57), whereas other ones were focused on the irdkieri the capping ligands on the
transport properties of the resulting materials andhe performances of derived devic2g (
58, 59). In this work, we studied the surface chemistryhe CdSe nanocrystals after ligand
exchange with several polypyridine molecules: Rgad(Py), 3-n-hexylpyridine (HexPy),
1,10-Phenanthroline (Phen) and 'd4Tri-tert-Butyl-2,2:6',2"-terpyridine (TerPy) gee
Figure 5-2). The influence of the chemical nature of thatid on the resulting morphology
of hybrid materials grown by slow-DE®@vas also studied and will be discussed in Chapter

CH
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] CH =3 H.C
BDES 72 W40 L S NP Qs il
i 2
/,’f’J = e N\ - HC | N Y\ CHs
N N N N N__z
Pyridine 3-n-Hexylpyridine 1-10, Phenanthroline  4,4',4" -tri-tert-butyl-2,2' :6',2 terpyridine
(Py) (HexPy) (Phen) (TerPy)

Figure 5-2 : Chemical structure of the polypyridiingands studied in this work.

Directional epitaxial crystallization at slow gvth rate.
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For the fabrication of efficient hybrid devicesethew ligands have to play two key
roles which are: (i) the stabilization of the N@ssuch a way as to allow the homogeneous
dispersion of the NCs in theconjugated polymer matrix and therefore avoid @nmghase
separation and (i) to improve the mobility of thbarge carriers (electrons) in the NCs
network. In this sense, the ideal ligand shouldehds HOMO-LUMO electronic levels
positioned relatively to those of the NCs and tl31P so as to ease the electron transfer
between the NCs and the polymer. In other words HOMO-LUMO energy levels for the
three components should present a type |l staggerin

Figure 5-3shows the HOMO-LUMO levels of the used ligands amparison of the
HOMO-LUMO level of P3HT and CdSe NCs. The valuesevaken from literature for the
CdSe NCs and P3HT60Q, 61) and calculated by Christophe Morell and Andrér@réCEA
Grenoble/INAC/SCIB/LAN) for Phen and TerPy.

From this diagram, it follows that the polypyriditigands do not present the level
scheme expected for an ideal ligand. The main refsahat is that the polypyridine ligands
are too compact and that larger ligands with a nextendedrt electron system would be
needed in order to decrease the HOMO-LUMO gap. $hoelld however note that the levels
indicated inFigure 5-3 correspond to those of the free molecules anddcbelmodified by
the complexation to the surface of the NCs. Thesaeawhy pyridine-treated NCs based
hybrids give significant power conversion efficieagcis that although pyridine behaves as an
energy barrier towards charge transfer, it is $iggmtly smaller compared to the original
ligands such as TOP, OA, etc. so as to allow tuimgedf electrons between NCs and P3HT.
In addition, pyridine is very weakly bound to th€#&land can therefore be easily removed by
post-deposition treatment (such as thermal anrgallig).

-0,5
Figure 5-3 : HOMO-LUMO levels of -1,0-
the used ligands compared to the ;g

HOMO-LUMO levels of CdSe NCs  's]
and P3HT. The values for the HOMO- 3 -3.01

35]CdSe (43 nm)  Idealligand
LUMO levels were taken from -4,01CdSe (6,5 nm)

energy level (eV)

literature for Py (22), CdSe NCs (60), 4,5
and P3HT (61) and calculated by £ ¢ —

Christophe Morell and André Grand 6,01
(CEA Grenoble/INAC/SCIB/LAN) for 55 py—— Y
Phen and TerRy '

In this sense, the work presented here was pertbmit a twofold goal. One was to
understand the influence of the capping ligandthermorphology of the resulting hybrid thin
films grown by slow-DEC (see Chapter 6) and to gdtll control of the ligand exchange

71



Chapter 2: CdSe nanocrystals: synthesis and suffiaoetionalization

process in order to develop a reproducible protosoabther longer term aim of this work was
related to the fact that this PhD work enteredhim $cope of an ANR-funded project which
had as one objective to develop crosslinking ligaadle to interconnect adjacent NCs. The
aim of such an crosslinking ligand is to facilitsde efficient charge transport between
neighbouring NCs. A schematic design of such anstional ligand designed by Paul Baxter,
Matthias Welker (Charles Sadron Institute, CNR$askiourg) is presented figure 5-4 An
adequate anchoring groi®pallows the binding of the ligand onto the surfat€dSe NCs.

Figure 5-4: Schematic design of a
crosslinking ligand for the nanoparticles. R
%] W | represents an anchoring group that allows
Pl 3, - == the binding onto the surface of CdSe NCs.

Our choice of ligands is thus motivated by two aspeFirst, to know what are the
conditions that ligands have to respect in ordagdonerate nanocrystals staying soluble after
ligand exchange and what is the influence of thmprray ligand on the resulting morphology
of the thin hybrid films. Here the choice was tongare fullyr-conjugated molecules, with
molecules having a solubilizing group. The secoodl gvas to study the influence of an
increasing number of anchoring sites of the ligamishe strength of binding of the latter to
the surface of the nanocrystals with the aim tooskothe most tightly bound ligand as the
anchoring group R for the crosslinking ligand. Tfere different ligands where studied: two
monodentate ligands which are pyridine (Py) and-H&xylpyridine (HexPy), one fully
conjugated bidentate ligand which is 1,10-penafitteo(Phen) and a tri-dentate ligand
having solubilising groups which is 44F-Tri-tert-Butyl-2,2:6',2"-terpyridine (TerPy). The
chemical nature of these ligands is presentddigare 5-2

5.1. Principle and characterization of ligand exchange

The protocols to perform ligand exchange reactwitis pyridine (Py) described in the
literature are numerous and generally involve tispatsion under reflux of the nanoparticles
in neat Py. After ligand exchange, the Py-exchal¢$@d are recovered by precipitation with
a non solvent and are redispered in a good solUéwtre are nevertheless huge variations in
terms of the duration and the temperature of tbegss : some authors leave the NCs for 48 h
in pure Py at room temperature whilst others dbsdtie ligand exchange process for 10 min
at 110°C {0, 44, 48, 49, 51, 52).

But independently of the ligands, the general ppiecof surface functionalization of
NCs is the following: the exchange is performedaldgding a large excess of the “new” ligand
to a colloidal dispersion of as-synthesized nargtety {.e. covered by the initial ligands). If
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some of the initial ligands desorb from the surfaéeNCs, they are replaced by the new
ligands as these are present in large excessthibusrobability that a “new” ligand is fixed
on the nanopatrticle surface is much higher thamptbbability that the initial ligand gets back
to its initial position. To accelerate the desarptprocess, heating of the sample can be used.
Once the ligand exchange reaction is finished [floeess usually lasts for several hours and
can be accelerated by heating the solution), thewmd initial ligands and the large excess of
“new” ligands must be removed from the solutionisTivashing procedure is performed by
adding a bad solvent for the exchanged nanocryatmsa good solvent for the excess “new”
ligands and the initial ones. Thus a centrifugatanthe solution allows recovering the
exchanged nanoparticles. This washing proceduessential in ligand exchange reactions
with CdSe NCs and nanopatrticles in general. Atsidime time, this washing procedure is a
critical step for the elaboration of a reproducibgmnd exchange protocol as many ligands
such as pyridine are only loosely bound to the ogmstal surface and thus, with each
washing or only diluting the solution, some pyrilihgands are removed from the surface
and the equilibrium is strongly disturbed (seeisach.2).

Qualitative methods giving an indication that aface modification of the CdSe NCs
took place are the quenching of the photoluminese€RL) intensity 22, 24, 30, 41). This
guenching is attributed to the creation of trapgestaat the surface of the nanocrystals due to
the modification of their surface chemistry. Muratoal. however showed that the adsorption
of one single molecule of octadecanethiol ontosiinéace of a single CdSe NC can induce a
quenching of the PL of 50%3(). Nevertheless, even if changes in the PL intgnsi
nanocrystals after surface treatment is often usetharacterize ligand exchange reactions
(22, 34, 62—69, it should be handled with care as it is a venys#tive technique and no clear
direct quantitative relation between PL quenching the efficiency could be demonstrated to
date. Another indication of ligand exchange is ¢hange of the solubility properties of the
NCs after the process.

At last, NMR measurements are powerful techniguesstudy ligand exchange
reactions. Proton NMR of ligands bound to the siafaf NCs generally show shifted and
broadened peaks compared to the spectra of freaedggy Depending on the adsorption-
desorption dynamics of the ligands and on theidinig strength regarding the surface of
NCs, these effects can be more or less markedd&@fH-NMR measurements can be
sometimes insufficient to get a full understandaighe ligand exchange reactions because
this is a dynamic process: there is a continuoushange between bound and unbound
ligands. In fact, the NMR signals of the bound amtbound ligands cannot be distinguished
in the case of a fast or medium kinetics on theesicale of NMR measurements. Therefore,
more specific NMR techniques such as diffustthNMR based on pulsed field gradients
(PFG-NMR) have to be employe8§ 44).

In the following, we will discuss the results olokad using a combination of
techniques with the previously presented polypyedligands Figure 5-2. We will first
focus on the influence of ligand exchange on thi&capproperties of the ligand-exchanged
NCs. We will thereafter address the quantificatiesults obtained bYH-NMR using similar
techniques as discussed in Section 4. In particular will show that depending on the
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chemical nature of the polypyridine ligand, differeadsorption-desorption kinetics can be
evidenced by NMR.

5.2. Influence of the Capping ligands on the optical grerties of NCs

5.2.1. Influence on the static absorption and photolumirgsnce spectra

In the following, all surface treatments were perfed on the spherical CdSe
nanocrystals of batch 1. In a first step, ligandhenge with pyridine (Py) was studied by
photoluminescence (PL) quenching. Despite the problof solubility that occur upon Py
ligand exchange reactions, Py was chosen as inhés ad the most frequently used and
described ligands in the literaturg0( 23, 49-52 65-6§ . When doing this study, our aim
was to understand the influence of the concentratibthe ligand and to determine the
duration necessary to obtain a good rate of ligardhange and therefore a strong PL
quenching, as is usually observed for Py-excha@gse NCsZ2, 49, 51, 52). Another point
we wished to address was the reproducibility cdriidg exchange reactions. We chose to use a
temperature around 90-100°C to perform the ligaxchange reactions, similar to what has
been described in referencéd4,(52). All ligand exchange reactions were performedeanrah
inert argon atmosphere and with reflux. All resytesented are recorded without post-
exchange washing procedure in order to keep théemyss close as possible to its
equilibrium state.

To perform the study of the evolution of the PL woeci@ng with time, 2 different
procedures were developed and repeated each onetirtves in order to check their
reproducibility. The details of the two ligand-estiye procedures that were used are
described hereafter.

Procedure 1:Ligand exchange is performed under high conceatratonditions with
the NCs dispersed in almost pure pyridine: 1 mPwfidine and 0.1 mL of NCs dispersed in
hexane with an initial concentration of 61.1 mg/mlt.different exchange times aliquots are
removed from the solution. The extracted NCs amreqd into a PL quartz cuvette and
chloroform is added in order to have an adequateearation for PLi.e. solvent is added
to the exchanged nanocrystals before recording tHeL and UV-vis spectra.

Procedure 2 Ligand exchange is performed under very dilutexditions in
chloroform. Before starting the exchange, chlonofas added to the pyridine-nanocrystal
solution in order to get a dilute solution adequatePL measurements (98% CIlgH..96%
Py, 0.4% Hex and 0.1 mL of a solution of NCs dispdrin hexane with a concentration of
61.1 mg/mL) and to this solution, we added 1mL wfigine. PL spectra and UV-vis are
recorded without adding or removing anything to theextracted aliquots
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Figure 5-5: Compared evolution of the PL quenchaigwo different procedures of ligand
exchange with pyridine. The curves show the ewrludf the PL peak area with the duration
of the ligand exchange.

Figure 5-5shows the evolution with ligand exchange timehaf PL integrated peak
area for the 4 ligand exchange reactions perfor(hed for each procedure). The results
show clearly that Py is very loosely attached @ shrface of the NCs as already mentioned
in literature 82, 49). In fact, a simple dilution of the system by awdylichloroform to the
solution procedure 1) changes the PL quenching of the sample quitegtyoThis results in
a very wavy evolution of the PL quenching usingstprocedure. The PL quenching of
Procedure 1bis shows a smoother evolution butdhisalso come from the fact that much
less points were measured in this case. Still, straald note that as the figure is presented
with a log scale, the variation of PL intensityeaf25 hours of ligand exchange is important
(>10).

In contrast to Procedure 1, the evolution of the L Procedure 2 is more
monotonous. We attribute this to the fact that dinéy factor that can disturb the system
equilibrium is the temperature drop (from 90° tomotemperature) when taking an aliquot.
The comparison of the results obtained with bothtqmols shows that Procedure 2 is more
reproducible and results in a much stronger PL di@g. This point can be explained by a
good solubility of the initial ligands (SA, OA, TQh chloroform and thus they are more
easily removed from the surface of NCs and repldmgdgyridine molecules. The better
reproducibility of Procedure 2 lies in the fact tthhe equilibrium of the system is not
disturbed by adding some additional solvent afi&mig an aliquot for the PL analysis. This
makes the control and reproducibility of ligand lexiege reactions with loosely bound ligands
such as pyridine very difficult as the equilibriumll be disturbed by any perturbation, in
particular washing steps when purifying the NCs.

To conclude, this study allowed us to determind tha ligand exchange reactions
should be performed during at least 20 hours a&ngeérature of 90°C, after which the PL
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guenching seems to reach more or less a constlmt Vidis is valid for Procedure 1 as well
as for Procedure 2. This study also pointed tddbethat performing ligand exchange under
dilute conditions in chloroform seems to have aitpas effect as the initial ligands have a
very good solubility in chloroform and thus, thegncbe more easily removed from the
surface of the NCs. A recently published studylenédffect of the concentration on the ligand
exchange reactions showed similar res@. (

For the ligand exchange reactions performed with dther polypyridine ligands
HexPy, Phen and TerPy, (s€&ure 5-2, we developed protocols based on some of the
results obtained with Py. Nevertheless, it was pmdsible to apply procedure 2 to these
ligand exchange reactions as the latter were paddrto integrate the surface treated NCs,
into a matrix of P3HT and to study the influencetled chemical nature of the ligand on the
hybrid thin film morphology. Indeed in this casewashing-purification step is always
compulsory. Also we assumed that ligand exchangelitons appropriate for pyridine are
also appropriate for the other polypyridine ligand&e used CdSe NCs of batch 1 to make the
ligand exchanges with HexPy, Phen and TerPy (s¢@isldelow). All ligand exchange
reactions were performed in argon atmosphere addrueflux at 90-100°C. The reactions
were done in deuterated chloroform (CE)Gh order to study by NMR the influence of the
washing step (see section 5.3).

= HexPy: 200uL of NCs dispersed in hexane (61.1 mg/ml) blendéd 200 L
of HexPy and 5 mL of CD@GI Duration of the ligand exchang&th

= Phen: 330uL of NCs dispersed in hexane (61.1 mg/ml) blendé&t 1 mg
Phen and 4mL of CDglDuration of the ligand exchang&th.

= TerPy: 333uL of NCs dispersed in hexane (61.1 mg/ml) blendé@ti %6 mg
of TerPy and 4mL of CDGI Duration of the ligand exchang&2h

Figure 5-6shows the PL spectra of these samples before amdligihnd exchange.
The maximum of the PL peak before exchange was alared to 1. As the concentration of
NCs after the exchange reaction is difficult to Wndue to the washing step which induces
always some loss of material, the PL before arg éifiand exchange was normalised by the
absorbance of the solution at the maximum of tfs éxcitonic peak.
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Figure 5-6: PL quenching of CdSe Nanocrystals dftggnd exchange with HexPy, Phen and
TerPy (see Figure 5-2). The indicated quenchindgofacorresponds to the ratio of the PL
peak area before and after ligand exchange.
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HexPy and Phen showed a similar PL quenching lac®if of respectively 90 and 80
whereas the PL quenching observed for TerPy wa$rsmonger, with a quenching factor of
approx. 240. This is by far the highest PL quenghiat we observed by surface treatment of
NCs with polypyridine ligands and we interpret & a strong indication that the surface
composition of NCs has dramatically changed. Tlis)garative PL quenching experiment
can be considered as a first indication that thee e TerPy is different from HexPy and
Phen.

The *H NMR results discussed in the following sectionl iirther confirm this
observation (see section 5.3). In addition to the g@enching, the position of the PL
maximum emission and of the maximum of the UV-vrstfexcitonic peak can provide
further information about the ligand exchange. mbemalized PL and UV-Vis spectra for the
as-synthesized NCs are representeligure 5-7 The position of the maxima of the PL and
the first excitonic peak in the UV-Vis absorptiopestra are summarized ifable 5-1.
Compared to the spectra recorded for the as-sye#teSICs, no significant changes in the
peak positions were observed for Phen and TerRyjenleNCs. In contrast to this, a noticeable
blue-shift (12 nm) was observed for HexPy-treat&tsNA slight red-shift was furthermore
observed for the Py treated NCs. Such shifts ofpib&tion of the first excitonic peak are
frequently observed after surface treatment of NE% 62, 70—72. There exist several
explanations in the literature to explain theséshBullen and Mulvaney attribute such shifts
to electronic effects of the ligands due to enhdraelocalization of the exciton in the ligand
shell (red shift) §2). Talapinet al. showed that a blue shift can be explained withights
decrease of the particle size by loss of surfaceu@iSe atoms which would effectively lead
to a reduction of the bandgap of the NZ8)( Finally, red shifts in densely packed PbSe NCs
thin films have also been attributed to polarizatieffects due to a change of the dielectric
environment of the NCs7(). It is difficult in the present work to conclu@bout the exact
origin of the shifts observed and to correlateitilte chemical structure of the polypyridine
ligand used. These shifts are nevertheless anwmitieation of the effect of surface treatment
on the optical properties of NCs.
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Figure 5-7: UV-vis Absorbance before and after igaexchange with polypyridine ligands.
The spectra are vertically shifted for clarity.
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PL Peak position (nm)| Excitonic peak position (nm)
Initial NCs 635 620
Py 644 625
HexPy 632 609
Phen 635 620
TerPy 636 622

Table 5-1: Positions of the maxima of the PL ahe first excitonic peak in the UV-Vis
absorption spectra

5.3 Adsorption-Desorption kinetics of the ligands ondiNCs surfaces

As mentioned earlier, the binding of most ligandsoahe surface of nanocrystals is a
dynamic process: there is a continuous exchangeekat bound and free molecules in the
solution and the ratio of bound and unbound ligadelsends in particular on the binding
strength of the ligand towards the surface of N@ghe following, we study the adsorption-
desorption kinetics of the polypyridines ligandenfr the surface of NCs. This study was
mainly performed byH NMR spectroscopy and thus, the qualification le tlynamics as
fast or slow always refers to the NMR timescaleoTdifferent adsorption-desorption kinetics
could be distinguished depending on the numbeirafitg sites on the polypyridine ligands.
At the same time, the importance of the washingegulare described for the ligand exchange
experimental protocol was evidenced.

5.3.1. Fast adsorption-desorption kinetics: Py, HexPy aRten

As we are interested in the behaviour of polypyrdiigands bound to the surface of
NCs, we will focus in the following only on the anatic region in terms of chemical shifts of
the 'H NMR spectraFigure 5-8and Figure 5-9show the spectra in deuterated chloroform
CDCl; for CdSe NCs exchanged with Phen and HexPy, raspbg before and after several
washing steps. For means of comparison, a protoiR kthe free ligand molecule and the
NMR spectrum of the initial NCs are displayed. both HexPy and Phen exchanged NCs,
the 'H NMR spectra in the aromatic region of the excleshgut unwashed NCs are almost
identical with the NMR spectrum of the pure ligar@nly a slight shift towards lower
chemical shiftd can be noticed. The origin of this shift remaimglaar. It could originate
from the presence of the NCs and some additionaésts, leading to slight changes in the
environment of the system that are reflected inctimmical shifts of the peaks. The similarity
of the NMR spectrum of the unwashed NCs with tHahe free ligands can be explained by
the large excess of free ligands in the system daduording to the ligand exchange
protocol.

After one washing step, significant changes in MR spectra occur: the NMR
signals of the polypyridines are significantly egked and shifted towards higher chemical
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shifts 8. This is the case for both Phen and HexPy trelt€d. For PhenHigure 5-§, a
second washing step led to a further broadeningi@adshift to highed of the Phen related
NMR peaks. A second washing step can however lieatrand is not always possible. In
fact if the exchange rate is too high, a secondhimgsstep can lead to an irreversible
aggregation of the nanoparticles as each washamggies along with a loss of inital ligands
(22, 24). Nevertheless, these results clearly show thaashing step is essential to remove
excess ligands.

The effect of washing steps was indeed previougidied by NMR and optical
spectroscopies by Kalyuzhny and Murray on as-syitbd CdSe NCs stabilized with TOPO
as the ligandZ4). In accordance with our results, they observethareasing broadening of
the'H NMR peaks related to TOPO with each washing sStéey attributed this broadening
to the loss of ligands which are loosely boundn® NCs surface, therefore leaving only the
ligands which are more tightly bound. InP nano@algsexchanged with pyridine showed also
such a broadening of the Py NMR peakg))( It was interpreted as a fast adsorption-
desorption kinetics from the surface of NCs. Ththars claimed that the majority of the Py
molecules are unbound oneBl, Schmelzet al. also observed very similar effects to ours
(broadening of the peaks and shift towards highengcal shift®) for CdSe NCs exchanged
with diazaperylene, another polypyridine ligandaelted onto the surface of NCs by two
nitrogen atoms, similarly to 1,10-phenanthrolin89)( The authors interpreted the
enlargement of the NMR signals by a multitude adraical shifts due to reduced mobility of
the ligands and to different micro-environments amkntations of the ligands onto the
surface of NCs. 1-10, phenanthroline was also ssfaly attached to the surface of gold
NCs, but no NMR measurements were presented icaisis 73).
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Figure 5-8: Aromatic region ofH NMR spectra for Phenanthroline (Phen) exchangé&s$ N
and for pure Phen in deuterated chloroform (CBCIThe spectra of Phen-NCs show the
evolution of the characteristic peaks of phenaritheowith an increasing number of washing
steps. Before washing, the spectrum is identicetiab of pure Phen. After 1 washing step, the
peaks are broadened indicating that an importarscfion of the excess Phen has been
removed. More than 2 washing steps lead to irrébrsaggregation of the NCs.

Our results are in accordance with those differgatks. The washing procedure
allows to remove partially the excess of unboumggrids left in solution. Nevertheless, as
mentioned above, the binding of ligands is a dymeapnocess with a continuous exchange
between bound and unbound ligands. Therefore aimgstep of the NCs will lead to a
desorption of some ligands to establish a new i thus leading to a decrease of the
total number of ligands attached to the NCs. Time tkinetics of the ligand binding compared
to the NMR timescale can also influence the NMRcHjpe If the adsorption-desorption
kinetics is fast compared to the NMR time scale,aasonsequence only enlarged NMR
signals will be observed. We believe this is theecimr Phen and HexPy surface treated NCs.
In fact, we observe a weighted average of the &grfathe bound and unbound ligands. The
NMR signals get larger with each washing step asenand more ligands which are free in
solution are removed and the relative weight ofatteched ligands in the spectrum increases.
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Figure 5-9: Aromatic region ofH NMR spectra for 3n-hexylpyridine (HexPy) exchahge
NCs and for pure Phen in deuterated chloroform (TJPCThe spectrum for the NCs before
ligand exchange is also displayed as a referenag).(fThe spectra show the evolution of the
characteristic peaks of HexPy with an increasingnber of washing steps. Before washing,
the spectrum is identical to that of pure HexPy.

This interpretation is also corroborated by resaolitained using PL spectroscopy.
Figure 5-10shows the PL of Phen after one and two washingsst&€he spectra were
normalised by the intensities of the PL of the NiDsl the relative intensities of the PL of
Phen could be compared. It appears clearly thaarh@unt of free Phen compared to the NCs
was reduced significantly after the second waskieg. The PL of the Phen attached to the
NCs surface is probably quenched and thus herBlthaf free Phen in solution is measured.
The effects observed for the HexPy exchanged NG@G#t (snd broadening of the NMR
signals) are slightly more pronounced than for Pdiggr one washing step. There are several
interpretations to that effect. In contrast to Pidich is solid at room temperature, HexPy is
liquid in the same conditions. Thus a washing semore efficient in removing most of the
free excess HexPy. In contrast, the Phen exchai@sdare washed with hexane, and Phen is
soluble in hexane only at low concentrations. Tiueeg in the case of HexPy, the
contribution of bound ligands in the NMR peaks asgker in contrast to Phen. It is also
possible that HexPy is more strongly bound to th@sNurface compared to Phen which
would influence the kinetics of binding therefoeadling to the observed changes in the NMR
signals.
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For both Phen and HexPy, a quantification of tigarids attached on the NCs and
the determination of the rate of ligand exchangatiser difficult due to the above mentioned
dynamic aspect of the system which makes the siparaf the contribution of bound and
unbound ligands difficult. This lack of quantifieat and also the lack of reproducibility of
ligand exchange reactions due to the washing ptweednhich can strongly perturb the
equilibrium between bound and unbound ligandsgsreeral problem in the field of colloidal
NCs. In particular, it can be difficult to get cparable hybrid materials involving ligands
loosely bound to the NCs surface. This will besthated with the example of Phen capped
NCs integrated into a hybrid thin film in Chapter 6

5.3.2. Slow adsorption-desorption kinetics: TerPy

In contrast to the mono and bidentate ligands Hexpy Phen which showed a fast
exchange kinetics on the NMR time scale, the ttaken ligand 4,44"-Tri-tert-Butyl-
2,2:6',2"-terpyridine (TerPy) seems to obey to a slower arge kinetics Figure 5-12
compares théH-NMR of TerPY exchanged NCs after a single wassitep with that of the
free TerPy ligand and of NCs before exchange.

