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L'objectif de cette these est de réaliser des dispositifs hybrides organique-inorganiques ayant
une résistance d’interface appropriée pour I'électronique de spin, en vue de la fabrication de
vannes de spin organiques. Les matériaux organiques ont attiré I'attention de la communauté
scientifique en raison de leurs propriétés uniques telles que leurs facilité et faible colt de fabri-
cation, leur modularité chimique, leur flexibilité mécanique et leur utilisation en solution a basse
température (< 180 °C) sur de grandes surfaces. De plus, certains semi-conducteurs organiques
sont biocompatibles pour des applications en médecine. Dans I'optique du transport de spin,
leur avantage est qu’ils gardent I'information de spin beaucoup plus longtemps que les maté-
riaux inorganiques, grace a leur structure chimique essentiellement constituée de carbone et
d’hydrogéene.

Le potentiel de I'électronique organique est conséquent, notamment par la diversité de mé-
thode de dépét comme I'impression ou la pulvérisation en aérosol et la réalisation
d’électronique flexible. Des dispositifs organiques ont émergé ces derniéres années comme les
transistors a effet de champ organiques (OFETs), les diodes électroluminescentes organiques
(OLEDs) et les cellules photovoltaiques organiques (OPVs). La technologie OLED est d’ores et
déja commercialisée par LG pour ses écrans a contraste dit infini, et des panneaux solaires orga-
niques enroulables sont également en vente par différentes entreprises.

L'essor des matériaux organiques est récent car leur mobilité électronique a été pendant
longtemps trop faibles pour des applications industrielles, notamment a cause de leurs dé-
sordres moléculaires et du transport par saut. Cependant, les efforts de la communauté
scientifique ont abouti a la synthése de nouveaux matériaux dont les performances électriques
sont adaptées a la fabrication de dispositifs électroniques’. Le probléme majeur qui reste néan-
moins a surmonter est la résistance d’interface entre les électrodes métalliques et les matériaux
organiques, généralement trop élevée pour une électronique organique efficiente. Une piste
suivie dans cette thése pour réduire la résistance de contact est 'utilisation de la structure de
transistor a effet de champ organique a grilles électrolytiques (EGOFET, figure A). Les EGOFETs
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présentent en effet une faible résistance d’interface?, en plus de permettre un dopage trés effi-
cace du canal organique’.

La spintronique vise a utiliser le spin des électrons comme information, en plus ou a la place
de leurs charges. Ce domaine ouvre la porte a de nouveaux dispositifs qui pourrait s’affranchir
de I'effet Joule et avoir de meilleures performances et une plus faible consommation électrique
que la technologie actuelle. La spintronique a fait ses débuts en 1988 avec la découverte de la
magnétorésistance géante*> (GMR) qui s’est traduite par le développement des disques dures,
révolutionnant le stockage d’information.

Le choix de matériaux organiques pour des applications en électronique de spin est motivé
par la capacité des matériaux carbonés a conserver I'information de spin pendant une « longue »
période, de I'ordre de la microseconde, environ trois ordres de grandeur plus longue que les
matériaux inorganiques®’. Cette échelle de temps est suffisamment grande pour permettre la
manipulation des spins dans les dispositifs. Toutefois, comme les matériaux organiques sont de
moins bons conducteurs que leurs homologues inorganiques, la distance que peut parcourir un
porteur de spin avant de perdre l'information est seulement légerement supérieure dans les
matériaux organiques. La structure EGOFET est donc d’autant plus importante puisqu’elle per-
met d’atteindre des conductivités électriques particulierement élevées.

Cations
BMIMI @ g

Anions
[PFeI

Holes 000000000
~<. -
=~

Electrostatic
_ doping

Figure A Schéma de principe d’un transistor a effet de champ organique a grille élec-
trolytique. Sous l'effet du potentiel de grille, les ions mobiles de I'électrolyte (les
anions dans notre cas) migrant vers l'interface entre I'électrolyte et le canal orga-
nique. En réponse au champ électrique créé par ces charges, les porteurs de charge
du canal s’accumulent a la jonction des deux matériaux ce qui forme un canal con-
ducteur et augmente la conductivité du polymeére (dopage électrostatique). Pour
des tensions de grille plus élevée, les anions peuvent pénétrés dans le canal pour
entrer dans le régime de dopage électrochimique ce qui augmente fortement la
densité de porteurs dans tout le volume du canal. Cette derniére propriété est ex-
clusive aux transistors organiques.