Contrarily to what was observed with HexPy and Plie® NMR signals provided by
the TerPy ligand are not simply broadened and jigthifted to lower fields. There appears
a superposition of two groups of peaks easily mijstishable. The sharp and non shifted
peaks can be attributed to free TerPy moleculesairéng in the solvent (deuterated
chloroform CDC}). A second group of peaks is significantly broaeteand shifted to higher
chemical shift. Following previous published works, such broadeaed shifted peaks are
the fingerprints of ligands bound to NC&/(44). These observations indicate clearly that the
adsorption-desorption kinetics of TerPy ligandsnfroehe surface of NCs must be slow
compared to the NMR timescale. This can be atteidbub a higher affinity of the tridentate

Terpy ligands regarding the surface of the CdSe N@spared to Hexpy and Phen. It is
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important to mention that whatever the verticalmow of the’'H NMR spectra for Hexpy
and Phen-echanged NCs, no trace of broad peakdsesved for Terpy-NCs could be
observed. The appearance of such broad peaksradsgible and was observed for different

ligand exchange experiments that were performell VietPy.
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Figure 5-12: 'H NMR spectrum of as synthesized NCs, TerPy in €@6tH TerPy
exchanged NCs after 1 washing step. For more glagitzoom on the aromatic region of the

'H NMR spectrum of TerPy-exchanged NCs is alsoajisul.
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Further support about this interpretation and antjtedive characterization of the
ligand exchange rate was obtained from complemgMdR measurements performed by
Marina Gromova, M. Bardet and co-workers (CEA Gi@adNAC/SCIB/LRM) on ligand
exchanged CdSe NCs of batch 2 in deuterated toluenearticular diffusion'H NMR
measurements based on pulsed field gradients (PA&)}Nand spectral hole burning
measurements were performed. According to Stokest&in law (see Section 4), the
diffusion coefficient of a free TerPy ligand shoudd significantly higher than for a TerPy
molecule attached on the surface of a NC.
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Figure 5-132: Diffusion-filtered'H-NMR spectra of TerPy-exchanged CdSe NCs in
deuterated toluen€lop: Spectra obtained with a low gradient amplitudeH¢@.53 G/cm).
The inset shows en enlargement of the aromaticoregdf the spectrum. Signals
corresponding to ligands (un)bound to NCs are pmégpving a superimposition of sharp
(unbound ligands) and broad (bound ligands) ped&dattont Spectra obtained with a high
gradient amplitude (g = 35.4 G/cm). Mainly broadage are present corresponding to
ligands bound to the surface of NCs. The signalsesponding to free ligands and the
solvent (which have a higher diffusion coefficieatg almost entirely filtered out. These
measurements were performed in collaboration withriva Gromova and Michel Bardet
(CEA Grenoble/INAC/SCIB/LRM).
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Thus diffusion NMR measurements allow to discringniaetween bound and unbound
species identified by a peak in thd NMR spectrum via the variation of their diffusion
coefficient. This is performed by applying a sermésncreasing field gradients. The faster a
species diffuses, the more quickly the intensityitefsignal is attenuated. Therefore, with
increasing field gradients, the strength of thenalg attributed to the fast species (unbound)
are reduced more strongly compared to the signatheobound species. The PFG-NMR
measurements allow thus to filter out the contrdrubf the unbound fast diffusion ligands.

Figure 1-12illustrates this on the example of bound and unidotierPy. It can be
clearly seen that for a field gradient of g=35.4G/¢he relative intensity of the signal of the
bound TerPy is much stronger compared to a fieldignt of g= 2.53G/cm. From the
attenuation of the signals as a function of thdiagdield gradient, the diffusion coefficient
of the species can be extracted. And afterwards) the diffusion coefficient, one can derive
the hydrodynamic radius. We performed such measmtsion the broad shifted peaks and
on the sharp peaks respectively attributed to boand unbound TePyF{gure 5-11.
Whereas for the sharp peaks the extracted diffusdefficient is in the 1&m’s’range , as
expected for free terpy ligands, it is one ordemafgnitude lower with B 1.5x10%° m?.s*
for the broad shifted peaks. For these large shifiggnals, a diffusion coefficient of
D = 1.5x10"° m?.s* was extracted. This corresponds to an hydrodyndiaineter of approx.
5,4 nm. These results are in very good accordattethe diameter of the NCs determined
by TEM or UV-vis spectroscopy. Therefore the diftus NMR measurements confirm the
interpretation of théH NMR spectra ofigure 5-11attributing the sharp peaks to free TerPy
and the broadened signals to attached TerPy ligands

As for this sample free and adsorbed ligands cafi e distinguished, the
quantification of the composition of the ligand khean be performed using the same
procedure as explained in Section 4 of the preskeapter. The results of the quantification
are summarized ifiable 5-2and compared to the results before ligand exchaftye results
before ligand exchange were the ones already disdugs Section 4. It has to be mentioned
that the main source of error for these measuresnisrdt mis-estimation of the NMR peak
areas for the bound ligands due essentially to wmboones. We estimate an error of
approximately 20 % for these NMR quantification sw@@ments.

From Table 4-1,it can be clearly seen that the ligand exchangetian with TerPy
goes along with a loss of ligands. In fact, betbieeexchange reaction, the average number of
ligands per NC is of 247 whereas after the ligaxchange reaction this number decreases to
148. This means that the substitution of initigjalhids by TerPy is not a 1:1 process.
Regarding the relative amount of the synthesistigaafter ligand exchange mainly the OA
is removed from the system. In fact the amount AINCC was diminished by ~50% whereas
the amount of SA was diminished only by 30% andnim@ber of TOP ligands did almost not
change before and after ligand exchange with TeMth Mrep=401.59g/mol one finds for
the total mass of ligands after the ligand exchanitle TerPymiga,q=75.10102"g. At this
point, it is reasonable to assume that the magkeinorganic core did not change upon
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ligand exchange and is as determined befoge mcgse= 33710%!g. After the ligand
exchange reaction with TerPy, the total mass dhgles NC is thusmyc = 41210% g. After
the ligand exchange the mass of the NCs is thugposed of 18% of ligands and 82% of
inorganic core.

It can be anticipated that the ligand exchange tiould depend both on the binding
strength and on the size of the ligand as wellraghe volume it occupies on the surface of
NCs. It should therefore be different for Phen &tekPy compared to Terpy. But these as
mere assumptions as we could not derive the exafzice surface composition of Phen and
Hexpy exchanged NCs from the NMR data.

TOP OA SA Terpy Total

Average number of

. 13 160 74 0
ligands per NC 241

Average number of
ligands per NC| 0.18 2.22 1.03 0 3.43
surface area (nn¥)

As synthesized

Average number of

. 11 58 52 27
ligands per NC 148

Average number of
ligands per NC| 0.15 0.80 0.72 0.38 2.05

surface area (nn¥)

After exchange
with Terpy

Table 5-2: Quantification of the ligands presentTarpy exchanged CdSe NCs of batchl
(7= 4.8 m) by 'H-NMR in deuterated toluene (collaboration with ®romova, M. Bardet
and coll., CEA Grenoble/INAC/SCIB/LRM). The comipasibefore ligand exchange is also
given in the first two rows as a reminder (datd’able 4-1).

6. Conclusion

Two batches of 1.5 g each of CdSe NCs (size ap@roxn) with a low polydispersity
were synthesised following an already developed puldlished synthesis protocol. The
obtained NCs were characterized by TEM, PL, UVasgl X-ray diffraction. The obtained
NCs are of similar quality in terms of size, pobjersity and crystallinity than those obtained
in the literature §, 6). A study of the composition of the ligand shelt these as-synthesised
NCs was performed b{H NMR measurements. It shows that the total masssifigle NC is
composed by 25% of ligands on average.
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Following this extensive characterization of thesgsthesized NCs, ligand exchange
reactions with various polypyridine ligands werefpamed and the functionalized NCs were
characterized. Qualitative indications that thefasie chemistry of the NCs is strongly
modified during ligand exchange reactions is olgdifor example by the observation of a
strong quenching of the PL after exchange. Howeaanore quantitative analysis and the
extraction of an exchange rate after ligand exchangs more difficult and could not be
performed for all polypyridine ligands investigateerein. Depending on the chemical nature
of the polypyridine, two different adsorption-dgstion kinetics could be distinguished from
the NMR spectra. A fast exchange adsorption-desorinetics on the NMR timescale was
observed for the mono- and bidentate ligands HextiRly Phen respectively whereas a slow
exchange kinetics could be evidenced for the ttatenligand TerPy (see Figure 5-2 for the
chemical structures of these ligands). This isiatted to a stronger binding of the TerPy
ligands on the NCs surface probably due to theem@sof 3 binding sites on this molecule.

For the TerPy-exchanged NCs, more advanced NMRiestudere performed in
collaboration with Marina Gromovet al. and allowed a quantitative analysis of the sample
and in particular to derive the average amountasheype of ligands on the surface of NCs.
The results show that following the ligand exchartgere is globally a loss of amount and
weight of ligands compared to the inorganic CdSeesoFurthermore, out of the four
polypyridine ligands studied, TerPy is the only dhat clearly shows peaks related to TerPy
ligands bound to NCs. This motivated the choicage TerPy as group for the crosslinking
ligand designed and synthesized by Paul BaxterMaithias Welker, organic chemists with
whom | collaborated in the frame of this PhD woskd€Figure 5-4. The challenge for the
future will thus be to crosslink NCs with crosslimg ligands by avoiding the aggregation of
the NCs to keep their main advantage which is theatisn processability. A better control of
the ligand exchange reactions is in our opiniorew for the efficient fabrication of devices
containing colloidal NCs.

The NCs functionalized with the different polypynd ligands were integrated into
hybrid thin films prepared by directional epitaxiarystallization with the aim of
understanding the influence of the capping ligaotithe NCs on the morphology of such
hybrid thin  films. These results will be presentedn Chapter 6.
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Chapter 3. Orientation of P3HT by
Directional epitaxial crystallization:

process and process improvement

This chapter is dedicated to the preparation ofhhygoriented thin films of regio-
regular poly(3-hexylthiophene) by a modified direcal epitaxial crystallization(DEC)
method that has been adapted fr(ith DEC is a method that allows the elaboration iy
oriented and crystalline thin films of polymers aimdparticular of P3HT. However, the
method presented by Brinkmann and Wittmann is ptim@ed in particular in terms of
reproducibility and in-plane orientation over largareas. Herein we will present the
improvements of the method that we could achievesing a local zone melting and guiding
substrates like poly(tetrafluoroethylene). The iotpaf the preparation conditions on the
main structural properties of the P3HT thin filmdlwe discussed and illustrated. In a first
section the initial DEC method will be presented.al second part, the main modifications
and improvements of the method will be introdu@ddast, a small comparative study on the
properties of the films grown with the initial atite improved method will be presented.
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1. Description of the orientation method and the sttuce

1.1 Principle

Directional epitaxial crystallization (DEC) is a thed that allows the preparation of
highly oriented thin polymer films. This method wiast proposed by Wittmann and Lotz in
the early 9% and applied by De Rosat al. to grow highly oriented domains of
semicrystalline block co-polymers almost 10 yeaterl , 3). In 2006, Brinkmann and
Wittmann successfully applied this method to polgéXylthiophene) (P3HT) and obtained
highly oriented and crystalline P3HT filmg,(2). The DEC method uses crystallisable
aromatic solvents that play two roles in the precdspending on the temperature T with
respect to the melting temperature of the solventITT >T,, the liquid aromatic solvent
solubilizes efficiently the polymer. If T < the solvent crystallizes from the melt inducing a
phase separation from the polymer. As the amoutiqoid solvent decreases, the polymer
concentration in the solvent increases. Upon #&alitoncentration & the polymer is starts
to aggregate at the surface of the crystallizedestland is oriented by epitaxy. In brief, the
aromatic solvent plays successively the role ofvesdl in its liquid phase and after
crystallization the role of substrate on which ff@ymer can grow in an oriented way by
epitaxy.

To allow this epitaxial growth of the polymer onetlaromatic substrate, several
conditions have to be fulfilled. These conditiondl e illustrated on the example of P3HT
crystallized by epitaxy on a substrate of 1,3,8horobenzene (TCB) as this couple solvent-
polymer allows to obtain large areas of highly otegl P3HT {) . The most evident but also
important condition is that the polymer has to bkilsle in the aromatic solvent in its molten
state as it is the case for the solvent-polymepdCB-P3HT. Second, as the goal is the
fabrication of relatively large areas of orient&htfilms, the aromatic solvent has to allow
the production of large homogenous and orientedtaliine surfaces of substrate for epitaxy.
Therefore, materials crystallizing in the form ofemted platelet-like crystals are particularly
suited. TCB, crystallizing from the melt has thaligbto form such relatively large oriented
platelet crystals. In fact, the TCB crystals hav#fecent growth kinetics in the three
crystallographic directionszigure 1-1shows a unit cell of a TCB crystal and the prafgat
growth directions on the temperature gradient oBTaCystals for illustration. Thercg-axis,
which represents the fast growth direction, growefgrentially parallel to the temperature
gradient. Therefore, TCB crystallizing from the migito platelet crystals is a well suited
substrate for the DEC process. The third conditlmat the solvent-polymer couple has to
respect is the possibility of the polymer to groydpitaxy on the surface of the crystallized
solvent. Therefore a matching in the lattice patansebetween the crystallizable solvent and
the polymer is necessary. The epitaxial orientatbR3HT on 1,3,5 tricholorbenzene (TCB)
iIs possible because of the relationship betweenp#redicity of the crcg-axis and the
monomer repeat period of the P3HT backbongn-axis periodicity of P3HT). The 1D
epitaxial condition isCezut ~ 2crcg (Mismatch=5%) X, 4, 5). This accordance in lattice
parameters allows a 1D epitaxial orientation of P3#h the platelet like crystals formed by
the TCB with almost no mis-match and thus no meicaiconstraints or deformations. And
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at last, although this condition is not a musis i big advantage if the aromatic substrate can
be removed easily leaving behind an oriented tbigrper film on a substrate of choice. TCB
having a melting temperature of 63°C is for exangasily removed under primary vacuum.
The couple TCB-P3HT fulfils all these conditionsdais therefore very well suited for the
fabrication of highly oriented thin films of P3HTylirectional epitaxial crystallization on
TCB as it was shown in the literatueg §).

TCB Unit cell

Crc
’

-eratu regra

“\Fast growth direction ¢y [010]
—

.../ TCB crystal

Slow growt
directio
[100

Figure 1-1 : lllustration of the directional crydtaation of TCB from the melt. Theeaxis of
the TCB crystals grows parallel to the temperatgradient. The anisotropic growth kinetics
of the three crystallographic directions allows tfabrication of oriented platelet-like TCB
crystals with a specific orientation on the subtdra

1.2. Morphology and structure of the oriented P3HT filen

Now that the principle of the DEC method is introdd, the main morphological and
crystallographic aspects of thins P3HT films gromnsuch a method have to be introduced.
The work of Brinkmanret al evidenced very clearly the semi-crystalline chemaof P3HT
oriented by epitaxy on TCB. In thin films prepared DEC, P3HT grows into a lamellar
structure with a periodicity of around 28 nm fomalecular weight of M~35 kDa (, 5).
This lamellar structure is composed by an alteamatif crystalline and amorphous domains.
Figure 1-2shows the lamellar structure visualized by TEMha bright field (BF) mode and
a corresponding electron diffraction (ED) patteeproduced from1). The formation of the
lamellar structure can be explained in terms ofrcifi@ding and chain endings as it is often
observed in semi-crystalline polymefs §, 7). Thus, the polymer chains are well stacked and
ordered on a certain length scale forming thusctlgstalline part of the film. Chain ends and
chain folding give rise to the amorphous inter-ldarezone. This alternation of amorphous
and crystalline phases gives rise to a highly ¢ee@rand nanostructured morphology. This
nanostructuration can be used for the fabricatibisetf- organized nanostructured hybrid
materials comprising nanoparticles and P3HJ). (It has been demonstrated that the
nanoparticles are preferentially located in the igohous interlammellar zones of the oriented
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P3HT film. In order to master the structure of thdorid films, it is essential to understand
how to control the growth of thin P3HT films by tb&C method.

. Crystalline
a-axis \Xmellae
1,6 nm
Amorphous
interlamellar
\ zone

direction | PN
C a
P3HT T -1
Monomer Stacking
periodicity
0.385 nm 0,38 nm

Experimental ED )BSimulated P3HT fiber pattern

Cpan
020

R
P

002 e

Figure 1-2:(a and c): TEM bright filed (TEM-BF) image and correspondieigctron (ED)
diffraction pattern of a P3HT film grown by direatial epitaxial crystallization on TCB. The
BF image shows clearly the lamellar structure @& fitm with alternating crystalline domains
(dark) and amorphous interlamellar zones (cleateTED pattern is a typical fiber pattern.
b) schematical representation of the lamellar stanetof a semi-crystalline P3HT film and
crystallographic directions of the unit cell axe§Simulated fiber pattern for a P3HT fiber
with cP3HT as fiber axis Reproduced fréj.

1.3 Crystalline structure of P3HT

Before starting the explanation of the electronfradtion pattern obtained by
Brinkmannet al, the crystallographic directions in the crystalidomains of P3HT and the
most typical orientations of the crystalline donsaon the substrate described in the literature
shall be explained. The unit cell of P3HT as deteenh recently by Kayunkiet al (9) is
monoclinic and contains two polymer chains shifigldtively to each otheggsyr = 1.60 nm,

99



Chapter 3: Directional epitaxial crystallizationrpcess and process improvement

bpsyr = 0.78 nmCpsyr = 0.78 Nnm and = 86.5 deg). This shift is enforced by the packifg
the n-hexyl side chains crystallizing in an orthogonab scell. Figure 1-3 shows the
corresponding crystal structure of P3HT along tired crystallographic axes of the unit cell.
The definition of the crystallographic directiomsthe structure of P3HT is the following: the
c-axis refers always to the P3HT backbone direction. b¥eis refers to theet stacking
direction and tha-axis corresponds to thehexyl side-chain direction.

The electron diffraction pattern obtained by Brirdamet al on epitaxied P3HT films
was interpreted as a typical fiber pattern follogvithe work of Tashireet al (10) and by
comparing the experimental ED pattern to a simdldieer pattern of P3HT. As electron
diffraction gives only information about the in-pidiffracting planes, additional proof for
this fiber symmetry will be given iChapter 4using XRD. The ED pattern iRigure 1-2
shows on the equator the (h00) (h=1-3) reflectiomsesponding to the direction along the
alkyl side chainsdpsnr-axis). In addition, a quite intense (020) reflectiorrresponding to
the TeTt stacking directionllpsyr-axis) can be observed on the equator. Along the meridia
the characteristic (002) reflection coming from thenomer repeat unit along the polymer
chain is observed.

;%_[ :%._3 ME:
%m%"ﬁ% ki

Figure 1-3: Projections of the crystal structure BBHT along theapsyr, bpsur and Cpaur
axis of the unit cell as determined by Kayunkidle9). Reproduced fror(®).

In the literature on P3HT, most authors report thatcrystalline phase of P3HT has a
preferential contact plane on the substratie-{4. This contact plane can be either the (100)
contact plane or the (010) contact plane or in s@ases a coexistence of both. These
orientations of the crystalline domains are reféteas €dge-oi for the (100) contact plane
and as flat-on” for the (010) contact plan&igure 1-4gives a schematical representation of
theses orientations of the crystalline phase of P8hithe substrate. The resulting orientation
on the substrate depends strongly on the processimgjtions be controlled by the processing
conditions 15, 16).

In the ED pattern of DEC-oriented P3HT, the coexist of both (100) and (020)
reflections on the equator suggest either the stexte of €dge-oi and “flat-on” domains
or that the P3HT films have a fiber symmetry (othlg c-axisis defined by epitaxy). This will
be demonstrated in a later section of this chapter.
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Flat-on
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Figure 1-4: Crystallographic directions in the ctgfline domains of P3HT, and schematical
representation of the “flat-on” and “edge-on” orig¢ations of the crystalline domains on the
substrate.

The following paragraph is devoted to the technaesécription of the directional
epitaxial crystallization (DEC) method applied tBHT (1, 4). Due to its importance for the
following study, the initial DEC method will agaie presented here. Indeed, in order to grow
samples suitable for the study of optical and eledt properties, several aspects of the
original method were modified with the aim of obiag mm?2 surfaces of homogenous
oriented P3HT thin films. Therefore it is necesstryntroduce in detail the initial method
before introducing the modifications that were made

2. The initial DEC process using a Koeffler bench

Figure 2-1explainsschematically the 4 main technical steps that @distinguished
in the original DEC method}. A thin film of P3HT is prepared by drop castiisgin coating
or the doctor blade method, some TCB powder is gdaetop of the P3HT film and the
system P3HT+TCB is sandwiched between a glass ahdea cover slip and placed on the
hot part of a Koeffler bench (Temperature highentkthe melting temperature of TCB,&
63°C). Once all the P3HT is dissolved in the mof&DB, the system is moved manually
towards the cold part of the Koeffler bench. Crijiation of the TCB sets in and propagates
parallel to the temperature gradient through theefilm surface. As the TCB crystallizes a
phase separation between the crystallized TCB &htlrRakes place. The P3HT is rejected
to the surface of the crystalline TCB and can glmwepitaxy on the surface of the TCB
crystals. In order to recover the highly orientieh fof P3HT, the film is placed in a primary
vacuum (18mbar) for one night. Once all the TCB is evaporateé glass slide and the
cover slip can be separated easily and on bothrsidss a thin film of highly oriented P3HT
can be recovered.
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STEP1 ==% STEP2 =i STEP 3 == GSTEP4

Spin-coat Sandwich TCB Directional Remove cover slip

or dip coat powder between crystallization Sublimation of

a P3HT film glass slide and of F3HT on TCB TCB (primary

cover slip crystals WVacuum)
cover slip i . Oriemted PIHT film
I —— PE— I
| Glass substrate | | Glass subsirate | ’J Glass subsirate | Glass substrate
=T, T=T,,
—
TCB pawder Temperature gradient

T=T,: uniform dispersion
of P3HT in liquid TCB

Figure 2-1: Directional epitaxial crystallizatiorDEC) process as described(#).

As reported by Brinkmanat al this method allows to grow highly oriented donsain
of P3HT (, 4). Although a very high degree of orientation and @Nmity that can be
achieved in such films, this method is still faorfr being useable for future applications in
organic electronics. Moreover, further charactemrs of the films by UV-vis absorption-
and fluorescence spectroscopies and X-ray diffsaatieasurements remain problematic.

The main problems encountered for these complemeciaracterizations are:

= The inhomogeneity of the film in terms of film tkiess and in-plane orientation

» The quite poor in-plane orientation on a cm? scalhough a high degree of
orientation is observed on a scale of severalrh®,

» The thickness of the films is not controlled aneréiore not reproducible.

» This method uses glass substrates which are ndtfasdevice fabrication.

» Reproducibility of the quality of flms due to thmanual aspect of the method is
lacking.

= Growth kinetics of the films is not controlled pisgly as the process is operated
manually. The displacement of the sample in theperature gradient is estimated to
be >100um/s and thus very fast.

DEC, applied to conducting polymers is a very pduletechnique, but regarding
these difficulties, the process has to be impraneorder to make some further fundamental
studies (optical properties, X-ray diffraction, )etand to go one step further towards
applications in devices. The complete control awraducibility as well as the extension of
highly oriented domains to the cm? scale were anngaial of this thesis. Several attempts
were made to reach this point but before modifyimg method, the origin of the problems
needed to be identified.

As for most techniques dealing with thin films, theality of the finally obtained
result depends very strongly on the quality of tised substrate. Thus, the basis for a high
quality P3HT film grown by DEC, is a perfect TCBbstrate for epitaxy. The above cited
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problems are mainly due to the imperfections of @B substrateFigure 2-2 shows a
polarized optical microscope (POM) image with cembpolarizers of a TCB (without P3HT)
film grown by directional crystallization on a Kdlef bench.

TCB

Ideal situation TCB grown by directional
crystallization

Figure 2-2: a) POM image under crossed polarizers @ TCB film grown by directional
crystallization on a Koefler bend®). Note the misorientation of some TCB crystalscatdid by the
arrows and the important amount of grain boundari@sSchematic illustration of the ideal situation
and the TCB growth by DEC on a cmz2 scale. Bladsliflustrate grain boundaries

This image illustrates already two points that banmproved. First of all, many grain
boundaries can be distinguished and second, asatedi by the arrows, adjacent crystals are
not well aligned leading to a poor in-plane ori¢iota

The growth rate of TCB crystals is uncontrolled apdte fast due to the manual
translation of the sample from the hot part of Keeffler bench to the cooler part where
crystallization sets in. Moreover, no control oWlee nucleation density of the TCB domains
is achieved. In fact, nucleation and crystal groath not well separated in time and take
place simultaneously. The relatively reduced implaorientation can partially also be
attributed to the absence of a well defined in-plgrowth direction of TCB.