La géométrie typique en spintronique est la vanne de spin. Il s’agit de deux électrodes ferro-
magnétiques de champs coercitifs différents, séparées par un canal non-magnétique
généralement semi-conducteur, organique ou inorganique. En appliquant un champ magné-
tique, I'aimantation relative des deux électrodes peut étre basculée de parallele a anti-parallele.
Il en résulte une variation significative de la résistance de I'échantillon selon sa configuration,
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ce qui correspond a la GMR. Cependant, pour obtenir un signal important, deux conditions doi-
vent étre remplies :

1. Lalongueur de diffusion de spin (lsf), c’est-a-dire la distance que peut parcourir un
porteur avant de perdre I'information de spin, doit étre plus longue que le canal (L).

2. La résistance d’interface spécifique (1) doit étre dépendante du spin et comprise
dans une fenétre définie par les conditions de Fert & Jaffrés® centrée autour de ry =
plsg, ol p est la résistivité du canal.

La longueur de diffusion de spin atteint possiblement 200 nm dans le cas du poly[2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT), polymére principale de cette
étude®®®, Pour satisfaire la premiére condition, il est donc nécessaire de réaliser des EGOFETs
sub-micrométriques.

La seconde condition concernant la résistance d’interface spécifique, c’est-a-dire la résis-
tance de contact normalisée par la surface d’injection/détection, repose sur I'inadéquation des
conductivités de I'électrode métallique et du semi-conducteur organique. Si r;, est trop faible,
les porteurs de spin seront préférentiellement refoulés a I'interface ferromagnétique/organique
car la conductivité du polymeére est au moins cent fois plus faible. Au contraire, si r;, est trop
grand, des porteurs pourront traverser la premiére interface, mais ne pourront pas s’échapper
du canal semi-conducteur pour étre détectés car ils vont rencontrer une énorme résistance de
contact a l'interface organique/ferromagnétique. Quand ils finiront par franchir I'interface, ils
auront perdu I'information de spin car ils auront passé trop de temps dans le canal. La fenétre
de résistance spécifique de contact s’écrit :

L r

lsf ™n L
Cette inégalité montre bien I'importance de la balance entre la longueur du canal et la longueur
de diffusion de spin qui est déterminante pour obtenir un signal de spin significatif.

Cette thése a pour but de moduler la résistance d’interface par la température, le dopage,
I'application d’'un champ magnétique, le choix des matériaux et la géométrie de I'échantillon
pour obéir aux conditions de Fert & Jaffres, et ainsi fabriquer une vanne de spin organique fonc-
tionnelle. La structure EGOFETs permettant le dopage électrochimique du PBTTT pour atteindre
un transport quasi-métallique et une résistance d’interface tres faible est un élément clé de ce
travail. C’'est d’autant plus vrai que cette structure est adaptée a I’échelle millimétrique, autant
que nanométrique, pour satisfaire la premiére condition citée plus haut, mais aussi parce que la
résistance de contact semble diminuer en réduisant la longueur des EGOFETs. Poussé par les
résultats obtenus avec les électrodes en or, le cobalt a été utilisé pour réaliser des pistes métal-
ligues magnétiques nécessaires pour I'étude de phénomeéne dépendant en spin.

Basé sur les précédents résultats du groupe, nous sommes effectivement parvenus a fabri-
quer des EGOFETs nanométriques (L~80 nm) ayant de remarquables propriétés de transistors
et de faibles résistances de contact. Nous avons particulierement pointé du doigt I'effet de crow-
ding qui augmente l'aire d’injection et de détection effective de ce type d’échantillon'!2, Cette
élongation réduit la résistance d’interface mais est problématique dans I'optique d’application
en spintronique car la distance parcourue par les porteurs est augmentée, et peut facilement

XI
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dépasser la longueur de diffusion de spin. Le signal de magnétorésistance, qui diminue expo-
nentiellement avec la longueur du canal, est donc fortement impacté. Pour estimer l'influence
du crowding, nous avons développé une simulation numérique qui tient compte de la longueur
du canal effectif en partant des équations de magnétorésistance de Valet-Fert®3. L’effet de crow-
ding induit également des relations inhabituelles entre les résistances du canal effectif, la
résistance d’interface effective et la résistance totale de I’échantillon qui ont des conséquences
importantes pour la magnetoresistance des EGOFETSs.