As mentioned before, the TCB crystals are prefakytoriented with thecrcg-axis
(creg) axis parallel to the thermal gradient and alléwst the growth of an oriented system.
However, due to the fast translation of the samglguite large number of TCB crystals are
growing from the edges of the glass slides anddimdua poor in-plane orientation. The in-
plane orientation is often already disturbed atvigy beginning of the crystallization process
of the TCB by crystals growing in a “star like” wé$ee Figure 2-2 )oFigure 2-2b shows
schematically the situation of the in-plane oriéntain the case of an ideal TCB substrate.
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The ideal situation would be to have extended [@&tike crystals and a low number
of grain boundaries. In addition, a perfect in-glamientation of all platelet like TCB crystals
is highly desired. To reach these objectives a ¢oation of two approaches is proposed

i) For an accurate control of the crystal growihekics, a motorized system for the
controlled displacement of the growth front is esis Such a system allows at the same
time a substantial slowing down of the growth kicget This allows reducing the number of
grain boundaries, by reducing the nucleation dgnsitfact, slowing down the crystal growth
kinetics allows a decoupling of the nucleation #m&lcrystal growth. Nucleation occurs at the
cold end and from there crystals grow slowly aate equivalent to the displacement speed of
the melting apparatus. A similar approach was pgegorecently for the growth of single
crystals of terthiophe by Schweicher al (17) and was also used by Baed al for the
growth of single crystals of organic molecul&s8)( At the same time, this approach allows to
reduce the number of TCB crystals growing frometges.

i) For an improved in-plane orientation, the imtuation of a guiding substrate was
chosen.

In the following, these two points will be discudsand the results on the
improvement of the TCB substrate presented. After,impact of these modifications on the
directional epitaxial crystallization of P3HT on BQvill be studied.

3. Improvement of the Method: Towards a perfect TClbstrate

3.1 Reduction of the grain boundaries: Control of theawvth kinetics and
local melting

As already mentioned directional crystallizatioms®d to prepare oriented TCB films.
TCB crystallizes from the melt undergoing a phasadition from its liquid to crystalline
state.During this transition two processes take place:rhcleation and the crystal growth.
The first step towards high quality TCB substratethe reduction of grain boundaries and
therefore the nucleation density has to be redudéds is possible by separating the
nucleation and the crystal growth. A first stepthis sense was done by slowing down the
growth rate and the introduction of an accuratetrcbof the crystallization kinetics of TCB
crystals.As seen irFigure 3-1, the translation of the sample from a hot pag twoler part is
now performed by a motorized system allowing thetia of the translation speed with an
accuracy of £0.fim/s (see Annexe 2).
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Step 1: Melting of the TCB

betw wocl | g Clean glass slide

I('ed een wo clean glass Liquid TCB Film
shides. Clean glass slide
Step 2: First directional
crystallization of the TCB 4l ciean glass siide
with _the aim to [ Crystallized TCB Film
obtain parallel TCB : Clean glass slide
crystals used as = S
seedsfor the 3

second crystallization step.

| Parallel crystal
seeds produced in
step 2

Step 3: second crystallization

using avery slow growth kinetics —
and a zone melting apparatus. f
Parallel crystal seeds L
obtainedin step2 AR 118 [T

allow to improve £ v
the in-plane

NENC €  Hot bar moving at 20 um/s (Room temperature)

Glass slide holder

Figure 3-1 : lllustration of the setup and involvstps used for directional crystallization of
TCB in a temperature gradient.

A first step in this sense was already done by Kaiguek al. (9). The motorized
system used here, allows the constant translaticheogrowth front of TCB crystals at a
speed as slow aspn/s. A speed of a few Iim/s up to a fewum/s seems to be usual for
directional crystallization of organic molecules @ thermal gradient 17—-19. The
temperature gradient used in our setup can onlgdtienated very approximately to 15°-
20°C/mm. Schweichest al (17) used temperature gradients in the same rangeaghitade
(10°C/mm and 20°C/mm). Regarding the choice of @eqaate growth rate, no important
differences in the TCB film quality were observeg ¢hanging the translation speed of 4
pum/s to 20pm/s. This is the reason why in the following the #lation speed of 2Qm/s was
chosen for reasons of time saving. In fact, it $a#@ min to grow a 5 cm long P3HT film at a
rate of 2Qum/s.

A second step to decouple the nucleation form tlgstal growth is performed by a
repeated passage in the temperature gradient.dntte= TCB is crystallized in 2 steps. The
first step is performed at a speed of 200/'s. This first crystallization generates well aligne
TCB crystals at one end of the glass slide. Thesallel TCB crystals will be used as crystal
seeds for the second slow crystallization step.sThluring the final crystallization step
performed at a speed of 20n/s, the TCB crystals start growing directly from tharallel
seeds produced during the first rapid crystall@atFigure 3-1lillustrates the double passage
of theTCB in the thermal gradient.
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The second main modification is introduced as aatliconsequence of the very slow
translation speed. In fact, at /s evaporation of the TCB during the slow transhatbwer
the 5 cm long sample occurs. This gives rise tonmbgeneous films in terms of thickness in
particular if the method is applied to P3HT as ¢bacentration of P3HT will not be constant
due to the evaporation of the TCB during the precAsso, it is not possible to produce large
areas of films (several cm?) as once the TCB ipenated; no TCB is available to form a
substrate for epitaxy. To solve this problem, tlo¢ hone (corresponding to the TCB in
molten state) is limited to a 1-2 mm broad stripbhe experimental setup is illustrated in
Figure 3-1. An exact scheme of the experimental setup is ptedein the supporting
information in Annexe 1. This experimental setup & compared to a local zone melting
method used to grow single crystals of conjugateteoular materialsi@).

The double passage in the temperature gradienthenéeccurate control of the TCB
crystal growth front improves the quality of the BGubstrate in 2 points. First, the
nucleation and the crystal growth are decoupledltiag in a reduced number of grain
boundaries. Second, as the final crystallizationhef TCB crystals starts from crystal seeds
that are already well in-plane aligned, the fimaplane orientation after slow growth is also
improved. However, to further improve the in-plam@entation, other modifications of the
growth setup are necessary. For example usingngaiar substrates with higher aspect ratios
(L/1) would help further reducing the distributiongin-plane directions of the TCB crystals.

3.2Improvement of the in-plane orientation: Introduain of a guiding
substrate of PTFE

To further improve the in plane orientation of tR€B crystals, two additional
improvements were made. These modifications aredasthe experimental setup but much
more on the choice of the right coatings for thasglslides and the choice of an adequate
geometry for the films. Regarding the geometryjgh laspect ratio of the upper glass cover
slide turned out to improve the quality of the lase orientation. To improve the in-plane
orientation of the TCB, we used 5mm x 5cm (L/I=t@yer slips. The long side (L) of the
slides was aligned parallel to the growth directiosing these high aspect ratio glass slides
allow to select the TCB crystals that grow preféigdly along the long edge (L) of the slide
as shown irFigure 3-3.The growth of the TCB crystals directed towardsl#teral edges of
the slides will be stopped at an early state reggrthe crystallization of the entire film. This
high aspect ratio is in particular very helpful tbe creation of parallel crystal seeds during
the first crystallization step (as explained above)

The second and crucial step towards a perfectangobrientation is the introduction
of an orienting substrate of poly(tetrafluoroetmg® (PTFE) obtained by friction transfer
following the work of Wittmann and Smitt2@). Figure 3-2 shows an AFM phase mode
image of such a PTFE film. The film morphology slsoavfibrilar structure with long PTFE
fibers presenting a thickness of less than 50 nhe dhain axis of the PTFE polymer is
oriented parallel to the friction direction. The MFmage shows that the coverage of the
glass slide by the PTFE is incomplete leaving adahe bare glass slide. The very high
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orientational effect of PTFE on organic molecules fbeen reported knumerous authors
(21).

Figure 3-2: AFM image of a PTFE filr
prepared by frition transfer. Reproduc
from reference (20).

For example epitaxial orientation on PTFE substrates described in thcase of
oligomers of phenylenevinyle 1), sexithiophenes 2@), poly(p-oxybenzoate) (23).
However, the role of the PTFE substrate in this kwoannot be compared to the ci
examples because the improve-plane orientation of TCB crystals grown on PTFEad
ascribed to an epitaxiaffect ol the TCB crystals on the PTFE subst. The important
aspect of the PTFE film is much more its fibrilaomhology and i particular the topograpr
of the PTFE that plays the role of guiding rails flle TCB crystals and so TCB grows alc
a preferred irplane direction parallel to the PTFE chain ction. It is so more comparable
what was observed in the case Zinc phthalocyanineon a Polycarbonate substrate
reference 44) or some dye molecules in refere(25), i.e. a graphcepitaxial effect

In the scope of the improvement of the-plane eientation of the TCB crystals,
PTFE film prepared by friction transfer is a cheapl easy way to get a micro patter
substrate that could probably also be preparedeby eomplicated and expensive techniq
such as lithographylhe combination othe use of a coverslide with an high aspect ratt
the use of an orienting substrate of PTFE allowtha fabrication of a hi¢ quality TCB
substrate presentirigrge areas of highly orienteplateletlike crystals of TCE Figure 3-3
shows a POM image of a TCB filgrown by a 2 step crystallization process withgheonc
crystallization performedat 20 um/s on a PTFE guiding substrate.ne improvement
compared to the POM image show Figure 2-2is obvious. Mich less grain boundar are
observed and the iplane orientation on a scale of several? is perfect.

Now, that the TCB substrate grown by directionaystallization shows larg
uniformity in terms of inplane orientation and a low number of grain bouiedathe metho
can be applied to the orientation of P3}
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Figure 3-3: illustration of the impact of the aspeatio on the in-plane orientation of a TCB
film and POM image of highly oriented pure TCB gnoly slow-DEC. As compared to the
POM image of TCB grown by the initial DEC metholde tlarge improvement of the
uniformity and the grain boundaries can be clearbgserved.

The influence of the improvement of the TCB sulistraill now be applied to the
directional epitaxial crystallization of P3HT on BCIn particular, we will focus mainly on
the impact of the translation speed of the growbmtf of the TCB crystals on the quality of
the P3HT films.

4. Application to P3HT

A study on the influence of the growing speed & TICB crystal growth front on the
quality of the finally obtained P3HT films was dad out. The process for the preparation of
highly oriented P3HT thin films by epitaxy on TCB similar to the preparation of highly
oriented TCB films with the difference that the @ess is started with a mixture of P3HT and
molten TCB.( Figure 6-1shows all the steps involved in the process)
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PIHT

200um/s

Figure 4-1: POM image of a 50 kDa P3HT thin filggown at 200um/ and 4um /s
respectively. The Influence of the translation sipeéthe TCB crystallization front on the
quality of the finally recovered P3HT films is dligaevidenced.

Figure 4-1shows the POM images of two films, the first groamna speed of 200
um/s and the second at a speed join/s. In the case of a perfectly oriented system witho
any orientational defect, a POM image with onehefpolarizers parallel to the polymer chain
should show a complete extinction. All clear spttat can be observed in this case
correspond to defects (mainly misaligned domaiRsy.the P3HT film grown atpn/s the
extinction is almost perfect when the polymer cha@me parallel to one of the polarizers,
except for some parts of the film that appear mdl @an be identified as the thicker parts. In
contrast to this, the P3HT film grown at 200/'s shows a multitude of orientational defects.
The growth rate plays thus an important role atsdtie perfect orientation of the P3HT. The
improvement of the orientation of the films premhe¢ a lower growth rate can probably be
attributed to the perfect in-plane orientation lod fTCB substrate. But at the same time it is
possible that these improvements are also intritzsithe crystallization of the P3HT which
has much more time to grow in an oriented and wergktallized phase in the case of a slow
growth rate.
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Figure 4-2 : Polarized absorption spectra of a figmown fast and slowly. The numbers above
the components of the vibronic structure correspdndthe dichroic ratios at those
wavelengths. The vibronic structure is better dafifor films grown with a low speed.

This hypothesis is further supported by the diffiees that can be observed in the
polarized absorbance spectra of films grown ap2@s and at 20Qum/s. Figure 4-2shows
the corresponding polarized UV-vis absorption s@ecthe absorbance in the perpendicular
direction of the polarization comes essentiallynfrthe amorphous and misoriented areas of
the sample. Comparing the absorbance of these itme grown at different growth rates,
shows differences essentially in two points. Fitts, maximum dichroic ratio observed in the
film grown slowly is higher (11.5 at 610 nm) tharat obtained for the film grown at 200
pum/s (8.5 at 610 nm). This observation is in linghwvithe results obtained by POM. Second,
the vibronic structure is better defined in thenfijrown at a slow rate (3@m/s) indicating a
higher degree of order and higher crystallinityisltthis improved vibronic structure that
underlines the influence of the growth on both, ¢hestallinity and the chain packing of the
P3HT. Due to the slower crystallization rate, ahleig degree of crystallization can be
achieved.

Below v=20 um/s no significant difference in terms of the filmadjty could be
evidenced. Thus, for reasons of time saving thedpé 20pum/s was chosen as standard and
all films analyzed hereafter were grown at v32@/s. Owing to the very slow translation
rate, the improved DEC method will be calBtbw-DEC in the following. A more detailed
description of the motorized system used is giveAnnex 3.

Although these achievements are of great importandeallow growing highly oriented films
of P3HT on a crhscale, every modification brings in new constraifisis is especially true
when the slow-DEC method has to be applied to teréifit substrate than glass as for
example SiQ

In this perspective a systematic study was perfdrinetesting various substrates such
as PEDOT:PSS used in organic solar cells or PVE asegate dielectric in organic field
effect transistors. Some other substrates suchi@mswafers were tested in view of further
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fundamental studies on the films for example byaX-diffraction and the fabrication of
organic field effect transistors.

5. Ideal substrates for uniform and extended P3HTrlis

When used in the previous configuration, two filoi$?3HT are recovered, one on the
PTFE substrate and a second on the glass sub#tsagematter of fact, the uniformity of the
recovered films is good on PTFE but poor on theslglass slide. Accordingly, different
attempts were made to improve the quality of thelP#lm on the glass. In fact, the PTFE
substrate is not very adapted due to it's highaa@froughness and because there is no use of
such PTFE films in terms of applications. In thigttar, various attempts were made to
enhance the uniformity of the P3HT film on the ogip® glass slide of the PTFE by playing
on the adhesion of the P3HT film on the substrateordingly coating this glass slide with
polymeric substrates or using flexible ITO substsavas attempted. Also transfer the method
to silicon wafers with the aim of preparing OFET&ldor performing XRD measurements
was examined.

5.1.1. Attempts on silicon substrates

The initial plan of our work was to transpose thewsDEC method to Si(100)
substrates so as to fabricate OFETS with highlerded layers of P3HT and for the
preparation of highly oriented P3HT samples for ay-rdiffraction measurements. This
approach turned out to be impossible because of¢hg high thermal conductivity of the
silicon wafers. In fact, local melting is imposs&bdnd even by increasing considerably the
temperature gradient by cooling down the cold santpblder with liquid nitrogen, the
temperature control necessary obtain local meliamgl a uniform propagation of the
crystallization front appeared to be difficult tohgeve. Not only does the thermal gradient of
the substrate plays a crucial role for the sucaégsbduction of homogenous highly oriented
thin films of P3HT, but also the adherence of 8P film on the desired substrate. The
direct transfer of the slow-DEC process to Si(180pstrates was not only hindered by the
high thermal conductivity but also by the poor adhee of the P3HT on the silicon wafer.
Thus, after evaporation of the TCB, the recovergdPfilms are homogenous on the side of
the PTFE substrate but happened to be very diseanis on the side of the silicon wafer.
The unsuccessful transfer of the process to silwafers made it necessary to develop other
solutions for the fabrication of OFETs or samplasX-ray diffraction.

Ideal substrates must fulfil two main conditions: i) @iiadherence of the thin P3HT
films i.e. better than that on PTFE. ii) the sud&s must be suitable for future device
applications and sample characterization. And st ksase in processing of the substrate is
highly desired.

111



Chapter 3: Directional epitaxial crystallizationrpcess and process improvement

5.1.2. Growth on polymeric substrates

Various polymeric substrates were chosen with tmpgse of modifying the surface
energy of the glass substrate to increase the axbeof the thin P3HT film on the polymeric
substrate. A systematic study was carried out terdene substrates allowing the fabrication
of homogenous films. For each type of substratiénts were prepared to obtain an idea of
the reproducibility. For reasons of time, it was possible to carry out a more accurate
statistics by increasing the number of films peretyf substrate. However the substrates that
turned out to be very useful during this study weften used hereafter for the sample
preparation. The reproducibility turned out to leeysatisfying although the initial study was
performed on a quite low quantity of films (only. Pl the tested polymer substrates were
deposited by spin coating on a clean glass sliétail3 about the processing procedures are
given in Annexe 4. The chemical structures of tbedupolymers can be foundkigure 5-1.

Water soluble polymers are a first choice becalieg &llow a very easy transfer from
the polymer coated glass to any other desired mibsas for example TEM grids or Silicon
wafers. Highly uniform films were obtained on hygroluble polymers such as PEDOT:PSS,
or polycyclic acid. Whereas PEDOT:PSS is also useguently in the domain of organic
photovoltaics, polyacrylic acid is interesting ority the ease of transfer of the thin P3HT
film to another substrate.

Cytop PTFE PEDOT:PSS Poly(4-vinyl-phenol) Poly(acrylicacid)
7 (PVP)

F2 F: § VN el £

S FF % IL T O-OH

- CF — CF \\ / PN I__._;'.'._ |
"/\ /\c“ #ﬁq H j P2 .ﬂ- i ‘“‘C/C\\“ -
CEs N \s/ N ~ 7 ..\'.\.. Pt H
F F/, do: ki H H n

Figure 5-1 : Chemical structure of the polymersdias substrate.

Polymers often used as gate dielectrics in orgdihed effect transistors as for
example poly(4-vinylphenol) (PVP) or the fluorindt@olymer commercialized under the
name of Cytop tured out to be very suitable to geeehomogenous thin films of P3HT.

Interestingly, the films seem to have always advesidherence and show a higher
homogeneity if the polymer substrate (or PTFE gabsy is in direct contact with the hot bar
of the zone melting apparatus (lower slide). Thiglg was also performed on 10 films per
substrate and by varying the side of the coatin§lifts with upper glass slide coated by a
polymer film and the lower glass slide coated byrBTand 5 films where the lower glass
slide was coated by the polymer film and the upgpass slide coated by the PTFE substrate).
This can probably be explained by the fact that Tl starts crystallizing from the upper
and colder glass slide. Therefore, the P3HT isctegetowards the lower glass slide where a
better adherence of the films can be observed tteevaporation of the TCB.
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In the following, all the samples were thus prepaog coating the lower glass slide
(big glass slide) with a polymer and by coating tipper glass slide (small glass slide) with
the PTFE substrate. As mentioned above a schemggiesentation of the film preparation
method is given irFigure 6-1and a step by step description with all experimestegails can
be found in Annexe 1.

51.3. Recapitulation:

Table 5-1summarized the main results concerning the inflaeat the chemical
nature of the substrates on the homogeneity oblh@ned P3HT films. Possible applications
related to the substrate are also presented. Thdy shows that the use of polymeric
substrates is definitely the most successful amifidaining homogenous thin P3HT films on
the cm? scale. The observed trends indicate thiarehydrophobic or hydrophilic substrates
generate homogenous films. For both kind of polymeatings highly homogenous films
were obtained (example PEDOT:PSS and Cytop).

Substrate Quality of the film Uniformity Possible application
glass Not uniform < mm? OFET in inverted geometry
No control of the film
PTEE thickness because of mmz
roughness of the
substrate
: Method not transferable ) , ,
Si (100) 1o silicon wafers <mm OFET, X-ray diffraction
Polyagryllc Good < mm2 Hydro-soluble: Easy transfer to
acid other substrates
Hydro-soluble: Easy transfer to
PEDOT:PSS excellent ~cm2 | other substrates. Useful for solar
cells
Cytop excellent ~cm? OFETs
P-4VP excellent ~ Ccm? OFETs
OTS treated Not uniform < mm?2
glass
ITO on PET Not uniform < mm2

Table 5-1: Influence of the chemical nature of Hubstrate on the oriented P3HT film
uniformity.
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6. The final slow-DEC process

Figure 6-1shows step by step the preparation of highly ee@dP3HT thin films by
the slow-DEC method by making use of the improveddhod for the preparation of an ideal
TCB substrate and by coating the glass slides plaieed above. The following study will be
focused on the macroscopic and microscopic morgyotd thin P3HT films grown by the
slow-DEC method. Also the crystalline order and dip#ical properties of such films will be
presented. For the TEM an XRD analysis, films wermepared on a PEDOT:PSS substrate
and transferred either to TEM copper grids or lican wafers. For optical measurements the
transparent PVP substrate was chosen.

Polymer TCB/P3HT  pTFE
. coated glass powder substrate

Step 1: preparation of a PTFE '\“ Thin PTFE film / <

substrate and deposition of Cleandil' E A
the TCB/P3HT powder  £leEa - f = —
between the PTFE Hot bar 300°C PTFE coated glass
substrate and a polymer - X = .
coated glass slide Polymer coated glass

Step 2: Melting of the P3HT/TCB %
; /

mixture between the Molten P3HT/T CB mixture

PTFE substrate and Hotbar 75°C = == Polymer coated glass
aglass slide.

Step 3: First rapid
crystallization to
obtain parallel

crystal seeds Hotbar moving at 200 pm/s

Semi-crystalline
P3HT/TCB mixture

Step 4: Preparation of an oriented / “ PTFE coated glass
semi-crystalline P3HT /
film using a zone Polymer coated glass
melting Local Meltingof ~ U ' H =

apparatus P3HT/TCB mixture Glass
4= Hotbar moving at 20 um/s slide

holder (room temperature)

/

: Semi-crystalline
§ = P3HT/TCB mixture

Hogbagumoing ot gy Local metting
a

Step 5: TCB is removed in Semi-crystalline P3HT Semi-crystalline P3HT film
primary vacuum film on PTFE

on polymer coated glass
and P3HT film
s PTFE coated glass Polymer coated glass
can be recovered

Figure 6-1 : Schematic description of the differstéps involved in the slow rate directional
epitaxial crystallization of P3HT (slow-DEC). Theopess makes use of an orienting PTFE
substrate, a controlled growth rate that allows #oiocal zone melting over a ~2mm large
stripe.
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7. DEC versus slow-DEC: In-plane orientation and lanhet
structure

The improvements achieved on a macroscopic scafgabsing from the initial DEC
method to slow-DEC were illustrated above. Heraia,were interested to understand if the
modifications of the process and more specificdily very slow growth kinetics, affect the
nanomorphology, the crystallinity and the in-plamentation of P3HT thin films.

TEM was largely used to characterize P3HT thimgilgrown by the inital DEC
method ¢, 4, 9, 26). Therefore it is interesting to evaluate the iotpaf the growth kinetics
and preparation conditions on the morphology amehtation as observed by TEM.

Figure 7-1(left) shows a TEM-BF image and the corresponding eledtitiraction
(ED) pattern of a P3HT sample prepared by the $d& methodFigure 7-1(right) shows
the TEM-BF image and the corresponding ED pattéra eample of equivalent molecular
weight grown by the initial DEC method on a Koeffleench 1). The azimuthal angular
distributions of (100) reflections of both samplesre extracted from the ED patterns. This
azimuthal distribution reflects the degree of iaf@ orientation of tha-axis in the thin films.

Regarding the TEM-BF images it can be concludeditheerms of morphology, both
the DEC and the slow-DEC samples show clearly ttesgmce of an oriented lamellar
morphology. The lamellar structure seems quite lainfor both samples but to get a more
guantitative evaluation, the lamellar periodicitiesre determined for both images from their
respective FFTs. The slow-DEC sample yields a lEmekriodicity of 35 nm vs a lamellar
periodicity of the initial DEC sample of 25-28 ni).(Therefore it seems that the lamellar
periodicity is modified to a certain extend by thgortant reduction of the growth rate. This
observation suggests that a slower kinetics favthegrowth of extended segments of P3HT
by epitaxy.

Regarding the ED patterns, they both look quiteilammat a first view. A more
detailed look reveals however significant differesicFirst, the azimuthal distribution of the
(100) reflection of the slow-DEC sample yields a HME 21° as compared to a FWHM=
37° for the sample prepared on a Koeffler benchs Tidicates a better in-plane orientation
on a microscopic scale of the P3HT domains forstber-DEC method compared to the DEC
method on a Koeffler bench. This improvement of ithiplane orientation can probably be
attributed to the improvement of the in-plane aiadion of the TCB substrate by the
introduction of a guiding PTFE layer and also byaleling the nucleation from the TCB
crystal growth.

A further difference between the ED patterns of $lwv-DEC and the DEC method
concerns the intensity of to meridional (002) reflen as compared to the equatorial (020)
reflection. Indeed, a very intense and sharp (06fgction is seen in the slow-DEC films
pointing out increased order along the chain aixecton.
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Figure 7-1 :(up) BF TEM images of a medium-Mw (20 kDa) P3HT tHim fyrown by slow
DEC and a equivalent P3HT sample grown by theahDEC method (reproduced fr¢4).

(middle) Corresponding ED patterns of the slow-DEC and Dé&&aple.(bottom)azimuthal
angle distributions of the (100) reflections.
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8. Conclusion

Highly oriented P3HT films on the cm? scale weregared by modifying in some
points the initial directional epitaxial crystakiton method as first presented by Brinkmann
et al (1). The main modifications are:

0] A controlled growth rate of the TCB crystallizatiéront achieved by the
use of a motorized translation and a significamwslg down of the
TCB/P3HT growth rate (30m/s).