Dans ce résumé en francais, nous nous limiterons a donner un bref apercu des résultats ex-
périmentaux correspondants aux chapitres trois a cing du coeur du manuscrit.

Dans un échantillon planaire, I'effet de crowding d’une structure superposée implique I'in-
jection (et la détection) des charges depuis la surface supérieure des électrodes, en plus de leur
surface latérale. Le courant circulant dans le canal devient alors non-uniforme, allongeant le
trajet des porteurs de charge (et de spin) dans le polymére.

Source

Figure B Représentation de I'effet de crowding. La surface supérieure des électrodes
estimpliqué dans I'injection de courant, ce qui allonge la longueur effective du canal
de deux fois la longueur de transfert. La véritable aire d’injection est mise en avant
par la ligne rouge. La grille n’est pas dessinée pour simplifier le schéma.

La figure B représente le circuit équivalent d’un échantillon en modélisant |'effet de crowding
par un réseau de résistances en parallele au-dessus des électrodes. L'analyse d’un tel circuit
révele une (dé)croissance exponentielle du courant au-dessus de la source (du drain) sur une
longueur caractéristique appelée longueur de transfert (L1). Ly reflete I’équilibre entre la résis-
tance de contact spécifique (13,) et la résistivité du canal (p), et s’écrit™* :

Xl
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oU hegnar st I'épaisseur du canal. 13, est la normalisation de la résistance de contact (R.) par
I'aire d’injection/détection (A) : 1, = R-A ; c’est donc une propriété intrinseque du systeme, au
méme titre que la résistivité. On notera que I'équation précédente est auto-cohérente étant
donné que l'aire A dépend elle-méme de la longueur de transfert. De maniere générale, on peut
écrire :

1y = RETW (h + Ly)

ou W est la largeur du canal et h la hauteur des électrodes. L’indice L a la résistance de contact
indique qu’il faut utiliser la résistance de contact qui prend en compte I'effet de crowding. Le
calcul de R en négligeant la longueur de transfert tient en faite compte de la résistance du canal
au-dessus des électrodes, et donc RéT < R(. On a cependant bien 13, et non rbLT car c’est une
propriété intrinséque, I'aire d’injection pour la normalisation a simplement été mieux définie.

Expérimentalement, les longueurs de transfert publiées dans la littérature suivent 4L = L
a I'échelle micrométrique, et ne passent pas sous les 600 nm a I’échelle nanométrique®?’. La
longueur de transfert est donc le plus souvent (beaucoup) plus longue que la distance entre les
électrodes. La longueur effective des échantillons (L.ss = L + 2L7) est donc possiblement tres
différente de la longueur initiale souhaitée. Il faut donc étre prudent lors de I’analyse de dispo-
sitifs dans une structure superposée.

Dans le cas ou Ly > L, h, c’est-a-dire que le courant passe essentiellement par le dessus des
électrodes, I'effet de crowding induit une équivalence telle que :

1
L L
ZRCT = Rcﬁ = ERTotale

. L - N
ou R} est la résistance du canal en tenant compte de I'allongement d a la longueur de trans-

L L - .
fert et Rrorqre = Ref, + 2R.". Lt s’adapte pour que les résistances du canal et de I'interface
s’équilibrent et contribuent autant I'une que I'autre a la résistance de I’échantillon.

MR V-F
Y ol
S~ Leff]
e [ Lsy
\ :
: X @nnel . Electrode Lerr
L Lesy

Figure C A gauche : décroissance de la magnétorésistance avec la longueur du canal
d’aprés les équation de Valet & Fert. A droite : distribution du courant en présence
de crowding. L'amplitude locale du courant (8i) pondére la magnétorésistance de
la figure de gauche, comme montré par le code couleur.

Il est donc possible de moduler la longueur de I'échantillon en jouant sur la résistivité du

canal ou la résistance d’interface du systeme puisque la longueur de transfert sera modifiée. Par
exemple, le choix d’un niveau de dopage plus faible augmenterait la résistivité du canal ce qui

X
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raccourcirait Ly et donc L, ¢. Cette variation de longueur mene a une nouvelle relation entre la

résistance totale, la résistance d’interface spécifique et la résistivité :

4 [rpp

Rrotate = W A

fondamentalement différente de I’habituelle somme linéaire d’'un terme d’interface et d’un
terme lié au canal. Dans I'idée de détecter un signal de magnétorésistance, on remarque que la
variation de 13, ou p peut reproduire le signal attendu sans avoir d’injection ou de transport de
spin.

L'effet de crowding impact également I'amplitude de la magnétorésistance. Comme énoncé
dans l'introduction, la longueur du canal doit étre plus courte que la longueur de diffusion de
spin lsr, estimée a 200 nm pour le PBTTT. Or la longueur de transfert atteint facilement le mi-
crometre, ce qui implique une longueur effective nettement plus longue que s¢. Pour quantifier
les conséquences de I'effet de crowding sur la magnétorésistance, nous avons effectué une si-
mulation basée sur les équations de Valet-Fert en incluant la non-uniformité du courant due au
crowding.

MR (%)

Figure D Magnétorésistance tenant compte de I'effet de crowding, pour différentes
longueurs de transfert, en fonction de la résistance spécifique (de spin) de l'inter-
face normalisée par la résistivité de spin du canal. L'unité de longueur est lf =
200 nm.

La magnétorésistance tenant compte de la longueur de transfert (MRT) est considérée
comme la moyenne pondérée des magnétorésistances des courants locaux 8i qui construisent
le courant total i, (figure C) :

S, MRV (Leps)Bi(Legy) dLegy
I, 8i(Legy) dLegr

MRT(L) =
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Les valeurs de L ont été choisies entre zéro (référence) et quatre fois la longueur de diffusion
de spin. Les distances accentuées d’un tilde sont exprimées en unité de [sr, considérée de

200 nm telle que la longueur du canal considérée est L = 0,1 & L = 20 nm.

La conséquence principale de I'effet de crowding est une diminution drastique du signal at-
tendu méme pour la plus faible longueur de transfert (figure D). L'amplitude de
magnétorésistance perd dés lors un ordre de grandeur pour Ly = 800 nm (L = 4), longueur
souvent atteinte dans la littérature. De maniére générale, nous n’attendons pas de signal supé-
rieur a quelques pourcents dans les structures superposées, d’autant plus que des valeurs
optimales des propriétés magnétiques des électrodes ont été choisies pour le calcul, difficile-
ment réalisable expérimentalement.

En conclusion, 'effet de crowding est un outil utile pour diminuer la résistance de contact
d’un dispositif en agrandissant la surface impliquée dans I'injection et la détection du courant.
Cependant, I'allongement de la longueur effective du systeme implique une forte diminution du
signal de spin qu’on peut espérer dans une telle gé¢ométrie.

La résistance d’interface des EGOFETSs

La réduction des dimensions caractéristiques des transistors est nécessaire pour améliorer
les performances des dispositifs électroniques tels que les processeurs. Ce faisant, la résistance
du canal diminue de maniére linéaire avec la longueur. Cependant, la résistance d’interface ne
change pas, et cette derniére peut surpasser la résistance du canal actif a partir d’une certaine
longueur critique. Continuer de rétrécir le transistor au-dela de cette valeur critique est inutile
puisque c’est finalement l'interface qui domine les propriétés de I’échantillon. Dans le cas des
transistors organiques, cette distance est typiquement de plusieurs micrometres a cause de la
résistance de contact nettement plus élevée comparée aux systémes a base de silicium. La réa-
lisation de transistors nanométriques nécessite donc un travail de fond pour réduire la
résistance de contact.