(i) The use of a zone local melting technique thattérthe evaporation of the
TCB during the growth.

(i) The use of an orienting substrate of PTFE and ateqcoatings of the
glass slide to enhance the surface and homogeoieitye oriented P3HT
films.

With this improved method, highly oriented thimi# can be grown over large areas (cm?) in
a reproducible way. Such films show a very higlpli@me orientation as it can be inferred
from the high dichroic ratio of absorbance (>9 &40mm) and a well developed vibronic

structure.

TEM investigations indicate that the process aff@dso the nanoscale morphology of
the films. On a microscopic scale, an improvemdnthe in-plane orientation is observed.
Due to slower crystallization kinetics, the lamelberiodicity is higher than in films prepared
with the inital method. In the following P3HT filngrown by slow-DEC will be studied in
more detail regarding their in-plane orientatiolmycture and nanomorphology. A particular
attention will be given to the effect of the molsuveight of the P3HT.
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Chapter 4. Oriented P3HT films by slow
Directional Epitaxial

Crystallization

In the previous chapter, the slow-DEC method wasoduced and described in
detail. Herein a complete characterisation of tf8HT films grown by slow-DEC will be
presented. The main focus of this study is thecteffethe molecular weight (W on the
orientation, the crystalline order, the nanomorpbgy} and the optical properties of the films.
Therefore, X-ray diffraction (XRD), Transmissiore&lon Microscopy in the bright field
(TEM-BF), electron diffraction (ED) and high restbn (HR-TEM) mode and UV-vis
absorption spectroscopy were used. Whereas mednuahrhigh-M, samples exhibit a fiber
symmetry with the P3HT backbone as a fiber axis, lbw-M, samples show clearly
preferential contact planes of the crystalline damsaon the substrate. This is directly
reflected in the morphology of the thin films. Mmrer a clear effect of the JMon the
lamellar structure, the size and the shape of tlystalline domains as well as the degree of
in-plane orientation of the P3HT backbone was eweel. These structural differences
between the high and lowgMamples impact directly the optical propertiegha thin films.

In a first part of the chapter we will present thmin properties of slow-DEC films on the
example of medium+Msamples. In a second part the effect of thedd such films will be
studied. Finally, the impact of the structural difnces on the vibronic structure of the UV-
vis absorption spectra will be analysed.
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1. Morphology, structure, crystallinity: Example of medium-M,
sample

The film processing conditions in general and thestallization kinetics and in
particular have a strong impact on the macroscapicmicroscopic properties of thin films of
rr-P3HT (-5). Here the macroscopic and microscopic morpholtug,degree of orientation,
the crystallinity as well as the optical properties P3HT films prepared with a slow
crystallization kinectics will be studied. Partiady, the effect of the molecular weight was
investigated. But before, the main features offilngs in terms of structure, morphology and
microstructure will be presented on the exampl@2fT of medium-N, (M,,=17,6 kDa and
Mn= 13,4 kDa) sample.

On a macroscopic scale, the main improvement madeassing from the DEC
method on a Koeffler bench to the slow-DEC methothe homogeneity and the good in-
plane orientation of the films on a cm? scale. Tisnogeneity allows further fundamental
characterisations of the films via optical measwets (UV-vis and PL) and XRD
measurements. Therefore the combination of Optiealarized Microscopy, UV-vis
absorbance spectroscopy, XRD, and TEM in BF, ED ldRdmode allowed for a complete
characterisation of the studied system.

1.1 Macroscopic Morphology

Figure 1-1depicts the morphology of a P3HT film grown bywlDEC using the
POM. This image reveals clearly a very high birefringenodicating a high degree of
orientation on a large scale of several hundredsm@ Only a few macroscopic orientation
defects are visible and are mostly located in tieker parts of the films. The macroscopic
morphology shows clearly a continuous film of P3with a fibrilar morphology. The fibres
are oriented parallel to the growth directior. parallel tocrcg and thus to the P3HT
backbonecesyt. This fibrilar morphology is characteristic folnfis grown by slow-DEC. Our
observation showed that the higher the concentratid®3HT in TCB, the more this fibrilar
structure is developed. This is particularly troe thick P3HT films grown by slow-DEC (>1
wt% P3HT in TCB). The fibrilar aspect of the films mainly developed in the thicker parts
of the samples. Further support for this is obwifieem the TEM-BF image and the
corresponding section profile of the image (§égure 1-2. Indeed, thickness fluctuations
result in different contrast in the TEM-BF imag&Xarker zones are thicker. The section
profile of the BF image reflects the strong fludtoas in thickness of the films. The lateral
thickness of the fibres was estimated from apprexahy to 20-120 nm. These values depend
however strongly on the sample and are sometimégull to evaluate due to the
superposition of several fibres.
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100pm

Figure 1-1: Morphology of the P3HT films orientday slow directional epitaxial
crystallization in TCB as observed by POM. The arindicates the direction of the ¢ axis of
P3HT macromolecules. The crossed arrows indicaeotientation of the two polarizers.

The TEM-BF image and the corresponding sectionilpratveal clearly that the
fibrilar structure is particularly developed in ttrecker part of the filmsi.e. the parts of the
films where the P3HT concentration in TCB was tighbst before the crystallisation. In the
thin parts of the film the sample shows a quite bgemous film-like morphology showing a
clear lamellar structure. The lamellar structuralso present in the fiber-like phase of the
film but in these parts the lamellar structure isrendifficult to observe due the quite high
thickness of the film. Therefore it is difficult [grow thick P3HT films with a low surface
roughness.

The origin of this fibrilar aspect of the film cdme explained by the processing
method. In fact, the presence of P3HT disturbspthtelet-like crystal growth of the TCB. In
the case of the growth of Shish-Kebab fibers imlaent mixture TCB/pyridine, it has been
shown that the lateral growth of the TCB crystagyendicular to thercg axis is impeded by
the sheathing of the TCB crystal by oriented ep&@®3HT 6). This results in needle shaped
TCB crystals instead of platelet-like crystals. S&ffect is similar to a poisoning of the lateral
growth of the TCB crystals by the layer of epitakE3HT. A similar effect may take place in
the case of slow-DEC if the concentration of P3HIT TICB is high. The higher the
concentration of P3HT, the more the needle-likestatygrowth of TCB is favoured resulting
in a fibrilar morphology of the final P3HT film.
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BF image contrast

Figure 1-2: (left) TEM-BF image to illustrate thébirilar morphology of a medium-M
sample. The fibrils have a lateral extension ofragpnately 20-120 nm and are separated by
a thin film morphology where the lamellar structucan be clearly distinguished. The
periodic character of the lamellar structure is &ty seen in the FFT of the BF image (inset).
(right) Section profile along the indicated liné appears clearly that the fibers constitute the
thicker part of the film and are the main factor fbe high surface roughness.

1.2 Structural analysis by GIXD : preferential contagtlane versus fiber
symmetry

The question coming up at this point is whether tfecroscopically observed fiber
morphology implies a fiber symmetry from the crjlgte point of view. A fiber symmetry is
such that only one crystallographic direction igeoted on a large scale (fiber axisyr)
whereas the two other directions are isotropicadiégributed in the plane perpendicular to the
fiber axis. In the particular case of P3HT growndhyw-DEC, a fiber symmetry means that
all P3HT chains gpsur-axis) are oriented in the same direction whereasathgr and the
bpsyt axis show an isotropic distribution in the plamegendicular t@pzyr. This implies that
there are no preferential contact planes of thetalljne domains of P3HT on the substrate.
2D GIXD measurements can give a good insight orotientation of the crystalline domains
on the substrate. But before discussing the XRDIt&she scattering configurations used for
the measurements will be described.

1.2.1. Scattering geometries

GIXD- measurements were performed at the ESRF sgtrom in Grenoble and at the
ANKA synchrotron in Karlsruhe to analyze the crilsigraphic orientation and structure of
the epitaxied P3HT and hybrid films. The samplesdBD measurements where prepared on
glass slides coated with a hydrosoluble polymer OD®OE:PSS). The entire film was
transferred to a silicon wafer by floating the séeangn water and recovering the film on a
silicon wafer. This operation was necessary agecdgrowth of the film on Si wafers was
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unsuccessful (see Chapter 3) and to avoid a laagkgbound scattering of the amorphous
glass substrate. In addition, this procedure gooesparable films to those observed by TEM
as these films were processed in the same wayezmodered on TEM copper grids. The XRD
measurements were carried out with a point detettarwavelength of= 1.24 A at ANKA
and with a 2D and point detector at a wavelength=00.59 A at the ESRF. The foot-print of
the beam was around ~ 3cm along the beam direatlowing a statistic and macroscopic
analysis of the thin film structure. Note that thesattering configurations were used for all
XRD measurements presented in this thesis.

a) Point Detector

gL Configuration (q,, Configuration

b) 2D Detector ay
qOUt

/]

ag

Figure 1-3: (a) Scattering configurations used for the GIXD measegnts with the point
detector. (b) Scattering configurations used with the 2D detectp is defined as the
scattering vector perpendicular to tleesyr direction andg// is defined as the scattering
vector parallel to thepsyr direction and they,,; vector is along the sample’s surface normal.

Both, 1D and 2D measurements give complementagyrmdtion. 2D maps are well
adapted to give a rapid view of the preferenti&mation of the crystalline domains on the
substrate (fiber symmetry, etc.). However, the darthe scattering vectay, the more the
scattering geometry departs from a r@20 configuration. Therefore, 1D scans in tée
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20 configuration are essential to provide more quatitié information on the orientation. The
different scattering configurations used for theDXReasurements are depicted-igure 1-3
(a) for the linear scans, and igure 1-3 (b)for the 2D maps. With the 2D detector, the out-
of-plane information is recorded on the verticalsaaf the detectorg,,) and the in-plane
information on the horizontal axis (ségure 1-3. We have mainly used two geometrical
configurationsq // Gyt andq L cpayt. In the following, we use the labejs andg. for these
two configurations respectively. The scatteringteeout of plane is labelegl.

Beside the linear scans and the 2D maps obtaimetthdéawo configurations depicted
in Figure 1-3 we have also performed omeda) (scans on specific reflections e.g. (33Q)
in order to quantify the azimuthal distributiontbe crystal orientation€ = 0° is defined as

g L cpapt andQ = 90° is defined asg) // Goanr.

1.2.2. 1D and 2D GIXD measurements

Figure 1-4shows representative 2D GIXD maps at differergraations of the sample
(differentQ angles) for a slow-DEC mediumMsampleFigure 1-5shows the corresponding
linear scans.

For Q = 0°, the 2D map displays several continuous Seheimgs corresponding to
the reticular planes (h00) (h=1,2,3). An additional corresponding to the-Tt stacking
(020) reflection and the (102) reflection can beady seen. As expected from the 2D map,
the linear scans correspondingdg: and g+ display the characteristic (100) and the (020)
reflectionsFigure 1-5.

Upon turning the sample around tlf& angle, the Scherrer rings progressively
disappear at the expense of sharp reflections dlwewy,,: direction. The disappearance of the
(h00) and the (020) Scherrer rings upon turningséa@ple around supports the high in-
plane orientation of thepsyr direction as evidenced previously by POM. Thisasebur is
consistent with what is expected when a fiberlisditowards the incident X-ray beam. For
Q = 90°, only reflections along the,, direction are observedin particular, there are no
reflections visible along thg// direction.

* Note that the intensities for the differetare not comparable due to the high aspect ratio of
the sample. In fact, the footprints of the beamttus sample are different and accordingly different
sample surfaces are scanned. This makes the campafi intensities difficult.
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Figure 1-4: Representative 2D GIXD maps obtaingdditferent 2 angles. The insets show
the configuration of the measurement.
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Figure 1-5: GIXD linear scans for various scattegi configurations of a 17.6 kDa P3HT
sample. The insets show schematically the usedycoation.

As opposed to this, the more sensitive linear seaidences a characteristic (002)
reflection of the monomer repeat unit in tif¢édirection. The absence of this reflection in the
2D map is presumably due to the scattering geometrich is too far from the Bragg
condition at the scattering angle of the (002)ewfbn. The observation of the (002)
reflection in the linear scan is remarkable a®itesponds to the periodicity of the monomer
repeat unit in the polythiophene chain which camallg not be observed in non oriented thin
films. Indeed in the later films, the (002) refiect overlaps with the very intense (020)
reflection i.e. the Testacking period. Presumably, it is also the higlyrde of order and
crystallinity that allows for the observation oktf002) reflection. In fact, statistical stacking
disorder along thepsyt would induce a disappearance of this reflectiore Tdw degree of
stacking disorder in slow-DEC films can presumdi®yascribed to the preparation method of
epitaxied layers. For P3HT films grown by slow-DEGe in-plane orientation afpzyt IS
enforced by the 1D epitaxial relation of P3HT onBl'(2crcg = Cpaut). Therefore the TCB
substrate imposes the positions of adjacent P3Hinstallowing a perfect 3D crystallization
of the P3HT with a low degree of statistical stagkdisorder compared to other systems (by
spin coatingetc). This low degree of stacking disorder in epikakP3HT layers accounts
for the observation of the (002) reflection.

From the linear XRD scans, the sizes of the chystadomains were extracted by
using the Scherer formula. These results will lsEuised in a later section in parallel with
the results obtained by HR-TEM.

Regarding again the 2D GIXD maps, the observatibma oing pattern forQ = 0
indicates that the diffracting planes do not hay@eferential orientation with respect to the
substrate plane. In fact, as illustratedrigure 1-6the ap3t andbpsyr axes are isotropically
distributed around the preferential chain axisatiom in the planedesyr). ED measurements

129



Chapter 4: Oriented P3HT films by slow-DEC

of the oriented films suggested a fiber pattern ciwhis confirmed by the GIXD
measurements: The typical fingerprint of a fibeitgra is the observation of Scherrer rings at
Q = 0 with an isotropic intensity. This ring pattetisappears progressively when the sample
is rotated around the film normd&R{scan).

g tao

4

Figure 1-6: Schematical representation of a crylsigdaphic fiber of P3HT. Only thepsur
axis is oriented whereagsyr and bpzyr have an isotropic distribution arounchsyr. Note
that this representation is only a schematic ilasbn and no information can be given about
the orientation of two or more successive crystallilomains.

To the best of our knowledge, this is the firstdevice of the observation of a fiber
symmetry in a P3HT system. In fact, most authoponepreferential contact planes: either
“edge-on” or “flat-on”. The “edge-oi orientation is most widely observed—<10. A
preferential €dge-on” orientation leads to (h00) reflections mainly laoad along thegout
direction. Even oriented P3HT (M= 64 kDa) films prepared by epitaxy on TCB on SiO
substrates, do not show a fiber symmetry as regdste Jimisonet al. (11). The authors
reported a coexistence dfdt-on” and “edge-ofi orientation of the crystalline domains with a
majority of “flat-on” contact planes but did not observe a fiber symynédiney claimed that
within a fiber, one preferential contact plane igimtained until at some point, a perturbation
of the crystallization process leads to a changeheforientation of the crystallites. The
preferential contact plane observed by Jimisbal may possibly be induced by the use of Si
(100) substrates. For the slow-DEC samples prepartd®REDOT:PSS, we could not evidence
any preferential contact plane for the mediug-#ample. In contrast to the here observed
fiber symmetry, in the next section, we will shomat low-M, samples grows with a few
preferential contact planes on the substrate. &umgly Shish-Kebab fibers which are grown
by epitaxy on TCB in presence of a small amountyidine have also shown a preferential
“edge-of orientation on a glass substra®.(The same preferential (100) contact plane was
reported for thin P3HT films epitaxied on an aromasubstrate of potassium 4-
bromobenzoate (K-BrBz)1@). The ‘edge-ofi orientation is in fact the most common
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orientation for thin films of P3HT processed frorarious solvents by classical deposition
methods such as spin coating, drop casting, 8tl(. In a later chapter of this work the
“edge-on”orientation was also obtained for thin films dafess by the Doctor blade method
from a solution in chlorobenzene (see Chapter &)y @ery few authors reported #8dt-on”
orientation of the crystalline domains in P3HT thiims. Recently, such aflat-on”
orientation was also reported on strain aligned P2 O’'Connoret al (13). “Flat-on’
orientation was also obtained on OTS treated,Ss0bstrate and explained byH
interactions between the thienyl backbone beaheg tsystem and the H atoms of the OTS-
SAM end groups14, 15). In a later part of this work, we will show thatpreferential flat-
on’ orientation of P3HT can be enforced by mecharnighbing.

What is not clear at this point is how to recontlile fiber symmetry evidenced in the
slow-DEC sample with epitaxial growth that impli@greferential contact plane between the
polymer and the TCB substrate. Our assumption & th few P3HT domains at the
P3HT/TCB interface are oriented by epitaxy and gmés preferential contact plane. These
domains are sufficient to induce a preferentigbleme orientation of the whole sample. But
the preferential contact plane is not maintaingdugh the entire film thickness and is lost
after a few layers of well epitaxied P3HT.

The observed fiber symmetry makes the here predeystem peculiar in the sense
that no preferential contact plane could be eviddrand an isotropic distribution of thgsyr
and bpsyr directions can be observed whereas diygr direction is strongly aligned as it
could be evidenced by POM and by the anisotropfienX-ray diffraction pattern probing the
sample with thejL or g, to the polymer backbone.

Although no electrical characterisations on sudimdiwill be presented here, it is
interesting to have a look on how this peculiaefisymmetry could influence the electrical
properties of the slow-DEC thin films. For trangponeasurements in the direction
perpendicular to the substrate as for examplearctse of photovoltaics, a preferentiit-
on” orientation would be more suited because thatstacking direction would be
perpendicular to the substrate. For OFET measuresnibis system is quite adapted as the
chain axis is highly oriented in the plane as itldobe observed by POM and the XRD
Q-scan. Electrical measurements on samples prepgredsimilar method than DEC were
performed by Jimisost al. and a charge transport anisotropy comparingrémsport parallel
and perpendicular to the chain axis of a factd@2®Was evidenced. ().

The GIXD measurements performed on a P3HT film groby slow-DEC
demonstrate that the sample has a fiber symmelry.fiber axis is the chain axis of P3HT
(Cpant). In the following the thin P3HT films grown by sloEC will be analyzed on a
microscopic scale by means of TEM.

1.3.Shape and size of the crystalline domains

Polarized optical microscopy and GIXD measurememsbe the sample on a
macroscopic scale (mmz23-cm?) yielding a statistigalv on the alignment and orientation of
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the samples. In the following, the slow-DEC samdkall be probed by TEM on different
length scales,.e. from the meso-scale (bright-field) to the molecwdaale (diffraction and
high resolution).

High resolution TEM (HR-TEM) measurements are pat#rly adapted for the
visualization of the nanomorphology as they allastidguishing crystalline and amorphous
areas. HR-TEM gives directly access to the dimerssaf the crystalline domains and to the
chain packing in contrast to other indirect methadsh as XRD. Information about the
packing defects and an estimation of the crys&lliomain sizes can be obtained by statistical
analysis of the HR-TEM images. In addition, the einsions can be observed along different
directions (stem lengthcgsyt) and side-chain directionagsyt)). Such an analysis was
performed on the HR-TEM images of the slow-DEC das\prhe extracted numerical values
were compared to their counterparts extracted tlmrlinear XRD scans presented in section
1.2.

Figure 1-7shows a HR-TEM image of a mediumgMIlow-DEC sample. This image
confirms clearly the presence of a lamellar stmectiormed by alternating crystalline and
amorphous domains. The crystalline domains areosnded by yellow lines for visibility.
The contrast in the HR-TEM images arises from thermation of sulfur-riche stacks of
polythiophene backbones and layerswdfexyl side chains. The HR-TEM image shows thus
areas of tightly packed stacks of P3HT chains sgedrby ~1.65 nmagsyr). The stack of the
P3HT chains must be rigorously oriented perpendrda the film substrate to be observed by
HR-TEM. Any mis-orientation will result in a lossf @ontrast in the HR-TEM image.
Accordingly, HR-TEM allows visualizing the semi-stglline structure only in those areas
where the crystalline domains showflat-on” orientation which represents only a fraction
of the film’s surface given the fiber symmetry esided by XRD.

Two characteristic dimensions of the domains wesemated from the HR-TEM
image. The average stem lengitherm i.e. the extension of the domains in gy direction
was determined by performing statistics on sevierabes and on ~ 250 stems. The extension
of the domains in thapsyr-axis directionL , was performed by counting the number of stems
per domain.
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Figure 1-7: Low dose HR TEM image of the mediugn$ample prepared by slow-DEC. The
alternation of crystalline and amorphous domains te clearly observed. The yellow lines
encircle the crystalline domains separated by arhoys interlamellar zones.

Due to the fiber symmetry of the films, the obsedrvdimensionL, has to be
considered with care. There are two possibilit{@sL 5 corresponds to the intrinsic lateral
dimension of the crystalline domains (e observed ,is limited by a change of orientation
of the crystalline lamellae with respect to thenfdurface (stacks are no longer oriented along
the normal to the film plane). Accordingly the maasl values of ; are a lower limit to the
intrinsic lateral extension of the crystalline donsa

The results of the statistical analysis performedi® HR-TEM images are displayed
in Table 1-1 For means of comparison, values obtained by Brarknet al on a P3HT film
prepared by the initial DEC method on a Koefflendte are displayed4). The domain sizes
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extracted from the linear GIXD scans presenteche frevious section are also displayed.
From the width of the reflections of the linear ®IXscans, an approximate size of the
crystallites can be estimated using the Scherrenéia.

X—
Contour LStem(()-Ir-EM) La('(l')IEM) 6(02'3;3'
M., M, | PDI Length 6X_ray SX_my (nm)
CL (nm) (002) (100) (extention in
(nm) BpsrT)
HR-TEM
DEC from | 188 | 11 | 1.7 14 9 10-20 stems .
(4)
HR- TEM 13+4 nm 19+7 stems Not accessible
176 | 134 | 15 15 b
Slow-DEC Equivalent t!33 | Equivalentto | bY HR-TEM
monomer units ~ 29 nm
X-ray 10+£2 nm 19+4 nm 10£2 nm
monomer units ~13 stems | —26Testacked
chains

Table 1-1: Size of the crystalline domains as meteed from statistics of the HR-TEM
images and from the linear scans of x-ray diffragtmeasurements by the using Scherrer
formula for the M=17.6 kDa sample. As comparison the values obtanyeBrinkmann et al.
from HR-TEM measurements are displa{@d

Despite the limited statistics in the case of HRM['Eand the approximations involved
in the use of the Scherrer formula, the valuet pandL m extracted from HR-TEM and
XRD compare quite well. This shows that the sanpleomogenous on large scales and the
small explored area of HR-TEM measurements is sgmtative for the entire sample surface
of several cm>.

The lower domain size obtained by the X-ray measerds can be attributed to
crystallization defects as they could be evidenoedthe HR-TEM images. In fact, the
coherence length of the X-rays is very sensitiveléects in the crystalline structure. HR-
TEM images reveal several kinds of such defectshasvn inFigure 1-8 Orientation defects
within one crystalline domain such as a curvatidrde chain or splay defects were evidenced
(Figure 1-8 a and x Orientation defects originating from grain boarids can be observed
(Figure 1-8 b).In addition, stacking defects within a single cajlste domain as seen in
Figure 1-8 dwere observed. Indeed, there is a characterisgsgdb contrast inside the domain
which hints at a typical dislocation defect. Stackdefects such as splays and dislocations
are evidence for the plasticity of the P3HT crystdlis plasticity is related to the alkyl-side
chains that can accommodate the local packing nt imposed by the-stacking of the
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polythiophene backbone. It was shown that suclttsiral defects have a direct impact on the
charge transport properties of the filmi4)(

The magnitude of the mis-alignment between neighbananocrystals was estimated
from the HR-TEM image to ~ 25°. In fact, as seeavjpusly from the ED (see Chapter 3),
the azimuthal distribution of the (100) reflectioas a FWHM of ~ 21° which is similar to the
mis-orientation of thepsyt in the domains observed by HR-TEM

Figure 1-8 : Various defects observed in medium laigth-M, samples(a) curvature defect
b) mis-orientation due to a grain boundarg) splay defec{d) Stacking defect. The yellow
lines are a guide to the eye.

2. The effect of the molecular weight

After the full characterization of the mediumzMample, we will now focus on the
impact of the N, on the morphology, structure and orientation & BBHT films grown by
slow-DEC. Indeed it is well known that the orierdai morphology and crystal structure of
P3HT depends on the JMwhich controls the occurrence of chain foldirgy 4, 16-19.
Therefore it was for example important to study itifeience of My, on the formation of the
lamellar structure with the aim to determine @ & P3HT that allows the fabrication of well
nanostructured and organized hybrid materials. drtiqular, the amorphous interlamellar
zone must be large enough to host inorganic nastaisyTable 2-1collects the molecular
weight data of the different samples used in tbiien.
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M (kDa) | M, (kDa) PDI Preperation method
Low My, 6.1 54 1.13 Synthsized by McCullough Method
Low My, (1) 7.9 7.2 1.08 Soxhlet extraction
Medium M, 17.6 13.4 1.3 Merck, as recieved
high My, 50.1 26.2 1.9 Merck, as recieved

Table 2-1: Macromolecular characteristics of the HA3 samples of various molecular
weights used in this section.

In a first part, we will study the structure andeatation of a low-N, sample. After,
we compare it to that observed for high and medMignsamples. This study rests on TEM
(BF, ED, HR-TEM) and GIXD measurements. The stradtstudy will be followed by the
investigations on the optical properties of the P3Hns vs M,,.

2.1 Effect of M,, on the structure and orientation

2.1.1. Low-M,, P3HT (M,,= 6.1 kDa)

2D GIXD measurements were performed at the ESRiR@nsame configurations as
explained in the previous section ($a@gure 1-3 on a low-M, P3HT film.

Figure-2-1 (afigure 2-1 shows the 2D GIXD pattern of the low-Bample in theL
configuration. At a first glance, this pattern slso& much larger number of reflections as
compared to a medium-Msample Figure 1-5, suggesting a higher overall crystallinity for
the low-M, sample. The XRD pattern shows following remarkafdatures: (i) (h00)
reflections are mainly located on the equatp),((ii) intense (h20) and (020) reflections are
on the meridiand,y). Besides these dominant reflections, additiomesocan be identified.
For instance, along theo. direction one can observe the (002) and the ((RUY)
reflections. These characteristics make this satogbehave differently from the mediumzM
sample. It does not behave like an oriented filgrshows rather a preferential orientation of
the P3HT crystalline domains on the substrate.
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Figure 2-1:(a) 2D GIXD pattern of a low-l sample in thep configuration 2= 0°) (b) 2
GIXD pattern in theg// configuration(c) the calculated fiber pattern with fiber-axagsur (d)
linear GIXD scans in thg// andg. configuration.

In order to understand this diffraction patternpthging a multitude of reflections, a
look on what has been reported so far on the @iemt of low-M, samples prepared by DEC
shall be helpful. In fact, for low-iM samples, various orientations (contact planesphef
crystalline domains on the substrate were repgutediously @, 4, 20). Figure 2-2 shows a
schematical illustration of these orientations.

For very thin films, Brinkmanret al reported P3HT lamellae with standing P3HT
chains,.e.a (001) contact plane of the P3HT crystalline dosand in the same workflét-
on” crystalline domains were also observied. & (010) contact planed)

In a more recent work, Kayunkiet al. observed domains having tkeaxis tilted by
45° to the substrate plan20j. Therefore, for low-N} samples, the coexistence of these three
preferential orientations was reported. Thus, in-M,, samples prepared by slow-DEC, one
can expect to have the coexistence of the (01@),(@61) and the (011) contact planes in
various proportions. Evidence for standing cha{f91) contact plane) in the sample can be
obtained from the presence of the (002) reflectiothe goy: direction on the 2D map. The
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presence of the-stacking (020) reflection in thge, and the (hOO) reflection in thg.
direction accountfor the presenceflat-on” domains ((010) contact plane). Both, the (010)
and the (001) contact planes can be explainedrinstef 1D epitaxy. Indeed, it was shown
that 1 D epitaxy on TCB leads bpsnt// Creg Or Cpant // Creg because the length of thesyr
and cpsyt axes are very close to 2ctcg (4). As yet, the tilted orientation ((011) contact
plane) of crystalline lamellae is not understoczhdly.

/\8
= B
b ] 2\
) b
g C
- (001) contact plane (011) contact plane (010) contact plane

Figure 2-2 : Schmatical representation of the ota&ions of the crystalline domains on the
substrate in the case of the lowyBample.

The common point between the three populationsiehted domains is the in-plane
orientation of theapsyt L Crcg. This makes the diffraction pattern of the whaodenple to
behave almost like a fiber pattern with Hygyr as fiber axis.

Figure 2-1cdepicts the calculated fiber pattern wahksyr as fiber axis using the
crystal structure of Kayunkiét al. (20). The calculated pattern accounts very well fa th
main features of the observed diffraction patteespecially the “doubling” of some
reflectionse.g (220) and (202). The fact that some of the réfdes observed in the
simulated pattern are not visible in the experiraepattern (for example the (011) reflection)
can be ascribed to the fact that the oriented fdm$ot exhibit a true fiber symmetry around
apsnyt but the crystalline domains adopt mainly thredgyemntial orientations.

The fact that P3HT domains share a common in-piaieitation of theapsyr-axis is
further supported by both, the linear scans diguaagFigure 2-1dand the 2D scan in thg/
direction shown irFFigure 2-1b Indeed, the equatorial (h00) reflections seer{¥er 0° have
almost disappeared in the 2D scan b= 90°. Only, a continuous Scherrer ring of weak
intensity can be observed for the 100 reflectiohisTlater observation points at a small
fraction of non oriented P3HT domains.

Regarding the linear scanBigure 2-1d, the situation changes a little from what is
observed in the medium-Msample(Figure 1-5. In theg. configuration the (h0O0) reflections
are very intense and very sharp for h=1,2,3 indigaa high crystallinity. The presence of the
(h00) reflection in theq, configuration confirms the presence of a small yagion of
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domains which is not oriented as already seen ftem2D diffraction pattern. Regarding in
particular thisg, scan compared to the mediumyMample, many more reflections can be
observed around = 15 nm'. The presence of these reflections reflects thexistence of
various contact planes. As for the mediung-8&mple, the size of the crystalline domains was
extracted from the linear XRD scans. These result®e discussed in parallel with the data
from the HR-TEM in section 2.3.

Figure 2-3shows a TEM-BF image of the lowyMsample. The ftat-on” oriented
crystalline domains ((010) contact plane) appeada% lines whereas the tilted domains
((011 contact plane) appear as light gray domdihs. differences compared to the medium-
My, sample are conspicuous. In fact, no fibrilar motpgy can be observed in the case of the
low-M,, sample. This is in accordance with the absencdibkasymmetry wherepsyr is the
fiber axis.

To conclude, the slow-DEC P3HT films of lowgMhow the following orientation features:

0] A high in-plane orientation ddpsyt L t0 Crcg With crystalline domains having
different preferential contact planes (010), (0849l (011).
(i) A small fraction of non oriented domains with a plawvlike-pattern.

2.1.2. High-M,, sample (M,= 50.1 kDa)

From the point of view of the orientation we hawidenced clear differences between
the low and the medium-jyisamples. We now focus on a highyBampleFigure 2-3 (right)
shows the 2D maps fay, (2=90°) andg. (Q=0°). The 2D GIXD measurements of the high-
My sample show a similar evolution of the diffractipattern as observed for the medium-
Mw. ForgL (Q=0°) we see two intense rings attributed to thed)lhd the (020) diffracting
planes. These rings disappear and the patterragisphly reflections in the, direction for
(Q = 90°). These measurements show clearly that the-Mi, sample has a similar fiber
structure as the mediumyMsample wherepsyr is the fiber axis. The diffraction patterns of
the high and medium-Msamples are very similar apart that for the high-9dmples, the
reflections seem to be broader. This is in pardicuisible as the (020) and (102) reflections
cannot be distinguished in the highyMample in contrast to the mediumyMample. As
proposed in earlier studies, the crystallinity adBH¥ samples tends to decrease with
increasing M, which translates into a broadening of the refteti@).
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Low M,,

Figure 2-3: (Top) TEM- BF images of a low and hidly-sample (middle) 2D GIXD pattern
of a low and high-M sample the scattering vectqrcesyr, (bottom) 2D GIXD pattern of a
low and high-M, sample the scattering vectqicest. FOr means of comparison the results
of the low-N, are redisplayed.

The linear XRD scans of the highgMFigure 2-4 are very similar to the ones
observed previously for the mediumzMample. In they// configuration no traces of (h00)
reflections can be observed indicating a high degrein-plane orientation of the samples.
The g1 and gy Scans are quite similar due to the fiber structlyserved previously. This
high degree of orientation is further confirmedthg very low angular distribution observed
by performing a rocking curve around the (100)eetibn in the plane. For some of the best
samples we managed to observe FWHM $09 the (100) reflection. This result is similar to
that obtained by Nagamatstial. for friction transferred P3HT. However, the epitaklayers
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show a much higher crystallinity as compared tctitsh transferred films21). The fiber-like
symmetry of the high Msample evidenced by GIXD is further supported by fibrous
morphology of the samples observed in the BF Esgere 2-3.
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Figure 2-4:(left) X-ray diffractogram in various @d configurations high-MP3HT sample
(right) corresponding rocking curve around the lifiplane reflection, a FWHM ~ 9°.

To summarize the effect of the Mon the orientation of the P3HT films grown by
slow-DEC, two main points can be emphasized fandigrown by slow-DEC: (i) for the high
and medium-N a fiber symmetry (withcesyr as fiber axis) and a corresponding fiber-
morphology was evidenced. (ii) The lowgMamples show the coexistence of specific contact
planes having a common in-plane orientation ofakgr axis. These important differences
are illustrated irfFigure 2-3

2.1.3. Effect of M,, on the degree of in-plane orientation

As it could be seen, M has an important influence on the structure aral th
preferential contact planes of the crystalline dms@an the substrate. As our aim is to obtain
thin P3HT films with the best possible in-planeeotation, the effect of lylon the latter was
studied by ED measuremenisgure 2-5shows the ED patterns for a low, medium and high-
Mw sample and the corresponding azimuthal distiamst of the (100) reflection. Again, the
ED patterns and the FWHM of the azimuthal distiitng are very similar in the case of the
medium and high-M samples. These two patterns correspond well tbes pattern. Indeed
on the equator we observe (hk0) reflections whetleaq002) reflection is observed on the
meridian. As opposed to this, for the lowgMample, only the (h00) reflections are observed
on the equator indicating a preferential orientatf the apzyr axis for all crystalline
domains.
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Figure 2-5: ED patterns of respectively a low, med and high-N, samples and the
corresponding azimuthal distributions of the (10&f)ection.

In order to compare the degree of in-plane origriadf the different samples, we
have extracted the azimuthal intensity profilehad {100) reflection from the ED patters (see
Figure 2-5. The medium and high-M samples exhibit similar FWHM.e. 21° and 23
respectively. As opposed to this, the lowyBamples have a larger distribution of the in-plane
orientation (FWHM = 37°). We attribute the lowergdee of in-plane orientation of the low-
M,, samples to the coexistence of several contactepldor the crystalline domains. An
additional reason for the apparent lower degrem-plane orientation of the low-MP3HT
films is related to the existence of P3HT domainighva (001) contact plane (standing
chains). Indeed, since the unit cell of P3HT is nwimic with y= 86.5°, thea pa7 axis does
not lie strictly on the equator, but slightly oftia by a few degrees.

2.2 Effect of M,,on the lamellar structure and periodicity

2.2.1. TEM observations

In this work the lamellar structure is a very imjaoit issue, as the aim is to use this
lamellar structure for the fabrication of highlydered and nanostructured hybrid thin films
comprising P3HT and CdSe nanocrystals. In factninann et al showed that the
nanocrystals are rejected into the amorphous artesllar zone labelled in the following AlZ
(22). Therefore, a well defined semi-crystalline stane with large AlZ that can harbour the
NCs is necessary. The fabrication of such hybrid titms will be discussed in a following
chapter (Chapter 6). Here we focus essentiallyhenM,-dependence of the lamellar period
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(one amorphous + one crystalline) which is depicted-igure 2-6 The total lamellar
periodicity shown irFigure 2-7was determined from the BF-images by FFT.

-

with
increasing molecular weight. The lamellar structubecomes fuzzier with increasing
molecular weight. The insets show the corresponBifgs.

from FFT
w
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Figure 2-7: Evolution of the Iamellarg,' 25 ]
periodicity as determined from the BFg 5] ]
images with increasing MAs comparison, g ]
the calculated contour lengths (CL) arg'; 10 ;
displayed. The  observed Iamellag 5]
periodicities L go from 10 nm for lowM

up to 46 nm for high-Msamples. 5 10 15 20 25 30

M, (kDa)

The BF-images show the crystalline lamellae inftren of dark stripes and the AlZ
appear in light gray. The evolution of the lameB#mucture with increasing concerns: (i)
the ratio crystallinlamorphous, (ii) the total lamellar period L (oneystalline + one
amorphous), and (iii) the aspect ratio of the aljisie lamellae.

For the low-M, sample, the lamellae are tightly packed underlirtimg absence of
extended AlZ. In addition, crystalline domains garticularly extended in the direction
perpendicular to thepsyr direction. Moreover, for the low-lVisample, the lamellar period
deduced from the FFT of the BF images matches quité the calculated contour length
(CL) of the P3HT chains (Gdw ~ 10 nm by correcting Mwith the factor accounting for the
overestimation inherent to GPQ3). This suggests that the chains of low-NP3HT
crystallize in extended form. From the point ofwief hybrid layers, this implies that low-
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My, samples are not very suited for the fabricatiorysrid thin flms because of the very
narrow AlZ that will not be able to harbour CdSenmparticles. In addition, low-WMP3HT
samples have poor film-forming ability and weak heatcal tenue.

For the medium-) samples, the AlZ become predominant. Moreover, tttal
lamellar period L increases substantially with @asing M, (seeFigure 2-7).1t goes typically
from L~10 nm for low-M, up to a value of L ~ 46 nm for highMThe extension of the
lamellae perpendicular to tlwpsyr direction seems to be much shorter for high-damples
than for the medium molecular weight. In the high-8&mple grown by slow-DEC the shape
of the crystalline domains seems in some casessalon@ular and the aspect ratio is much
reduced compared to the medium and lowg9dmples.

2.2.2. Discussion

The remarkable result obtained on the films grownslow-DEC is the very large
lamellar period of ~40-47 nm for the highyMamples. This is specific to films grown by the
slow-DEC method. In fact, Brinkmaret al showed that the lamellar periodicity saturates fo
M,>18.8 kDa to a value in the 25-28 nm range fordignown by DEC on a Koeffler bench
(2). Most authors working on P3HT observed this sdion of the lamellar periodicity at a
value of L~30 nm. For example, Zhargal prepared nanofibrils of rr-P3HT with various
molecular weights ranging from 2.4 to M,=18.4 kDa. They observed very clearly a
saturation value of the lamellar period of L=30 fon all M,>10 kDa @4). Miiller et al
reported lamellar periodicities of 31 nm for a védngh molecular weight (M=344 kDa)
P3HT sample crystallized by pressure induced dalation at a pressure of 5kbar. A 60 kDa
sample crystallized by the same method sowed lamgdiriodicities of L=21 nnm25).

Other groups, for example Wat al crystallized P3HT by heating it up to the melting
temperature and subsequently cooling down the sarmpkuch samples they found lamellar
periodicities of L=27 nm for M=21.6 kDa by SAXS measurements3), Canettiet al
reported lamellar periodicities in the range fromll.7 to L=16.8 nm for a Mw~16 kDa
sample 26). All these results show that in most cases theelar periodicity L of P3HT
shows a saturation at ~30 nm. To our best knowleddgeonly paper that reports lamellar
periodicities ~39 nm is the work of Crosslaatial. (27). In a spherolitic morphology of
P3HT crystallized by exposure to £&pours under controlled vapour pressure the lamell
periodicity could be extended up to 39 nm for a P3dample of Mj=58.7 kDa ( M=30.9
kDa) by slowing down the crystallization kinetids.general it is assumed that the lamellar
periodicity cannot be extended to high values bseanf chain entanglements and chain
folding in the case of high molecular weight sarapMhich hinder a further extension of the
crystalline domains in thezyt direction.

The present results obtained in the case of slow-Biggest that the lamellar period
of P3HT is essentially limited by the kinetics betgrowth. Indeed on the Koeffler benah
for fast growth it does not exceed ~30 nm whereasafslow growth (V=2Qm/s), it can
increase up to ~40-46 nm. The very high lamellaiopécities observed for the highyM
sample may be surprising. However, it is known pailyethylene, that extended chain
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crystallization can be obtained under high pres¢d8-3]). In these cases, the size of the
crystalline domains is not necessarily limited bg CL, but several polyethylene chains can
be added to yield large lamellar crystals. It may duggested that for P3HT a similar
behaviour is possible yielding long lamellar perasites. Further support about this can be
obtained from HR-TEM and is shown in the followisgction.

2.3 Effect of M,, on the Nanomorphology and crystallite shape

To further understand the formation of the lamedkancture and its evolution with M
and an in particular to get a better insight on thgstal packing and the shape of the
crystalline domains, HR-TEM measurements were pewd. Brinkmannet al already
studied the lamellar structure of films grown by ©®Esing HR-TEM for various molecular
weights @, 4). But the growth kinetics of the films was not trotled as in the present case.
Figure 2-8shows the HR-TEM images of a low, medium and iWghsample.

All films, independently of M, HR-TEM reveal nanocrystalline domains consisting
of planes ofrestacked chains separated by bexylside chains (the contrast in the HR-TEM
images arises from the alternation of sulfur-ricdftacks of polythiophene backbones and
layers ofn-hexyl side chains). Statistical measurements vpemrdormed on the HR-TEM
images of the three samples (low-, medium- and-Mgh in order to get a more qualitative
insight on the crystallite shapes and sizes as #ppear on the HR-TEM images. The
crystallite sizes were also estimated from theainXRD measurements and calculated
approximately using the Scherrer formulable 2-2collects the numerical values obtained
by HR-TEM and XRD for the high, medium and lowyMamples. As seen previously for the
medium-M, sample, the results obtained from the HR-TEM imnsagenxd the XRD
measurements match quite well for all the sam@e® exception concerning the stem length
of the high-M, sample has to be noted. This disagreement bettheeRR-TEM and XRD
measurements is probably related to the diffictdtyit accurately the (002) reflection of the
linear XRD. The good agreement of TEM and XRD measents confirms the homogeneity
of the films over large areas (cm?).
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In the HR-TEM images of the mediumgMind high-M, sampleswe could evidence
regions where two adjacent P3HT nanocrystals atledath thecpsyr direction to form one
single crystalline domain (surrounded in yellowhisrfdomain has an extension of ~30 nm for
the medium-N, and ~37 nm for the high-lM We believe that such an coalescence of two
adjacent P3HT nanocrystals forming one crystalliomain can partially account for the large
extension of the lamellar periodicity observed e slow-DEC films (as evidenced by the
TEM-BF images).

With increasing M, mainly twopoints can be noted: (i) the extention of the @isie
domains in thepzyr direction (stem length den) increases significantly from ~6 to ~16 nm
(i) the extension of the crystalline domains pedlieular to the chain axis (defined ag L
decreases with increasing,Mrom ~25 to ~13 stems. In other words, the anigntrratio
L#/Lstem tends towards 1 with increasing,MThis evolution of the shape of the crystalline
domains with increasing Mcould already be inferred from the TEM-BF imagEg(re 2-

7).

Several factors are likely to explain the differaanocrystal dimensions between low-
My and high-M, epitaxied films. Because of the fiber structurdghe high- and medium-ji
sample, the domain orientations are distributedirzdta@prz4r which may limit the observed
lateral size of the domains by HR-TEM. Considerihgt the observed shapes of the P3HT
crystalline domains are intrinsic and not limiteg the fiber symmetry of the films, other
reasons can explain the shape of the crystallineads.

First, the anisotropy of the crystal shape is cdstaelated to the folding ability of the
chains as well as the macromolecular parametetgdippersity). As shown previously (see
Table 2-), the low-M, P3HT is rather monodisperse and crystallizes tereled form as
inferred from the matching of contour length anchédlar period. The epitaxial growth of
low-M,, P3HT chains is not constrained by folds. Low-M®3HT chains crystallize like an
oligomer. For medium-M and high-M, samples, folding as well as chain entanglements te
to occur. As demonstrated by Mena Ostetizal. a rather tight fold can be modeled by a
sequence of about eight thiophene unitsisconformation leading to a radius of curvature
of ~10 A 82). This implies that the position of the reentrahain is about 20 A apart from
the outgoing position along ttesyr direction and does therefore not occur at the expe
position of the next neighbour P3HT stem (at 16.5Rhis implies that tight folding is
difficult in P3HT and this is likely the reason wthe lateral growth of the nanocrystals along
theapsyt axis is made more difficult for higherMP3HT.

Second, the growth of P3HT domains is certainjugriced by the diffusion kinetics
of the chains on the TCB surface. Diffusion ofgenchains is likely to be more difficult on
the TCB substrate as compared to oligomer-likersharhis is likely to favor the growth in
theapsyt direction for short chains.

Third, the PDI of the low and High-jfractions differ notably. Low-M P3HT shows
a rather low polydispersity index that explains tlkative constant overall lamellar thickness
(stem length). As opposed to this, highyM3HT is way more polydisperse (PDI=1.9). The
HR-TEM images show that the distribution of stemglis in the high-NM samples is very
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high i.e. P3HT lamellae show a strong tapering as observeth$tance in PF2/6 and PFO
lamellae grown on oriented PTFE3]. In the latter systems, lamellar tapering wasl@red

in terms of segregation between short and longnshapon crystallization. A similar effect
may also occur in the case of P3HT for high-M

Finally, it has to be mentioned that the growthR#HT domains is driven by the
epitaxial interaction with the substrate. This ratgion favors the unidirectional stretching of
the chains alongrcg. It can be supposed that, once a segment of adioaig is oriented by
epitaxy, the remaining section will tend to alignthat direction because of favorable P3HT-
TCB interactions. Accordingly, for longer chaingitaxy is certainly enhancing the growth
alongcpsyt at the expense of the lateral growth alapgr.

Low M, Medium M, High M,

CL (Calculated contour

length) (nm)* 10 15 25

Statistics on HR-TEM images

Lseem (NM) =6+1 nm ~13+4 nm ~16+6 nm
La
(Average number of >25 stems ~19+7 stems ~13t4 stems

Stems per domain)

Statistics from X-ray diffraction

6 of 002 1 (nm) 10+2 nm _— cop
(counterpart to L) 7+2 nm (fitting difficult)

6 of 100 q// (nm) 19+4nm (~13 stems) | 12+3nm (=8 stems)

(counterpart to L)

6 of 020 g// (nm) 10£2nm (~26TE 8+2 nm (~21 1
Ly (extension in Bzuy) stacked chains) stacked chains)

Table 2-2:Characteristics of the crystallite sized as detewxi from the HR-TEM images
and linear X-ray diffraction measurements. Measuweets were performed on 130-250 stems
for the HR-TEM imagesThe contour length of the polymer chains was cateal by using
the corrected Mby using the calibration curve given in refereii28).

2.4.Correlation between thin film structure and optitaroperties

It is well established that the crystalline orded arientation have a strong impact on
the optical properties of thin P3HT film8, (5, 34—38. The possibility to grow P3HT films
with a high orientation and a high crystallinity svased as an opportunity to study the
correlations between the structure and optical gntgs of the P3HT films. Herein we
focused mainly on the absorption spectra of thePfiihs.
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2.4.1. Anisotropy and vibrionic structure of the absorptio

Similarly to what was observed in the optical mggope under crossed polarizers
(Figure 1-1), a high anisotropy can be observed in the padrabsorption spectrum of P3HT
films grown by slow-DECFigure 2-9shows the averaged UV-vis spectrum over 5 spoés of
medium-M, P3HT film for an incident light polarization pamlland perpendicular to the
chain axis ¢pant). As seen in the absorption spectrum recordedriancident light polarized
perpendicular t@pz7 (Absy) is almost featureless and should, in principlerespond to the
absorption from a small fraction of misaligned tajl;ne domains and a majority of
amorphous fraction showing no polarized and nacttred absorbance.

Figure 2-9: UV-vis absorbance 0.4 Slow rate DEC
spectra of P3HT thin films 9.3 0-1

(medium-M) prepared by slow- 0.3 6.6 0-2

DEC in TCB for the incident light ’

polarized parallel (/) and 0-3
perpendicular () to crcg. The 0,2-

numeric values in the figure
correspond to the measured
dichroic ratio at two wavelengths. 0,1
The spectrum is an average

spectrum of 5 different locations -
o,o-——-/
on a sample.

absorbance

/

— 1 r T r T r 1T r T T 1T 1 T T 1
18 20 22 24 26 28 30 32
Energy (eV)

The parallel contributiorfAbs;) comes from the well aligned crystalline part bét
film. The spectra of the epitaxied films with anemtation parallel to the incident beam are
similar to those observed for crystalline P3HT rfdomids prepared from solution ip-xylene
or anisole 89, 40). The 0-0 contribution at 610 nm (2.034eV) is attarly intense and the
spectrum shows four well defined vibronic composeiihe dichroic ratios (DR) of epitaxied
P3HT films were determined at two different wavelérs and are indicated on the spectrum.
The extracted DR are of 9.3 at 610 nm and 6.6 @tr®. Note that irfFigure 2-9an average
spectrum of 5 different spots is displayed as tisardic ratio varies from spot to spot. The
obtained DR are quite high, in particular at a viewgth of 610 nm indicating a high level of
orientation. The vibronic structure of absorbarcmuch better defined as compared to P3HT
films prepared by spin coating, mechanical rubbfngtion transfer or strain alignmentg,
41-43 pointing at a higher degree of crystallinity bétfilms.
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2.4.2. Evolution of the absorption spectrum with

Figure 2-10compares the UV-vis spectra of low-, medium- anghf,, samples
oriented by slow-DEC for an incident light polatia parallel to the chain axi<dsyr).
Table 2-3collects the main spectroscopic data. The speotm@&sponding to an incident light
polarization perpendicular to the chain axis aredisplayed here as they are similar to the
one shown in for the mediumyMsample. The perpendicular spectrum shows virtuadly
vibronic structure except a small contribution 20 Gim.

0-1 0-2

Figure 2-10 : Comparison of the UV-
vis absorption spectra of P3HT films
obtained by slow-DEC for different
M,. The spectra were recorded with
the incident polarization // to the
cpsyr direction. The spectra are
normalized in intensity and shifted
along the ordinate axis for clarity

absorbance (a.u)

T T L : T |E T r T T T T T T T
16 18 20 22 24 26 28 30 32
Energy (eV)

There is a marked effect of Mon the absorption spectra in terms of full widthhalf
maximum (FWHM) and relative intensity of the ditet vibronic replicaConcerning the
FWHM of the spectrum, it is significantly largerrftow-M,, (0.86 eV) as compared to
medium-M, and high-M, P3HT (0.65 eV and 0.69 eV respectively). Compatirgvibronic
structure of the medium and highyMiims, the 0-1 component is dominant for both, the
0-0 component is relatively stronger in the higih-8&mple compared to the lowzMample.
In the case of the low-M sample, the 0-2 contribution is almost as inteasethe 0-1
component in contrast to what is seen for highraedium-M,. A similar effect of M, on the
vibronic structure of the absorption has been repoby Zeret al for spin-coated thin films
(3). It has been attributed to the variation of tbajagation length with M: low-M,, samples
show shorter segments of planarized backbones llginM,, samples. Accordingly, the
absorption of low-N, samples is more blue-shifted. The large FWHM opleskfor low-M,
samples reflects a large distribution of conjugatengths.

For all samples high DR were measured. The bestirmal values and other
spectroscopic data are summarizedlable 2-3.Again the high and medium-Msamples
display DR in the same range whereas the low mt@eeueight sample shows a lower DR.
This observation is consistent with the evolutidmeplane orientation with I presented in

section 2.1.3Kigure 2-5). As seen inTable 2-3 the observed DR are consistent with the
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observed azimuthal distributions of the (1@Q} reflection. Again, this result shows that the
microscopic information on orientation obtained BEM is representative of the whole
sample on larger scales.

Best measured Azimuthal
Dichroic ratio distribution
CL (nm) F\(’\é'\*/)'v' of the (100)
550 nm!| 610 nm reflection
from ED
Low M, (1) 10 6 11.5 0.86 37°
Medium M, 15 10 16 0.69 21°
high M, 25 10 14 0.65 23°

Table 2-3: Main data extracted from the UV-vis absmce for the three different molecular
weight samples.

2.4.3. Discussion on the origin of the vibronic structuref the
absorption spectra

As seen in the HR-TEM images, the amorphous andctiistalline domains are
clearly visible in slow-DEC samples. One importaalvantage of highly oriented P3HT
samples is the possibility to separate the absegbarsing from the amorphous fraction from
that of the highly oriented and crystalline fraoti®Gubtracting the absorption spectriims.
from the Abs//, one should in principle yield a spectrum that igresentative of the only
crystalline fraction of the sample. As shown hemafthis can be of interest for a better
understanding of the origin of the vibronic struetuln non oriented thin films prepared by
spin coating there is no possibility to distinguisétween the absorbance of the crystalline
and the amorphous phase. The high degree of aimmia slow-DEC samples makes such a
distinction possible.

Figure 2-11shows the resulting spectruiibs,(E) - AbsL(E) for the different M. The
relative intensity of the 0-0 component becomey géong in all cases and more particularly
in the case of the high\Msample. In order to understand this observation wié
subsequently describe the main models used in qusvstudies to describe the structure/
optical property correlations.

The origin of the vibronic structure of photolumsecence and absorbance in P3HT
thin films was described and analyzed by variousiei® 34—-38 44, 45). Brown et al and
Spano 84, 35, 44) claimed that the vibronic structure of P3HT canhe described by a
Frank—Condon distribution of relative intensitidstie vibronic replica in particular because
of the weak intensity of the 0-0 replica in emissidhis motivated them to re-interpret the
analysis of the vibronic structure of P3HT. Browhal considered two different emitter
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states close in energy: one originating from alsimgolecule like state (intramolecular), and
the second one from an intermolecular aggregagestiaite.

Parallel spectrum-perpendicular spectrum

~

Figure 2-11: Absorbance spectra
recorded with the incident

polarization oriented // to the in-plane

direction of the P3HT chains to which
the spectra recorded with the incident
polarization L was subtracted. The

spectra are normalized in intensity
and shifted along the ordinate axis for
clarity.

absorbance

16 18 20 22 24 26 28 30 32
Energy (eV)

However, a second more successful model was prdgms&pano 34-36, showing
that a two emitter state model is not necessadestribe the P3HT solid state emission and
absorption. Spano considered that the spectrum36fTPis composed of two parts: one
arising from weakly interacting H-aggregates (absw at low energies) and the second
related to the amorphous fraction of the films @mbsg at higher energies). He took into
account a weak excitonic coupling W in weakly iatging H aggregates of P3HT to model
the lower energy component of the absorbance spe€tie higher energy part of the
spectrum cannot be modeled with satisfaction byHkaggregate model and is attributed by
Spano to disordered or coiled P3HT chains in therphous part of the filmSpano and
coworkers approximated the absorption of the anmiptpart of the films with that of P3HT
in solution @7, 38). To model the low energy absorbance spectrunhefH aggregates, a
spectrum of the amorphous phase has thus to beastdat.

The consideration that the spectrum of the amorplptase is equivalent to that of a
solution is a crude approximation as the envirortsieha polymer chain in solution and in a
thin film are certainly not equivalent. This is thuer supported by our observations. Indeed,
whereas the spectrum of P3HT in solution is peaktepproximately 2.74 eV (452 nm), the
spectrum ofAbsL(E) is significantly shifted towards lower energmsd peaks at ~2.4 eV
(520 nm).

The model of Spano was used by numerous grouprivedthe magnitude of the
excitonic coupling W in P3HT aggregates, from theetul analysis of the vibronic structure
of the absorption spectra. Indeed, Spano showaddhaéhe aggregate part of the spectrum
the ratio A.o/Ao-1 can be written in the form:
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2
W _g sV
Ao—0 _ Mo—o (1 2Ep° ZV>OVW)

Ap-— Ng— W _ SV \?
0-1 0-1 S<1_Ee SZV“m)

( Eq.4)

where E is the phonon energy of the main oscillator modepted to the electronic
transition (assumed to be 0.18 eV corresponding sgmmetric C=C stretch) and W is the
free exciton bandwidth. S is the electron—phonampting strength (Huang-Rhys factor) and
no-1 and . are the refractive indices at the energy gf And Ay.o. Knowing the Huang-Rhys
factor S, and assuming.g~ ny.; the free exciton bandwidth W can be directly ased$rom
the ratio of the intensitieg,_,/ A, , .

For P3HT, a Huang-Rhys factor S=1 is generally mesl34—-38 46). For S=1, the
ratio of intensity of the 0-0 and the 0-1 vibrongplica Ay.o/ Ao-1 is related to the free exciton
bandwidth within the crystalline domains W and #mergy of the vibration mode coupled to
the electronic transitionggollowing:

2
1- 024N/ E
AO—O = P (Eq 5)
A, |1+ 0073N/E,

Following the work by Clarlet al, W is related to the crystalline perfection withire
P3HT aggregates: the higher the crystallinity, ltheer the value of W37, 38). Since the
crystallinity of spin coated films depends stronglg the solvent that is used, a clear
correlation between solvents and W was found bykG#aal. Typical values of W reported in
the literature are: W ~120 meV for spin coated $ilfrom chloroform, W~30 meV for spin
coated films from isodurene and W ~57 for spin eddtims from xylene 8). Crosslancet
al. found free exciton bandwidth going from W ~90 mieV the as coated films (from 1,2,4
tricholorbenzene) to W ~50 meV after swelling tiiefin CS; vapor followed by controlled
re-crystallization 27).

As this model was developed for the part of thmdilformed of H-Aggregates, we
applied this model on the slow-DEC samples to ek¥é from the crystalline only part of the
films. This approach is justified as in slow-DECngdes, as the amorphous and the
crystalline parts can be well distinguished as sedtR-TEM. Applying this model to a low
and medium-N, sample yields values &, = 28meV and W megium = 14meV. A reduced
value in W is a fingerprint of well packed, plarzad and well stacked P3HT backbones and
thus to a higher conjugation length. These vallxaioed for the slow-DEC samples are very
low indicating once again the high degree of ciliisorder and orientation of such films.

Although the model of Spano seems to work welllbov and medium-N samples, it does
not account for the description of the high;8ample. Indeed, from equation 1, the ratip A
| Ap1< 1 for all values of S. Nevertheless.&X Ao.1is slightly larger than 1 for the highyM
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(seeFigure 2-1). This led us to develop an alternative quali@iiMerpretation of our results
based on earlier reports by Hagkr al. on oriented MEH-PPV4({7). The latter authors
reported also a predominant zero-phonon 0-0 lingha absorption spectrum of highly
oriented MEHPPV at 80 K. In contrast to this, féretcast MEH-PPV films the 0-0
contribution is very weakd(/). Hagleret al.reported Huang-Rhys factors of S =0.4 — S =0.85.
A reduced S factor is interpreted as a fingerpoinenhanced electronic delocalization. The
observations of Haglest al regarding the comparison of highly oriented systeand spin
coated systems, reminds our situation in the cds¢h®@ high-M, sample. In fact, in
comparison to spin coated P3HT films, the 0-O canepd in epitaxied layers is high.

1,04
1021 high M_A
1,001
0,98

0,96

AO—O/AO—l

1 e medium M N
0,94

0,92 -

0,90 ®low M

4 ' 6 8 10 12 14 16 ' 18
Lstem from HR-TEM (nm)

Figure 2-12 : A.oAv-1as a function of the stem length from HR-TEM.

Following the work of Hagleret al the change in the vibronic structure with
increasing N, can be interpreted in terms of a variation of theng-Rhys parameter S that
guantifies the electron-phonon coupliry). Our HR-TEM results have shown that the size
of the crystalline ordered domains tend to increagke M,. It can accordingly be expected
that the conjugation length increases in the sanag with M,. Therefore a higher
delocalization of the electronic states can be ebguefor higher M. Concomitant to the
delocalization, a lowering of the electron-phononing is expected when Mncreases.e.

a redistribution of the intensity in the 0-phonadnel of the absorption spectrum. The
correlation between the observations from the HRATlReasurements and the change in the
relative intensity of the 0-0 vibronic contributianillustrated inFigure 2-12.1t can be clearly
seen that the relative intensity of the 0-O contidtn increases with increasing stem length
suggesting an increase in the conjugation length icreasing M.

To further understand the correlations betweenctlgstalline order of the thin films
and their optical properties and to further elutedthe particular behavior of the vibronic
structure of absorbance in the slow-DEC samples,perdormed temperature dependent
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polarized photoluminescence measurements. The sasalgf the results of these
measurements is still in progress.

3. Conclusion

Highly oriented P3HT films on the cm? scale werepgared by using the slow-DEC
method introduced in the previous chapter.The ptmseof the films were studied and it
could be shown that the molecular weight is a kewameter regarding several characteristics
of the films.

0] Structure of the films: high and mediumyMamples present a crystallographic
fiber structure with gyt as fiber axis whereas lowsyMsamples show very
clearly preferential contact planes. These diffeesnin structure are directly
reflected by the morphology of the thin films.

(i) Degree of in-plane orientation: The distributiontleé in-plane orientation was
found to be narrower in the high and mediurg-Bamples compared to the
low-M,, samples.

(i)  Lamellar structure: M has a strong influence on the lamellar structuick the
lamellar periodicity. Slowing down the growth kimest by using slow-DEC
allowed to increase the lamellar periodicity up~#6 nm in the case of the
high-M,, sample. Such high periodicities of the lamellaudure are rarely
observed for P3HT. It was shown that the lameltewcsure that is the most
suited for the fabrication of hybrid nanostrucuradterials comprising P3HT
and CdSe nanocrystals is the one of mediugnFaHT.

(iv)  Shape of the crystalline domains: The crystallimendins of low-M, are
extended in the pgyr direction whereas for the highyMthe crystalline
domains are preferentially extended in thgyedirection.

(v) Optical properties: The differences in terms oeptation and crystal domain
shapes of the various Msamples are directly reflected in the optical prtips
of the films. The vibronic structure of the thidnis is particularly well
defined. The 0-0 contribution becomes very strongh wncreasing N,
suggesting a higher conjugation length in thesmsfildue to the higher
extension of the crystalline domains in the direction.

The high degree of crystallinity and orientationstdw-DEC films makes them particularly
interesting for fundamental studies. In particukee anisotropy of these films is of interest for
the study of the optical properties as it allowsstady the only crystalline part of the thin
films. In the following chapter, hybrid materialomposed of P3HT and CdSe were
characterized in terms of morphology, structure andorientation.
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Chapter 5. Oriented thin P3HT films
via mechanical
rubbing

This chapter is dedicated to the preparation andrahterization of highly oriented
thin films of rr-poly(3-hexylthiophene) prepared mechanical rubbing. The structure, the
nanomorphology and the optical properties of thizmted films were investigated by GIXD,
ED, HR-TEM, UV-vis absorption and PL spectroscomd dransport measurements in
OFETSs. In rubbed P3HT films, the chains align pkelato the rubbing direction and the
orientation of the crystalline domains changes frpmeferential “edge-on” to “flat-on”
orientation of the conjugated backbone. The maxinmiplane orientation probed by UV-vis
absorption spectroscopy is a function af;Nhe lower M,, the higher the in-plane orientation
induced by mechanical rubbing. The anisotropy @tifeffect mobility measured parallel and
perpendicular to the rubbing shows a similar trefithe M,-dependence of the orientation is
explained in terms of chain folding and entangleiiat prevent the reorientation and
reorganization of thezstacked chains. Important structural differencesween rubbed and
epitaxied P3HT films were evidenced. These diftaemare directly reflected in the vibronic
structure of the absorbance spectra. First we wmiffoduce the rubbing technique. Secondly,
the structural properties of a mediumyMP3HT will be presented as an example.
Subsequently, the effect of thg bh the efficiency of the rubbing process will besented.
Finally the important structural differences betweeubbed films and epitaxied films
prepared by slow-DEC will be highlighted.
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1. Introduction and Principle of the technique

Mechanical rubbing is a technique that is extengivesed for the alignment and
orientation of organic molecules and polymers. &ample, this technique is used for the
preparation of oriented substrates of polyimideatnch liquid crystals can be aligned, ).
The rubbing method is also used to prepare oriefilted of polycarbonate that can be used
as orienting substrates for numerous molecules saghZinc phthalocyanines3<6).
Orientation and improvement of the mobility upobbiing was observed for small conjugated
molecules such asi—sexithiophenes7( 8). The orientation of polymers by mechanical
rubbing is possible due to the shearing forces #icaton the thin films and therefore this
method is similar to methods like strain alignmentorientation of polymers by friction
transfer ©—12. This approach is quite different from those magkiuse of an orienting
substrate such as directional epitaxial crystaltbraof P3HT on 1,3,5 TCB for example. The
orientation of P3HT upon mechanical rubbing is galhe attributed to a combination of two
effects, which are the shearing forces that allovalign the P3HT backbone parallel to the
rubbing direction, and the pressure that is appleedhe thin film during the rubbing that
forces the molecular planes to orient parallehi substrate {lat-on“ orientation) {3, 14).
Orientation of P3AT by mechanical rubbing has hosvelveen only little described in the
literature (3—-17). For example, rubbing of P3HT has been dematestrto lead to sizable
anisotropic charge transport by Heat al but no clear explanation for the orientation
mechanism was proposet6]. Derueet al. performed some rubbing and nano-rubbing on
P3HT by using an AFM tip in contact mode to oriB@HT backbonesl@). Recently, a very
interesting work was published on the use of rubB8HT thin films for the fabrication of
polarizing photovoltaic devices used as power cdamg polarizers in displaysld). But in
most of these reports a clear understanding ofrubeing mechanism on the structure of
P3HT films is lacking.

Herein we present a structural study on the oriemtanechanism during the rubbing
process. Various aspeatsy the crystallinity, the in-plane orientation, thptical properties
and the transport properties are investigated bygu$EM (in different modes), GIXD,
optical absorption spectroscopy and transport mieasents in OFETs. In a first section
(section 2), we will present the experimental pcotdor the rubbing experiment. Secondly,
the effect of rubbing on the morphology, in-plamgtation and structure on the example of
a medium-M, sample (M, = 17.6 kDa, M = 13.4 kDa) will be discussed (section 3). This
study allowed proposing a tentative explanationtfar orientation process. In a third part,
the effect of the molecular weight on the in-plaoeentation, the structure and the
nanomorphology will be presented (section 4). Threselts could be directly correlated to
the vibronic structure observed in the absorbammectsa. Finally, a comparative study
highlighting the main differences and similituddsrobbed and epitaxied thin P3HT films
will be presented (section 5).
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2. Eperimental conditions

2.1. Mechanical Rubbing

In this work, rubbing of the P3HT films was perfadwith a home-made apparatus
similar to the one described by Vergeaial. and Brinkmanret al. (3, 5, 6). A cylinder (4 cm
diameter) rotating at a constant speed and coweitbda microfiber cloth was applied with a
constant pressure of approximately 2 bar on a P8IHT that is fixed by vacuum onto a
translation stage moving at a constant speed. Bdfeing subjected to the rubbing process,
P3HT thin films were deposited by the doctor-bladethod from a 8 wt % solution
(chlorobenzene for M> 17.2 kDa or chloroform for iMI< 8 kDa) on a clean glass slide for
optical measurements and TEM characterization. X-oay diffraction measurements, thin
films were directly deposited on silicon wafers.datailed description of the experimental
setup and deposition procedure of the thin films ba found in Annexe 3. An important
parameter in all rubbing experiments is the thébimdp length, defined as the length of the
rubbing tissue which contacts a certain point ef plolymer film at a constant pressure. For
the used experimental setup one rubbing cyclefisete by a rubbing length dibOcm. For
the maximum degree of orientation 2-4 rubbing cy@es necessary (total rubbing length of
100 to 200 cm). The number of rubbing steps necgssachieve the highest possible degree
of orientation of the thin films depends howeveosgly on the thickness of the latter. Also,
as the orientation process depends on the apptessyre, small variations in the substrate
thickness can influence the number of rubbing /clecessary to get a highest degree of
orientation. For the rubbing experiments preseirtethe following, the number of rubbing
steps is noted d&x (x = 0-5 where x designs the number of rubbing cyclesembkpecified,
all samples where rubbed to achieve the higheshtaiion while avoiding material loss by
scratching. This point of maximum orientation upawbbing can be observed by an
experienced eye of the scientist by observing ithedfter each rubbing step with a polarized
optical microscope.

2.2. GIXD measurements

Using GIXD, the structure and orientation of thém8 was probed. GIXD
measurements were performed at the ESRF and allttmget a good insight in the structural
transformations that are involved in P3HT films the rubbing process. The scattering
configurations are the same as described previdosiyhe samples grown by slow-DEC (see
Chapter 4)In addition, the XRD measurements were performagabus incidence angles
of the incident X-ray beam. In fact, changing theidence angle allows controling the
penetration depth of the X-ray beam in the fiim&ud it is possible to investigate the
structure of the very surface layer of the filmpaately from the bulk of the films. In our
case we were particularly interested to understenvd the orientation induced by mechanical
rubbing propagates through the entire film thiclenes
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The relation between the incident anglef the X-ray beam and the penetration depth
P(a) can be expressed as follows:

~ 4B (a)

P(a)

_ 2\ 2 2
With B(a) = Tz\/\/(az — 2%) +4B% — (a2 — 2%} wherea is the incidence

angle of the X-rays) is the wavelengtlpe is the electron density of the samptg,is the
classical electron radius, afids the absorption coefficient of the X-ray beantloy sample.

In our case, the wavelength was= 0.59 A and the incidenaeangle was varied in
most cases front = 0.01° allowing to probe only the very first layers at ttf@m-air”
interface of the film tax = 0.06° allowing a deep penetration of the beam and thes th
analysis of the entire film thickness. These meaments were performed in two
configurationd.e. with q // c3yt and withq L cpayr, Q scans allowing to study the degree of
in-plane orientation of the thin films were perfadon the rubbed P3HT films. Thevector
in the plane of the substrate that are neitheor 1 to cpzyt Will be notedq;, (for example in
the case of non oriented samples)

In the following, we studied the morphology andicgit properties of the thin films
that were rubbed to the maximum degree of oriesidr a medium N). After, the influence
of the number of rubbing steps on the structurethadrientation of the P3HT thin films was
probed by GIXD measurements performed at ESRF. GNéB used with different incidence
angles to probe the structure of the rubbed layeugh the entire thickness of the films

3. Effect of mechanical rubbing on the structure andientation of
medium M, (17.6 kDa) P3HT film

The main characteristic features on the effect etmanical rubbing on thin P3HT
layers will first be introduced on the example ahadium-M, sample. Afterwards the effect
of M,, on the orientation, structure and optical propsrivill be investigated.

3.1. Morphology of the rubbed P3HT films

Figure 3-1 shows a POM image of a mediumgMample(M,, = 17.6 kDa) that was
rubbed 4 times. The observation of rubbed P3HT sfilamder POM reveals a very high
birefringencei.e. a high degree of in-plane orientation on a largdessimilar to what was
observed in the case of films grown by slow-DECt Buthis point, no detailed comparison
of rubbed and epitaxied P3HT films will be presentéhe reader is referred to section 5.
Here we focus exclusively on the properties of rRtbB3HT films.
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Figure 3-1: Morphology of a P3HT (17.6 kDa) filmiemted by rubbing as observed under
POM. The arrows indicate the direction of the rulgpiand at the same time thesur
direction of P3HT macromolecules. The crossed asramdicate the orientation of the
crossed polarizers.

The morphology of rubbed films as observed by TEM-Beasurements reveals a
homogenous and featureless morphology and is tirereiot displayed here. The film-
thickness is rather homogenous and no big chamggeigray levels over the entire picture
can be evidenced. No periodic lamellar morphologi wrystalline domains that alternate
with amorphous interlamellar zones in a periodicnne can be distinguished. This is a
remarkable difference between rubbed and epitabagers that gives a first hint that the
crystalline organization in the two systems presesignificant differences.

3.2. In-plane orientation of the rubbed films

As seen from the POM imag&igure 3-1), the rubbed thin films exhibit a good
degree of in-plane orientation. Further support #oe good in-plane orientation can be
obtained by polarized UV-vis spectroscopy and ElasneementsFigure 3-2 depicts the
absorption spectrum of a R4 film with the incidéght polarized parallel and perpendicular
to the rubbing direction R. Thé contribution stems from the well oriented and talyse
parts of the film whereas theoriginates from the amorphous and misaligned pdrtse thin
films. The rubbed thin films exhibit a high anismgay of optical absorption with a
characteristic dichroic ratio (DR) of 3.6 - 4.2 f@ading on the film and the spot) at 550 nm
and two rather broad vibronic replica centered H1 6m (0-0) and 555 nm (0-1) can be
observed. Regarding the DR of rubbed films, Taretkal. reported very similar DR to those
obtained in this work. Zhet al. reported much higher DR going up to 14 in a rdgent
published work on rubbed P3HT film4d4 18). But unfortunately these authors did not
mention the molecular weight of the used P3HT. follbwing section (section 4), we will
show that the maximum DR that can be obtainedbbed P3HT films depends very strongly
on the molecular weight of the polymer and therfampertinentomparison of DR without
knowing the M, of the used polymer is impossible. Other aspecth®fUV-vis absorption
spectrum of rubbed films.g.the vibronic structure will be discussed later.
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To get a more accurate and quantitative insightherdegree of in-plane orientation of
rubbed films, ED measurements were performed. bhdekfferent levels of in-plane
orientation lead to different azimuthal distributg of the reflections in the ED pattern.
Figure 3-3shows an ED pattern and the corresponding azirhdikaibution of the (100)
reflection.

Rubbed Film

Azimuthal distribution of the (100) reflection

Normalized intensity

FWHM=32°
10 0 1
Angle (9

-20 20 30

IS
o

10 40

Figure 3-3 : ED and corresponding azimuthal distrion of the (100) reflection of a rubbed
P3HT film.

Mainly the (h00), h=1,2,3 reflections can be obedren the equator. This indicates a
preferential flat-on” orientation of the crystalline domains. The azihal distribution of the
(100) reflection has a FWHM~32°. Other reportsha titerature on oriented P3HT systems
exhibit slightly better levels of in-plane orientat. For example, O’'Connaet al. reported
FWHM~20° for P3HT (M = 62 kDa) films oriented by the strain alignmen¢thod 9).
Toney ¢ al. reported distributions of the in-plane orientatio20° for rubbed polyimides
(19). Nagamatset al. reported a very narrow distribution characteribgca FWHM~10° for
friction transferred P3HT10). The observed degree of in-plane orientationhef tubbed
layers lies slightly below that of P3HT oriented dyyitaxy on TCB. However, the advantage
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of mechanical rubbing is that the method is easgply to flms deposited on any type of
substrate.

POM, polarized UV-vis spectroscopy, and ED measerdgmallowed to show that the
P3HT backbonectsyr) aligns parallel to the rubbing direction. Hergie studied thin films
that were rubbed to a maximum degree before darbggecratching is observed. In the
following, the evolution of the orientation of th@n films with increasing rubbing length was
investigated. In particular, we were interestethimstructure and orientation of the crystalline
P3HT domains on the substrate. In addition, th@ggation of the orientation induced by the
rubbing trough the entire film thickness was stddig means of GIXD measurements.

3.3. Evolution of the structure with increasing rubbintength

This section focuses on the impact of the rubbength on the in-plane orientation
and on the orientation of the crystalline P3HT dore@n the substrate. The P3HT films,{M
= 17.6 kDa) were subjected to an increasing nurobeubbing cycles, each of them defined
by a rubbing length [50cm. The samples are labeled RO (no rubbing),a®&r(1 rubbing
cycle), R2 (after two rubbing cyclegtc

3.3.1. _Thin Film structure and orientation before rubbing

The analysis of the as deposited film (by the Diadé method) is important as it
constitutes the starting point for the followingohing experimentskigure 3-4depicts the
GIXD pattern of a RO medium-jMsample for an incidence angle of the X-ray beara of
0.06°anda = 0.01°,i.e. probing the bulk of the film and the top seddayers respectively
The (h00) h=1,2,3 reflections appear clearly in thg direction with a small arced
contribution. In theq;, direction only therestacking reflection can be observed. This is
characteristic for a preferentiakedge-ofi orientation of the crystalline domains on the
substrate. Only a small amount of domains is niented giving rise to the arced contribution
of the (h0O0) reflections. The isotropic distributiof the in-plane orientation of the P3HT
nanocrystallites was verified by checking the immace of the 2D GIXD map when turning
the sample around). As expected RO films, do not display any prefaetnin-plane
orientation. No significant evolution of the difétzon pattern with increasing penetration
depth of the X-ray beam could be observed. Thigcatds that the film structure is
homogenous over the entire film thickness (~ 506 dm).

In summary, the starting point before rubbing thia P3HT film with a clear édge-
on’ orientation of the crystalline domains on the studte and the complete absence of in-
plane orientation of thepsyt direction
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Figure 3-4 : Evolution of the 2D GIXD pattern ofren rubbed medium-jMsample with
increasing penetration depth of the x-ray beam.oBefrubbing, a clear “edge-on”
orientation of the crystalline domains on the stdust is observed. The diffraction pattern
exhibits an isotropic character in the plane asified by a corresponding?-scan around the
Qout direction.

3.3.2. After one rubbing cycle R1

Figure 3-5 R1shows the 2D GIXD patterns in tlgg andqgL configuration of the R1
sample. The incident angle was= 0.06° allowing to probe the entire film thickse§he
diffraction map of the R1 sample is at strong vac&to that of the RO sample. From the 2D
GIXD map, confirmation of the good in-plane oridida of the R1 sample is obtained from
the absence of in-plane reflections in th@lirectionfor the 2Dmap in theg, configuration.
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Figure 3-5: 2D GIXD pattern of a mediumzpMample before (R0O) and after one (R1) and
two (R2)rubbing cycles. The two scattering configuratiand Randg L R were used. The
incidence angle of the beam was0,06°.

The 2D map of the R1 sample in e configuration shows following main features:
(i) arced reflections corresponding to the (hOQjcudar planes in both, thgL and theqou
directions (ii) strong reflections correspondingtie testacking direction (020) in th@oy:
direction and weaker in theg direction. Accordingly, the 2D GIXD maps allow tpegify
the orientation distribution of the P3HT crystadlilomains on the substrate. Mainly two
populations of P3HT nanocrystals are found: Oné witpreferential édge-ofi orientation
and the other one with a preferentidlat-on’ orientation on the substrate. For both
populations the chain axtssyris aligned parallel to the rubbing direction. Ihet words, no
more P3HT domains with thegsyr axis parallel to the rubbing direction are evidehéor the
1R sample.
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Rubbing does thus not only align the P3HT backlmarallel to the rubbing direction,
but induces also a re-orientation of the crystaliomains from the native preferentiatije-
on’ orientation to a preferentiaflat-on” orientation after rubbing.

3.3.3. After two rubbing cycles (R2):

As seen above, after one rubbing cycle, therecasexistence of “flat-on” andedge-
on” oriented domains in the films. Herein, the evmatof the orientation of the crystalline
domains with an additional rubbing step was ingedéd.

Figure 3-5 R2shows the 2D GIXD scans in tlyg and gL configuration of the R2
sample andrigure 3-6shows corresponding linear XRD scans. The 2D nidipeoR2 sample
shows mainly that: (i) The-stacking reflection (020) appears very clearly ardlusively in
the qout direction. (ii) In theqoy: direction scattering from the beam stop and a w@aK)
reflection can be seen. Higher order reflectiores,(200) and (300) have totaly disappeared.
(i) The (hOO) reflections appear clearly in tlge direction. This diffraction pattern as
observed for theL configuration of the R1 sample is characteristicaanajority of flat-on”
oriented domains with a marginal population eflge-ofi domains as inferred from the weak
intensity of the (100) reflection in tlgg,: direction. Therefore, the structure of the R2 samp
differs strongly from that of the R1 sample.

The linear scans show a high anisotropy betwsgeandg.. In theqgL configuration
the strong (h00) and a weak (020) reflections appeay clearly whereas in thgy,
configuration no reflections are observed. The gmes of the weak (020) reflection confirms
a small amount of “edge-on” oriented domains as demn the 2D map. The absence of
(h0O0) reflections in they, direction indicates that all crystalline domaing ariented with
cpaut parallel to the rubbing direction. The fact thae #{®©02) reflection coming from the
monomer repeat unit in thgy, configuration is not observed is at variance to twhas seen
for epitaxied P3HT layers. This lets suggest tldthough the in-plane orientation of the
craut // R is clearly defined; the crystalline order withimbbed layers is not as perfect as in
epitaxied layers. A more detailed comparison betwe#bed and epitaxied films will be
presented in section 5.

171



Chapter 5: Oriented P3HT films by mechanical rulgpin

1,2x10 100 R2 Figure 3-6: GIXD line scan of a

f medium-N, sample rubbed after
/'\ 1 rubbing cycle. i.e. a rubbing
| length of 50cm. ThecCpzur
1 direction is parallel to the
LN rubbing direction R. Two
4,0x10°- \‘\ ‘-..Mfoo scattering configurations with
N 020 gy the gy and gL cpayt Were probed.
The incident angle of the beam
e was a=0,05° allowing to probe
the entire film thickness.

8,0x10°

Intensity

=mn, -
-------------------------------
------

0,0- q0

To summarize: With increasing number of rubbingleycthe ratidedge-on” / “flat-
on” tends clearly to decrease, tfilat-on” population becoming the dominant one. However,
both populations correspond to crystalline domauitk the chain axis oriented parallel to the
rubbing direction. In other words, already for twdobing cycles, the majority of the P3HT
domains are aligned parallel to the rubbing dioecti

3.4 Propagation of the orientation trough the Film thimess

It was shown that mechanical rubbing enforces gt structural modifications in
rubbed P3HT films. Herein we study the orientatidrthe crystalline domains as a function
of their depth in the bulk of the films. GIXD werealized while changing the incidence angle
a of the X-ray beam that controls the penetratiortli®ga) of the X-ray beam into the film.

3.4.1. Case of the 1R sample

The measurements as a function R{fx) were performed in the// and theqt
configuration The diffraction patterns in the/ configuration will not be shown here as most
of the information can be extracted in tipedirection.Figure 3-7 shows the evolution of the
diffraction pattern with decreasirig(a), i.e. probing progressively the entire film thickness
and the top surface layers of the sample.
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Figure 3-7 : Evolution of the GIXD pattern with neasing penetration depth for a R1
medium-N, sample.

A first glance at these patterns allows to obssrgsificant differences as a function®fu).
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0] Probing the entire film thicknesa €& 0.06°): For this pattern, the (h00) and the
(020) reflections appear clearly along both, theagor and the meridian. As
seen previously this is a fingerprint of the cotedse of two populations
presenting either aetige-ofi or a “flat-on” orientation. The rubbing process
allows to re-orient a fraction of the initial “edga” oriented domains.

(i) By decreasing progressivel(a) (a =0.05°-0.03) the (hOO) reflections
disappear progressively in thg direction and the (020) reflection disappears
progressively in thegt direction. For a better visualization of this effec
Figure 3-8displays the relative intensities of the (1B0)he oy and in thege
direction (1(100)./1(100)1).°
The significant decrease of the (020) reflection tba equator indicates a
reduced number of crystalline domains in trelde-on” orientation at the
benefit to the flat-on” domains. This is consistent with the loss of istgnof
the (h00) reflections on the meridian.

(i)  Probing only the sample at the film-air interfada: this case, the (h0O0)
reflection appears exclusively in the direction indicating that the first layers
of the film at the film-air interface are essenyiatomposed of flat-on’
oriented domains.

The evolution of the diffraction patterns wilt{a), underlines two important aspects.

First, thefilm-air interface @ = 0.019 is constituted mainly byffat-on” crystalline domains.
Second, the middle layers and the layers at th@a-$ubstrate” interface are composed of two
populations showing either a preferentiét-on” or “edge-on” orientation.
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It has to be noted that this evolution is verylative, because the beam stop which causes dogtte
of the direct beam in particular in thg, direction.

The general loss of intensity with decreadi{g) is due to the amount of sample that is probed which
decreases with decreasiR(p).



Chapter 5: Oriented P3HT films by mechanical rulgpin

Figure 3-8 : Evolution of the 1,04 =
ratio of “flat-on” and “edge-

on” domains as a function of O 0,9-
. o
the penetration depth. The g/ 0.8-
continuous line is a guide to the <, -
eye. Due to the scattering of the g\" 0,71 \
beam stop this evolution can < . .

o
®

ony account for a qualitative
description.

0,06 0,05 004 003 002 0,01

a(®)

To conclude: (i) the in-plane orientation of thgur//R is well defined as it can be
seen from the absence of (h00) reflections ingthelirection for the R1 sampl&igure 3-5)
(i) The 2D diffraction patterns as a functionfr) indicate that the preferred orientation of
the crystallites varies from the top surface layshere a preferredflat-on” orientation is
observed, to the bulk of the films whefféat-on” and ‘edge-on”domains coexist.

3.4.2. Case of the 2R sample

A film subjected to two successive rubbing cycleslisbe analysed in order to further
investigate the reorientation from thedge-ofi to the “flat-on” orientation with increasing
rubbing lengthFigure 3-9shows the evolution of the 2D GIXD patterns fdR2asample as a
function of the incident angle. No significant @ifénces can be observed when changing the
incidence angle. Independently oP(a), therestacking reflection appears exclusively in the
Jout direction whereas the (100) reflection appeartha@y.L direction. This is a fingerprint of
a preferential flat-on” orientation of the crystalline domains throughe tlentire film
thickness. The signal to noise ratio in this sample is largen in the previous samples
because of the reduced total thickness of the flimfact, due to the rubbing, a loss of
material can be observed. The overall loss of sitgrof the reflections suggests also a loss of
crystallinity of the rubbed films as compared te ths-deposited films. This is further
substantiated by the evolution of the UV-vis absorpspectrum versus rubbing (see section
4.4).

To summarize: In the R2 film, the majority of cigihe domains has flipped from the
initial “edge-on” orientation to a preferentiaflat-on* orientation through the entire films
thickness while the chains have been aligned gtallthe rubbing direction.

! The signal which appears on the meridian at daimosition than the (100) reflection comes pitaiga
in majority from some scattering due to the beawp sts already mentioned previously.
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Figure 3-9: Evolution of the GIXD pattern with deasingP(a) for a R2 sample (i.e. rubbing
length=100cm) in theyL configuration.

3.5. Possible scenario and interpretation of the orietitan of P3HT upon
rubbing:

Based onthe GIXD results obtained for the rubbe'TP3Ims, mainly three key
points can be highlighted.

0] Upon rubbing, P3HT backbones align parallel to tbbing direction
(ce3nt//R). This seems effective from the first rubbing step

(i) The orientation of the crystalline domains chanfyes) a preferential édge-
on’ to a preferential flat-on” orientation. This re-orientation of the crystedb
propagates from the “film-air” interface througtethulk of the thin films.

(i) One rubbing cycle is not sufficient to reorient th@mains through the entire
film thickness. Depending on the total thicknesshef film, a second or third
rubbing cycle is necessarlyigure 3-10illustrates schematically this process.
This observation is in agreement with the work ah \Aerleet al. showing the
progressive propagation of orientation in a polgenifilm upon increasing
rubbing length 1). Van Aerleet al. showed that upon rubbing the surface
layers are instantly oriented to a maximum degffeerientation. They claim
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that additional rubbing steps does not allow tdhier improve the orientation
of these top layers, but help to propagate thentai®n through the bulk of the
films (1).

Discussion: The efficient re-orientation of the P3HT domainpon mechanical
rubbing is ascribed to the anisotropic mechanicaperties of P3HT. Indeed, the interactions
in a P3HT crystal are highly anisotropic. Whereaghe bpsyr direction strongrestacking
interactions are predominant, in tAgyr direction weak Van der Waals interactions between
layers ofrestacked polythiophene backbones separated byslajealkyl side chains occur.
Our interpretation of the total reorientation oé tA3HT domains upon rubbing is based on the
possibility to disrupt order along tresur axis more easily than along thezyr axis. It is
assumed that rubbing of P3HT films causes the plaha-stacked chains to flip more or less
collectively from an &dge-on”to a ‘flat-on” orientation of the conjugated backbone on the
SiO, substrate. It is proposed that rubbing of a P3Hh tloes not only induce a coil to
“stretched chain” conformational change, as obskinethe case of a “soft” polyethylene
chain Q0) but it allows reorientation of preexisting agguegs ofrestacked P3HT chains so
that therestacking direction orients parallel to the sulistraormal. Deruet al also observed
a “flat-on” orientation of the P3HT macromolecules upon rupbP3HT films prepared by
friction transfer also show similar orientatioh0O( 13). Very recently a similar fliping of the
crystalline domains from anetige-on” to a ‘flat-on” orientation was reported for strain
aligned P3HT by O’'Connoet al (9). Therefore it seems that P3HT oriented by medahni
methods exhibits frequently a preferential “flat-@mientation in contrast to what is observed
for non oriented films.
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Figure 3-10 : Schematic illustration of the change P3HT crystallite orientation in the
rubbed films with increasing rubbing length. Aftebbing, the in-plane orientation @psur

is parallel to the rubbing direction and the oriatibn of the crystalline domains flips from a
preferential “edge-on” to a preferential “flat-on’orientation. This process propagates from

the “film-air” interface trough the entire film tiekkness with increasing rubbing length. The
rubbing direction is indicated by R.
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4. Effect of M,, on P3HT film oriented by mechanical rubbing

It is well established that the molecular weight B8HT has an impact on the
crystallinity of spin-coated films2(—25 and in the case of epitaxied layers of P3HT the
influence of M, on the spectroscopic data of the thin films wasleswced in the previous
chapters. These results prompted us to analyzeeffeet of M, on the orientation, the
structure, the crystallinity and the optical prdpr of rubbed P3HT films. Some of results
were obtained in collaboration with S. Uttiya (palsictoral fellow at the Institut Charles
Sadron). The macromolecular parameters of the gaetples are displayed ifable 4-1

Unless specified, the low-MP3HT corresponds to the M 6.4 kDa and the mediumyM
corresponds to M= 17.6 kDa

PDI Preparation
M., (kDa) M (kDa) Used for method
4.7 2.98 1.59 GIXD Soxhlet extraction
6.4 (Low-M,) 5.8 1.1 UV-vis, TEM, Grignard metathesis
. W- .
OFET
7.9 6.9 11 UV-vis Soxhlet extraction
, 1.3 UV-vis, TEM, )
17.6 (medium-N) 13.4 GIXD Merck as received
24.7 15.1 16 OFET Merck as received
35 24 .4 14 OFET Soxhlet extraction
50.1 26.2 1.9 UV-vis Merck as received
70 34.3 2.0 UV-vis

Table 4-1: Macromolecular characteristics of th&HT samples of various molecular
weights used in this section.

4.1. In-plane orientation vs N

In a first step, we have used UV-vis spectroscapfpliow the dependence of the in-
plane orientation of rubbed P3HT films as a functod M,, The macromolecular parameters
of the used samples can be foundable 4-1

Figure 4-1depicts the dependence of the observed dichrom meeasured at 555 nm
for rubbed P3HT films as a function of the appliadbing cycles for 6.4 M,, <70 kDa. For
all samples, the same characteristic trend is gbdeiThe dichroic ratio increases first when
the number of rubbing cycles increases. It deceealightly when the number of rubbing
cycles is beyond a certain value (three to fourbimgdp cycles). However, the maximum
dichroic ratio observed in the films tends to irse gradually with decreasing values qf, M
as seen in the inset ofigure 4-1.The P3HT films made of the high M70 kDa) sample
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exhibit only weak in-plane orientation, whereas kinghest in-plane orientation is observed
for films made from the lowest M(6.4 kDa). Overall, these results highlight theost
impact of the N, on the alignment of the films enforced by mechahniabbing. The higher
the M,, the lower the in-plane orientation induced bytiunl.

" 1
Dichroic ratio
.9

Number of rubbing steps (times)

Figure 4-1:(left) Evolution of the dichroic ratio measured at 550 funrubbed P3HT films
corresponding to different in the range (M=6.4—-70 kDa) as a function of the number of
rubbing cycles(right) highest observed DR of the rubbed thin films &snation of M. The
black lines are a guide to the eye.

In the previous chapter (Chapter 4) and in prevmudished works is was shown that
high-M,, show a lower degree of crystallinity in particularthe apsyr direction @6). This
effect was attributed to chain folding and chaitaaglements that limit the chain mobility at
the surface of the TCB. It is logical to assumat tthe higher the Iy the higher the
probability of entanglements and tie chains thagrconnect adjacent crystalline domains.
The M, threshold for the apparition of chain folding astthin entanglements corresponds to
the saturation of the lamellar periodicity. It lidese to M, ~10 kDa @4, 27). Based on these
considerations, we propose that these entanglerherdsr the chain and P3HT nanocrystal
re-orientation upon mechanical rubbing of higk, Bamples. This view is supported by the
observation that the maximum DR of the rubbed kyEmure 4-1right) tends to increase
sharply when M<10 kDa,i.e., in the absence of chain folding. Accordinglye thresent
results on the chain alignment induced by mechanitding of P3HT films reveal indirectly
the existence of interconnecting chains (and pbsgib-crystallites) between crystalline
nanodomains as well as chain entanglements for R@HITM, > 17.6 kDa.

As illustrated in the schematieigure 4-2 it is possible to distinguish two cases. For
My<10 kDa, P3HT behaves rather like an oligomer dedabsence of interconnections and
chain entanglements allows P3HT domains to re-btpaon rubbing. FoM,, >10 kDa, P3HT
shows progressively semi-crystalline charactertasvalue ofM,, increases. The orientation
induced by rubbing decreases with increadihg i.e., with higher concentration of chain
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entanglements and interconnections between chysalomains. P3HT films witM,, > 50
kDa show only marginal alignment upon rubbing. Tihaviour might be used as a nc
and indirect method to measure the onset of chatanglement, i.e., the -called
entanglement molecular weicM¢ for a conjugated polymer like P3HT.

Low M,, (< 10kDa) High M,, (> 50kDa)
No folding Folding& Entanglements
s T i
ﬁ E:J‘rﬂr%k As-deposited P3HT film w
W"‘r‘a )
m Preferential (1 0 0) —
TL,&T‘*TLFL At contact plane
ianar g A RN
Si0, Substrate Si0, Substrate
Rubbing Rubbing
direction b M direction
T gm0 ;%%
-Hma ncreasing a B
g t. rubbing length ALy
T . ORI
o e L T A
Si0, Substrate \ v Si0, Substrate
= b 4 b i ———
==t L v
== = ¢ Oy
_ g
§ == i. i
= = | | TTEmmAee

SiO, Substrate SiO, Substrate

Figure 4-2:Schematic illustration of the change of P3HT crijéaorientation in thi rubbed
films with increasing rubbing length for the casenon folding chains (l,<10 kDa) and
strongly entangled and folded P3HT chains,>50 kDa).

As the UVwvis absorbance measurements could clearly evideheegrientation o
high molecular weightsample by mechanical rubbing is rather difficultedto chair
entanglements that hinder the orientation proc&serefore, in the following we foct
mainly on the mediumand low-M,, samples.

4.2 Structure and orientation of lo-M,, samples

In a previous chapr (see DEC) it was observed that the structudet@ orientatior
of the crystalline domains of Ic-M,, samples differ strongly from those of a med- or
high-M,, P3HT in the case of sample grown by <DEC. Indeed, a fiber structure w
observed in thease of hig- and medium-N, samples whereas clear preferential cor
planes were evidenced for the -M,, sample. Herein GIXD measurements were perfor
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on a rubbed low-M (M, =4.7 kDa) sample in order to investigate the stm&ctand
orientation of the films. We chose to study a Ringke (not fully oriented) to be able to
analyze the evolution of the structure with incneg$@).

4.2.1. Effect of M, on the crystallinity and crystal structure of rulglol
films

Figure 4-3 shows the GIXD linear scans in tlge and theq, configuration of a low-M
sample. For means of comparison, the linear scama ofiedium-N, sample in theg.
configuration is also displayed.

1,8x10"

1,6x10" rﬂ_\loo

1,4x10“—’"-,,u."rﬁ Figure 4-3 : linear in-plane GIXD

1,2x10° l 200 scans in the gv and qy

1.0x10*+ "‘ \ 300 medium M, 0 configuration for a low-M (M=
%80)(103_‘ Hloo — 4.7 kDa) sample. For means of
4§6’0X103_‘ H comparison, thegr scan of a
- 1 [ medium-N, (My=17.6  kDa)

4,0x10° 1 b . .

L ow M sample is displayed. The graphs
2,0x10 —_\_\\-:___.ZW WM, 90 | \yere shifted along the ordinate
001 lowM dy for clarity.

3 6 9 12 15 18 21 24

q(m

In the gL scan strong and well defined (h00) h=1,2,3 refbetican be seen, whereas
in theg// scan of the low-) sample, no reflections are visible. This is chaastic for a
high degree of in-plane orientation of the samplee absence of the (002) reflection coming
from the monomer repeat unit is at variance with dbservations made for slow-DEC films.
This point will be discussed in detail section 5.

Comparing thegt scan of the low-M to the g scan of the medium-jyl sample
reveals mainly two significant differences. Firgte (h00) reflections and in particular the
(200) and the (300) are much better defined for ldve-M,, sample as compared to the
medium-M, sample. Second, thesyr parameter of the low-Msample is a bit lower than
for the medium-N, sample as expected from the literatu2)( For the low-M, aks., =
1.63nm and for the medium-iyl ai¥d*™ = 1,71 nm. A similar evolution(Increase of
apsyt With decreasing ) was previously reported by Zex al.as well as by Brinkmanat
al. (24, 25). The higher value of tha-syt parameter in high-iM samples was attributed to the
occurrence of reentering chains after foldi2d, 5, 28). Such reentrant chains are absent in
low-M,, P3HT that does not foldin fact, thereentrant chains into the lattice (after folding)
exert some stress on the close packing of the shamad induce an increase of the lattice
parameter with increasing amount of folds and raamtchains €.g. with increasing M).
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Therefore, this observation is in very good agregmeith the results of the UV-vis
measurements. Indeed, it was shown that due talikence of chain folding in the lowgM
the latter can be more easily oriented by mechanitéding.

The better defined (h0O) reflections are a fingetpsf a better overall crystallinity of
the low-M, samples. Decreasing crystallinity with increadihgwas previously observed for
the slow-DEC samples and reported in the litera{@®). Further support for the better
defined crystalline order in the lowyMsample was obtained from ED measurements. As seen
in Figure 4-4,the ED pattern of the mediumyMubbed P3HT films shows exclusively the
strong (h0O) reflections with h=1-3.

MediumM,,

Figure 4-4 : ED patterns of a low and a medium-8&mple (M=6.4 and 17.6 kDa).

For the low-M, sample, in addition to these strong (h00) reftettj weak and broad
reflections indexed as (h02) with h=0 and 2 arespled on the first layer line. Although very
broad, the presence of the (002) reflection confilagn the monomer repeat unit in the ED
pattern of the low-M sample, suggests a better defined order alond 8l backbone in
these samples as compared to the mediypiiih. However, the medium as well as the low-
M,, display significantly different ED patterns as qmared to equivalent epitaxied thin films.
In fact, the ED patterns of the epitaxied films Bomedium-N, sample show intense and
sharp (h02) reflections indicative of well defing@nslational order along the chain-axis
direction in the crystalline domains. A more defdilcomparison of the crystalline order in
rubbed and epitaxied layers will be presented atice 5.

The sizes of the crystalline domains were alsareded from these linear scans by
using the Scherrer formula. The results of thislysma will be discussed in parallel with
results regarding the nanomorphology as observedRbyEM.

In the following we were interested in other sturat differences in the low-Mas
compared to the mediumyMsample. GIXD measurements were performed to datter
insight on the orientation of the crystalline donsaon the substrate.
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4.2.2. Orientation of the crystalline domains of a low-Msample

a) Description of the g andthe g, 2D GIXD pattern:

Figure 4-5 (a and b¥hows theGIXD pattern for a R1 low-N sample (M=4.7 kDa)
in thegL andqg// configurations. The GIXD pattern consists mainflyipcontinuous Scherrer
rings from the (h0O) reticular planes, (ii) (hO@flections in thego,: and in thegy direction
and (iif) a (020) reflection in the,: direction. The Scherrer rings progressively dissoby
turning the sample aroun@. At Q=90°, only sharp reflections in thg, direction are
visible. The observed “doubling” of the (h0O) refiens is not yet understood. A similar
evolution of the Scherrer rings was previously obsé for a medium-M sample prepared by
slow-DEC. Such a pattern hints at the existencanainly three populations of domain
orientations:

0] Domains with a fiber symmetry around the rubbingdion €r347//R) giving
rise to Scherrer rings.

(i) Domains with a preferentidedge-on” orientation (native orientation before
the rubbing process) giving rise to the (h00) kftns in thegL direction.

(i)  Domains with a preferentiaflat-on” orientation anddezyt//R) giving rise to
the (020) in thegey: direction and the (h0O0) in thep direction. This domain
orientation was most probably enforced by the mlas observed previously
for the medium-N, sample.

184



Chapter 5: Oriented P3HT films by mechanical rulgpbin

a) Bulk of the film
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Figure 4-5:(a and b)GIXD pattern for a low-M sample in the configurationg. and g//

parallel to the rubbing direction after 1 rubbingate (R1).(a and d)Evolution of the GIXD
pattern with increasing penetration depth for alBi-M,, sample (M=4.7).

No such fiber-like symmetry was observed for thebed medium-M sample. The
population of domains presenting a fiber symmetra fingerprint of the low-Mi.e. of the
absence of chain folding and chain entanglememidedd, chain entanglements and
interconnections between the crystalline domainsoaat for a more or less collective
orientation of the P3HT nanocrystals upon rubbifigerefore, the orientation on the substrate
of one crystalline domain enforced by rubbing cantiansmitted to a nearest neighbour
nanocrystal. In low N, (i.e. no entanglements and interconnections), each ngstats has
an individual behaviour and can thus adopt anyntaeiéon independently from the one of
adjacent crystalline domains. By the rubbing precesnly the orientatiorcesut//R is
enforced for all crystalline domains, whereas thange in orientation of the crystalline
domains on the substrate occurs only for a patte@P3HT nanocrystals.

In the following we studied the orientation of tbeystalline domains as a function of their
depth within the film (bulk of the films vs “filmig interface).
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b) Evolution of the structure with Rf):

Figure 4-5 (a and d)shows the evolution of the GIXD pattern with inGeg
penetration depth BJ of the X-ray beam for a low-}yisample. When probing the entire film
thickness, three populations of P3HT crystalliteerdgation are clearly evidenceigure 4-5
(@)). With decreasing B(, the main change is a further decrease in intemdithe sharp
(h00) reflections in theye,: direction. No difference in the Scherrer rings ahd (h00)
reflections in theg. direction is observed between the bulk and them*air’ interface.
Figure 4-5(d) shows the evolution of the ratio of the (100pmgities hooyouf (100 for better
visualization of the progressive loss in intensifythe (100) reflection in the direction.
Therefore it can be said that the P3HT crystalllomains giving rise to the fiber-pattern are
found in the entire film after rubbing. In the budkthe film all three populations are present,
whereas at the film-air interface a mixture of tiikat-on” and oriented fiber-like domains
coexist. The complete absence of reflections ingjhdirection Q = 90°) hints at the very
good in-plane alignment of the P3HT chaiossr // R) in the whole film. Accordingly, the
rubbing of the low-N, sample induces (i) a global chain alignment vegbyr // R from the
first rubbing cycle and (ii) a progressive flippiof the domains orientation to thédt-on”
orientation. In other words, upon rubbing the damawith a fiber symmetry progressively
flip to the *flat-on” orientation. We believe that the reorientatiortled “edge-ofi orientation
to a“flat-on” orientation propagates trough the entire filmkhgss starting at the “film-air”
interface with increasing rubbing length as shoenthe medium-NM sample. A complete
series of measurements of rubbed P3HT films withoua M, (low, medium, high) and
increasing number of rubbing steps was realizesiyathrotron soleil. These data were not
integrated into this manuscript but validate thespnt results.

4.3 Morphology and nanomorphology: medium- versus lowzM

Figure 4-6shows the TEM-BF images of a low- and mediuyp-{#,,=6.4 kDa and
Mw=17.6 kDa)sample and the corresponding HR-TEM micrograph& dbservation of the
rubbed thin films morphology by TEM in the brighelfl modeindicates that the periodic
lamellar morphology with crystalline domains thdtemate with amorphous interlamellar
zones in a periodic mann&g 29) marginally seen for rubbed films of low;M6.4 kDa)i.e.
for P3HT samples crystallizing with extended chaii$e lamellar periodicity (one
amorphous + one crystalline phase) is very smalhbge of the very short polymer chains.
This is comparable to what abserved in low-M samples grown by slow-DEC. However,
the contrast in the BF image is not comparabld&b obtained in the DF for epitaxied films.
A strong defocus is necessary to catch the feetdrast between the crystalline and the
amorphous phase. This limited BF contrast suggeségéher poor overall crystallinity of the
rubbed films. In contrast to the lowyMsamples, the rubbed films of higher,NM,, > 10
kDa) do not reveal any lamellar structure or nanqahology.
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Medium M,
TEM-BF

Figure 4-6: TEM-BF images of a rubbed low- and medM, sample and the
corresponding HR-TEM images (M 6.4 kDa and N} = 17.6 kDa).

The HR-TEM images oFigure 4-6allow to get a better insight on the chain packing
within the thin films. The HR-TEM observations confirm the absence of gulee and
periodic alternation of crystalline and amorphoosdins in the rubbed P3HT films. As seen
in Figure 4-6the distinction between crystalline and disordededains is difficult in the
rubbed layers. In particular there are no sharporea and boundaries between the crystalline
lamellae and surroundings amorphous zones as eedhef slow-DEC samples. Despite the
very fuzzy contours of the crystalline domains #éime significant fluctuations in the domain
dimensions observed in the HR-TEM images, the @eestem length in the nanocrystals
L stem @and the extension of the domains alongdhgr axisL, was estimated from a careful
statistical analysis. The domain sizes in #hgyr direction were in addition estimated from
the XDR linear scans by using the Scherrer fornounlghe (100) reflection. The results of this
analysis can be found ifable 4-2.
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Both the rubbed films of the low and medium P3HMpBkes show an average stem
length Lsem = 5-6 nm (12-15 monomer units). Regarding the domdimensions
perpendicular to the chain axis, for the mediuga-$dmplel , = 10-20 stems. In the case of
the low-M, samples the estimation of the number of stems RyTHM fluctuates strongly,
but a similar extension along, than for the medium-iMsamples could be evidenced. The
values as extracted from XRD linear scans show kiewa larger extension in thie,
direction in the case of the lowyMsample as compared to the medium-Bamples. A
similar trend was previously observed for the sBBE films?

The invariance of the stem lengttb447) with increasing N as evidenced by HR-
TEM is rather surprising and in contrast to whaswgaen in the epitaxied layers grown by
slow-DEC. Possibly, the strong mechanical forcqdiag to the films during the rubbing can
induce the disruption of previously formed cryst#lsnore detailed comparison between the
rubbing and the slow-DEC method will be presentesidction 5. In the following, the impact
of the nanomorpholgy and the crystalline orderubbed films on their UV-vis spectra will
be studied.

LstemHR-TEM L stemX-ray LaHR-TEM Lo X-ray
low M, 5-6 nm Not accessible 10-20 stems 24+5nm (~15 $tems
High M, 5-6 nm Not accessible 10-20 stems 17+4nm (~10 $tems

Table 4-2: Sizes of the crystalline domains as enddd from HR-TEM and linear XDR
scans’

4.4.\Vibronic structure of absorbance

As shown in a previous chapter (see Chapter 4), ndweomorphology and the
crystalline order on one hand and thg, Mistribution on the other hand have a strong
influence on the vibronic structure of absorban28 B0-35. In a first point, we were
interested how the rubbing process influences iw@ric structure, and in a second point we
studied the effect of lMlon the vibronic structure of absorbance.

4.4.1. Effect of rubbingon the vibronic structure of absorbance

Figure 3-7shows the absorbance spectra of the as depositetbfy the doctor blade
method from chlorobenzene) and of a rubbed filma ohedium-M, P3HT. For the rubbed
film, the incident light was polarized parallelttee rubbing direction R.

8 Note that the | the sample used for GIXD and the sample usedhi®HR-TEM is not strictly identical

(M, = 6.4 kDa for HR-TEM and ED whereas,,M 4.7 kDa for GIXD measurements)
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0-1

] _ Rubed medium M,
Figure 4-7: Comparison of the

UV-vis absorption spectra of a
rubbed and an as-deposited film of
a medium-M P3HT (M, =17.6

kDa). For the rubbed film, the
spectra were recorded with the
incident  polarization  oriented
parallel to the in-plane direction of
the P3HT chains. The spectra were
normalized in intensity and shifted e
along the ordinate axis for clarity. 16 18 20 22 24 26 28 30 32 34

Normalizd absorbance

As film medium M W

energy (eV)

The rubbed thin films exhibit two rather broad wbic replica centered at 2.06 nm
(0-0) and 2.25eV (0-1). Compared to the as depmbséitr@ and also compared to epitaxied
layers of P3HT, rubbed films exhibit only a poodgfined vibronic structure of absorbance
with a predominant 0-1 component. It is interestimgnote that other reports on P3HT films
aligned by mechanical rubbing show a very simildranic structure 14, 16, 18). P3HT
films oriented by other methods based on the agipdic of shearing forces show equally a
similar and poorly defined vibronic structure. Tissfor example the case of P3HT obtained
by a friction transfer method.Q) or by strain alignmen®yj. Therefore, it seems quite general
that P3HT films oriented by mechanical shearingcdsr exhibit only a poorly defined
vibronic structure as compared to films depositedhfsolution in high boiling point solvents
by usual methods (spin-coating, drop-casting, eic.do films prepared by slow-DEC. We
believe that, P3HT films spin coated from high Ingjlpoint solvents in the same manner than
P3HT films prepared by slow-DEC show a higher @aViste order than rubbed films. Indeed,
in films prepared from solution or by slow-DEC, thelymer chains have a given time to
assemble and to form well defined crystals uporesdl evaporation. In contrast to this, in
rubbed films the strong mechanical forces appl@dhe films can presumably disrupt this
native crystalline order especially between adjastacks ofrestacked polythiophene chains
separated by weak van der Waals interactions. Traisslates into a much less defined
vibronic structure of absorbance. Although oridntebbed layers show a rather poor degree
of crystalline order.

4.4.2. Effect of M, on the vibronic structure of absorbance

Figure 4-8Compares the UV-vis absorption spectra of orief8HT by mechanical
rubbing for two different M of the polymer (17.6 kDa and 6.4 kDa). The high-8&mples
exhibit a very similar vibronic structure of absanigse and are therefore not displayed. The
spectra were recorded with the incident polarirataented parallel to the in-plane direction

189



Chapter 5: Oriented P3HT films by mechanical rulgpin

of the P3HT chainsTable 4-3collects the main spectroscopic data for the difie M,
samples.

Figure 4-8: Comparison of the
UV-vis absorption spectra of
oriented P3HT by mechanical
rubbing for two different | of
the polymer (17.6 kDa and 5.6
kDa). The spectra were recorded
with the incident polarization
oriented parallel to the in-plane
direction of the P3HT chains. The
spectra were normalized in
intensity and shifted along the
ordinate axis for clarity.

Rubbed low M W

Normalizd absorbance

Rubed medium MW

16 18 20 22 24 26 28 30 32 34
energy (eV)

There is only a marginal effect of Mon the vibronic structure in the case of rubbed
samples. No clear change in terms of vibronic stinegccan be observed for the lowyM
sample as it was found for epitaxied P3HT filmse Tiwvariance of the FWHM of the spectra
with decreasing Mseems surprising at a first look. Indeed, a sttmogdening of the UV-vis
spectra for low-N, samples is reported in the literatuZ8)( Such a broadening was also
observed for the slow-DEC samples (see Chapteri®.reason for the low influence of,M
on the UV-vis spectra of rubbed layers lays propablthe structural properties of rubbed
thin P3HT films. As seen from HR-TEM, in the rubblayers no periodic semi-crystalline
structure can be evidenced. In addition, it coddtkearly seen that the extension of the stems
in rubbed thin is independent of NLsiem~ 6nm). Therefore it seems logical to assume that i
rubbed thin films the conjugation length is indegemt of the molecular weight.

As shown for the slow-DEC films a more quantitatarelysis of the vibronc structure
of absorbance can be made by modelling the aggremgat of the spectrum by the model of
Spano 81, 32, 35). This allows to extract the free exciton band twitlV from the intensity
ratio Ag.o/Ao-1. However, as seen from the HR-TEM images, in thebedbfiims it is
impossible to distinguish a crystalline part andaarorphous part within the film. This makes
the rubbed films very peculiar as compared to spated or epitaxied P3HT thin films where
a clear separation of the amorphous and the clipetgbhases is observed. As the Spano
model is based on the distinction between the albsae of the amorphous and of the
crystalline part of the films, it is not sure ththts model accounts well for a system where
such a distinction is much less pronounced. We thusse to limit the discussion to a
comparison of the ratio &/Ao.1 rather than applying the Spano model for the ektra of
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the free exciton bandwidth W to the rubbed filim$ieTratio of intensitie\g.o/Ag.1 IS
independent of the Minthe rubbed layers as it can be seen fi@hle 4-3.

Best measured
Prepatation method M, (kDa) Dichroic ratio F\(Aécl)v' Aod/Aos
555nm 605nm
rubbing 5.6 (low M,) 9 13 0.62 ~0.76
rubbing 7.9 6 9 0.63 ~0.77
rubbing 17.6 (medium Nj}) 4 55 0.62 ~0.77
Doctor blade from 17.6 Not oriented 062 | -~0.76
chlorobenzene
Slow-DEC 17.6 10 16 0.69 ~0.90
Spin coating from xylene , ~0.81
(ref (35) Not oriented
Spin coating from . ~0.64
chloroform (ref (35)) Not oriented

Table 4-3 : Recapitulation of the spectroscopicadaitthe different molecular weight samples
oriented by the rubbing method.

P3HT films prepared by various methods (rubbingita&y, spin coating) differ
strongly in terms of crystalline order. A high degrof crystalline order results generally in a
high ratio of A.o/Ao-1. Both, P3HT films spin coated from high boiling posolvents (xylene)
and more particularly epitaxied P3HT films showighler ratio A.o/A.1as compared to the
rubbed films and as compared to spin coated filmmsnfa low boiling point solvent
(chloroform). Therefore, it can be said that epad©dayers as well as spin coated layers from
high boiling point solvents have a higher degreecyftalline order as compared to the
rubbed P3HT layers.

4.5. Impact of rubbing and M, on the field effect charge mobility

In collaboration with the research group of PradbfBe Ludwigs at the University of
Freiburg, the rubbed thin films were characteriseterms of charge carrier mobility in the
direction perpendicular and parallel to the rubbdigection in the Field effect transistor
configuration.

45.1. Transistor fabrication and experimental protocol

For a more detailed description of the experiengratocol see Annexe 10. Here the
transistor fabrication will be described only biyef
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Prefabricated transistors in a bottom gate, bottoomtact configuration were
purchased from the Fraunhofer Institute for PhatimtdMicrosystems (IPMS). Highly n-
doped silicon wafers with a 300 nm thick Si@yer obtained by thermal oxidation served as
gate electrode and gate insulator, respectivelyd Gource and drain electrodes of 40 nm
thickness constituted interdigitated transistometes with a length (L) of 20 um and a width
(W) of 10 mm. The P3HT films were directly depoditen the pre-pattered substrates via spin
coating under nitrogen atmosphere. To ensure iclntubbing conditions for all samples,
three P3HT films with different iMwere fixed on a microscope glass slide and ruloheithg
the same run. After rubbing of the films, the alecic characterization of the FETs was
carried out in a nitrogen atmosphere using a Keyttd636 Dual channel sourcemeter in a
glove box. Field effect mobilities () were determined from the transfer characteristics
curve in the saturation regions using the followaagiation:

W
ISD = ZCiluFET(\/g _Vo)2

where kp is the source-drain current in the saturationmegiy is the source-gate
voltage, Gis the insulator capacity, L and W are the chafergyjth and width and (/s the
turn-on voltage.

4.5.2. Charge transport anisotropy

In order to evaluate the impact of chain orientatmn the anisotropy of charge
mobility, P3HT films with different N}’'s were subjected to an increasing number of rupbin
stepsFigure 4-9shows the evolution of the mobilities paralle})(and perpendiculap() to
therubbing direction when the number of rubbing stepseases for P3HT films with 35
kDa, 24.7 kDa and 5.8 kDa respectively. As expetiaa earlier studies, the 5.8 kDa sample
exhibits the lowest initial mobility as comparedthe 27 kDa and 35 kDa sampl&2,(36).
Regardless of M rubbing induces some anisotropy of charge mgbihich tends to
increase with the number of rubbing cycles. Howetlaerhigher N, the lower the observed
anisotropy of charge mobility. The films of 5.8 kBahibit a very high anisotropy of charge
transport after two rubbing cycles withy / pn = 22 whereas for the 35 kDa sample/ po
<2.
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Figure 4-9:Measured field effect mobility parallel (uand perpendicular (g to the
rubbing direction as a function of rubbing steps for P3Hithwdifferent molecular weights
(@) high M,=35 kDa,(b) medium WM=24.7 kDa and (c) low Mw=5.8 kDa. (d) Ratio of and
Has a function of rubbing steps for the three dififé molecular weights.

This observation is fully consistent with resulttained from the UV-vis absorption
spectroscopy indicating that the alignment of tbe/mer chains and the reorientation of the
crystalline domains are most efficient for lowyMP3HT i.e. in the absence of
interconnections and chain entanglements. In low3HT, rubbing orients efficiently the
P3HT chains parallel to the rubbing directi@ps(ir//R). The absence of interconnections in
low-M,, P3HT films allows for a complete reorientationcoystalline domains upon rubbing
and it thus amplifies the intrinsic anisotropy ¢facge mobility in P3HT between the chain
axis directioncpsyt and theapsyt direction. Anisotropy of charge transport propestiof
P3HT thin films were also reported for P3HT oriehbg strain alignment by O’Connet al.
and by epitaxy by Jimisoet al (9, 37). O’Connor et al reported a charge transport anipgtro
of a factor of 9 for a strain aligned P3HT (M 117 kDa, PDI = 1.9) sample. Jimisenal.
reported anisotropy up to 20 for epitaxied P3HT, b4 kDa, PDI = 2.63).

The lower anisotropy observed in the rubbed lagsrsompared to that reported in the
literature can be easily understood taking intcoaat the orientation within the bulk of the
films as evidenced by GIXD. In fact, in OFETs, d®transport is confined at the interface
between the dielectric and the P3HT layer. We tslna@vn that the orientation in rubbed thin
films propagates from the air-film interface troutjie entire film thickness. Therefore, the
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zone where the charge transport was measured iirttseis the less oriented one. This is in
particular the case of high Msamples where chain entanglements hinder theiesftic
reorientation of the P3HT upon rubbing. To accégsaharge mobility of the best oriented
top surface of the films, top gate top contact widot more suited. The important finding of
this study is the correspondence between the meptaientation probed by UV-vis and the
corresponding charge mobility. The impact of, Mn the chain orientation by rubbing
translates into a corresponding anisotropy of trere mobility in OFETSs.

5. Rubbing versus slow-DEC: A comparative study

We have prepared and characterized highly orietiiedfilms by using two different
methods, namely (i) mechanical rubbing and (iiwsldirectional epitaxial crystallization.
Herein the differences in structure, orientatiorystalline order, morphology and UV-vis
absorption spectroscopy will be highlighted. Wead®to present this comparative study for
a medium-M, P3HT. The differences in morphology of the P3Hinthims prepared by
these two methods will influence the morphologyhed resulting hybrids as it will be shown
in the following chapters.

5.1.Structure: Fiber symmetry versus preferential cootaplane

Figure 5-1depicts the TEM BF-images and the 2D GIXD mapsrokpitaxied and
rubbed P3HT film. The TEM- BF image shows cleaHgttonly the epitaxied layers have a
structurated morphology presenting (i) a fibrilaonphology in the thicker parts of the film
and (i) a well defined periodic lamellar structwvégh alternating amorphous and crystalline
domains as described in previous chapters anddnlitirature 24, 26, 29). The rubbed
samples do not reveal any peculiar morphologicatuies and present a quite regular and
smooth surface. These differences in morphologydaesetly reflected in the structure of the
films. Epitaxied P3HT films exhibit clearly an onied fiber symmetry where the fiber axis
(cpant) is well aligned parallel to thercg direction. In contrast to this, the rubbed filnmow
clearly a preferentidfflat-on” orientation on the substrate. Epitaxied and rubfiens do not
only differ from a point of view of morphology arsfructure, but important differences can
be observed in terms of crystalline order. Thesterdinces were clearly evidenced by HR-
TEM, ED and linear GIXD measurements. These diffees will be discussed in the
following section.
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Figure 5-1 : TEM-BF image and 2D GIXD maps of a medM, sample prepared by slow-
DEC (left) and by mechanical rubbingight).

5.2 In-pane orientation nanomorphology and crystallimader

Figure 5-2depicts the characteristic HR-TEM micrographs @nelcorresponding ED
patterns as well as the azimuthal angular disiobutf the (100) reflection an epitaxied and a
rubbed thin film of medium-MP3HT.
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(1) In-plane orientation: As shown before, both epitaxied and rubbed P3Hiisfshow a
high level of in-plane orientation as inferred frahe POM images. In epitaxied filntgsyr
aligns parallel to thercg direction €p3ut // Crcg) and in rubbed layerspsyt aligns parallel
to the rubbing directionchsyr// R). The comparison of the ED patterns of both, epmthand
rubbed thin films allows for a more quantitativengmarison of the degree of in-pane
orientation in these films. Different levels of phane orientation lead to different azimuthal
distributions of the (100) reflection in the ED teahs. For epitaxied films FWHNo)~21°
and for rubbed films FWHMoo) ~ 32°. Thus, the degree of in-plane orientatioslightly
better in the films grown by slow-DEC. Moreoverdetailed comparison of the ED patterns
and HR-TEM micrographs reveals additional strudtdriierences between the rubbed and
the epitaxied samples.

(i) Nanomorphology: In both epitaxied and rubbed P3HT films, HR-TEM wBo0
nanocrystalline domains consisting of planestgtacked chains separated by thieexylside
chains. The HR-TEM observations confirm the abserice regular and periodic alternation
of crystalline and amorphous domains in the rubB8HT films as already observed in the
TEM BF image. In rubbed films of medium Mthe distinction between crystalline and
disordered domains is not as obvious as in theadpid layers. In order to get a more
quantitative comparison of rubbed and epitaxied P8Hins, statistics on the crystallite size
for both samples are compared. Despite signifidlictuations in the domain dimensions
observed in the HR-TEM images of the rubbed filtteg average stem length in the
nanocrystalt s.emand the extension of the domains along the alaxwgere estimated from a
careful statistics and compared to the values obthpreviously on epitaxied layers. Rubbed
films show an average stem lengthern J5-6 nm (12-15 monomer units). In contrast to this,
in the epitaxied films of the medium Mthe average stem length is of the ordet g~
13nm ( > 30 monomer unitsje. twice as long. Regarding the domain dimensions
perpendicular to the chain axis, the extensiorhefdrystalline domains along tlaeaxis is
rather similar for both epitaxied and rubbed filfk®r instance, in both the epitaxied and
rubbed films of the medium molecular weight samplg[115-20 stems. This similarity is
further supported by the presence of three visiotiers of the (h00) reflections in the ED
patterns of both the epitaxied and the rubbed filmshort, for the same Jthe chain length
(Lstem) in the crystalline domains is larger in the eggd films as compared to the rubbed
layers.

196



Chapter 5: Oriented P3HT films by mechanical rulgpbin

Epitaxied Film Rubbed Film

Normalized intensity
Normalized intensity

FWHM=21° FWHM=32°
40 30 20 10 0 10 20 30 4 40 30 20 -10 0 10 20 30 40
Angle ( °) Angle (j

Figure 5-2: Comparison of characteristic HR-TEM iges, ED patterns and corresponding
azimuthal distributions of the (100) reflectiontafo oriented P3HT films. (Left) P3HT film
oriented by slow-DEC (right) rubbed P3HT film. Timsets in the upper left corner of the
HR-TEM images correspond to the Fast Fourier Transs.

(i) 3D versus 2D crystalline order: Rubbed and epitaxied P3HT films do not
only differ in terms of average size of crystallth@mains as observed by HR-TEM. A careful
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comparison of the ED patterns of the rubbed anthepd films reveals besides the degree of
in-plane orientation further important differenc@s. seen irFigure 5-2the ED pattern of the
rubbed P3HT films shows essentially the strong Yh@€ections with h=1-3. In contrast to
this, the ED patterns of the epitaxied films shather intense and sharp (h02) reflections
indicative of well defined translational order ajptihe chain axis direction in the crystalline
domains. A similar observation can be made reggrthe results of the linear GIXD scans
with the scattering vectoq // ce3ur direction (seeFigure 5-1). The (002) reflection is
exclusively seen in the case of epitaxied thin dilfiherefore, it can be concluded that in the
case of epitaxied thin films there is a very lovg® of stacking disorder along the P3HT
backbone. Thus, epitaxied layers display a 3D alys¢ order whereas rubbed thin films
show a 2D crystalline order.
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Figure 5-3 : GIXD linear scans with the scatterimgctorq parallel to thecpsyt direction of
an epitaxied and a rubbed P3HT film of mediuM8HT.

Disscussion:The origin of the 2D vs 3D crystalline order canéxplained by using
the crystal structure of P3HT as refined by Kaydn&i al (38). The unit cell of PSHT
contains two chains per cell that arstacked along thbpsyr axis 38). The two chains are
shifted one to another along thesyt axis to allow a regular packing of tmehexyl side
chains. The present results suggest that thislataonsal order along the chain axis direction
is poorly defined for the rubbed P3HT films resudtiin the quasi absence of the (h02)
reflections in the ED pattern. In other words, lmellar structure of P3HT associated with
the periodic alternation oftstacked polythiophene backbones and layers-lbéxyl side
chains is observed by HR-TEM for both rubbed anitbgi@d layer