Gate

Figure E Image optique d’un échantillon typique de ce travail avec un transistor mil-
limétrique (a gauche) et trois nanométriques (a droite). Les deux images encadrées
montrent plus en détail les électrodes 4-points (a gauche) et le canal nanométrique
(a droite, microscopie électronique).
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L’échantillon typique de cette these est présenté sur la figure E. Chaque échantillon possede
un transistor millimétrique doté de deux électrodes 4-points au sein du canal organique, et trois
transistors nanométriques dont les électrodes sont en contact avec deux pistes métalliques pour
effectuer une mesure pseudo-4-points. La méthode 4-points est nécessaire pour déterminer
précisément la conductivité du polymeére, et permettre de calculer séparément les résistances
source et drain en assumant une chute de potentiel linéaire dans le canal. Idéalement, la mesure
4-points devrait étre appliquée a I'échelle nanométrique, mais la longueur du canal de quelques
dizaines de nanometre rend extrémement difficile I'ajout des deux électrodes supplémentaires
entre la source et le drain. La mesure pseudo-4-points élimine au moins la résistance des pistes
métalliques en déterminant le potentiel au plus proche du canal. Ensuite, la résistance du canal
est soustraite de la résistance totale en partant de I’hypothéese que la conductivité du transistor
millimétrique est valable a I"’échelle nanométrique. C’'est pourquoi il est impératif d’avoir les
deux échelles sur le méme échantillon, cela assure une meilleure reproductibilité des propriétés
électriques entre les deux différentes échelles. On notera que la mesure pseudo-4-points ne
permet pas de distinguer la résistance de la source de celle du drain.

Un apercu des résistances spécifiques de contact de nombreux EGOFETs est donné sur la
figure F, ou le cadran de gauche montre les résultats a I’échelle millimétrique tandis que le ca-
dran de droite expose ceux a I'échelle nanométrique. Etant donné que I'objectif final est
I'injection et la détection de spin, nous avons fabriqué des dispositifs avec des électrodes en
cobalt (symboles bleus), I'or étant utilisé majoritairement pour une étude préliminaire et des
points de référence (symboles noirs). La résistance spécifique de contact a été calculée en tenant
compte de I'effet de crowding, elle s’écrit alors :

R:WH?
rb=( )O‘h

2

en négligeant la hauteur de I'électrode (h) par rapport a L. On notera que c’est bien R et non

L .. . . . , . T o .
RCT qui intervient dans cette équation. Pour les échantillons millimétriques, les résistances spé-
cifiques d’interface source et drain ont été moyennées pour la comparaison avec I'échelle
nanométrique.

10° - - - - 10°
T=200K ® Gold @ SiO,ontop
] V=-1,5V ] 8 2 L
5 @ ¢ ¢ @ Cobalt € SiO, ontop 5
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Figure F Résistance spécifique d’interface en fonction de la conductivité pour des
EGOFETs millimétriques (a gauche) et nanométriques (a droite), avec des électrodes
en or (ronds noirs) et en cobalt (losanges bleus). Sauf indication contraire, la tension
de grille est le maximum supporté par I'échantillon (en général autour de —3,1 V).
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La premiere chose importante qu’on vérifie sur la figure F est que 13, est deux a trois ordres
de grandeur plus faible que celle des transistors organiques a effet de champ (sans grille élec-
trolytique) reportée dans la littérature avec des électrodes en or. De plus, en réduisant I’échelle
des EGOFETS, 13, diminue encore d’un facteur 10 voir 100, devenant les plus faibles valeurs ob-
servées a notre connaissance.

30 =

MR (%)

*
r/ry

Figure G Magnétorésistance espérée d’aprées les valeurs de résistance spécifiques
d’interface mesurées, en tenant compte de |'effet de crowding. La zone jaune iden-
tifie les valeurs avec l'or, et la zone bleue avec les électrodes en cobalt.

Pour valider notre définition de 13, nous avons également fabriqué des échantillons dont le
dessus des électrodes est recouvert d’oxyde de silicium pour que le courant ne passe que par le
c6té des électrodes (symbole a moitié plein). Dans ce cas, 1, = R:Wh et on voit que les valeurs
sont similaires aux premiers échantillons présentant I'effet de crowding, comme attendu d’une
propriété intrinséque.

Gold mT 15K Cobalt mT
3%

3%
K—/l\—/

bt N

g Sk _—" ~—__ |
7K 7K
10K 10K
20K
-7 0 7 -7 0 7
Magnetic field (T) Magnetic field (T)

Figure H Magnétorésistivité des EGOFETs millimétriques a base d’or (a gauche) et
de cobalt (a droite) pour différentes températures. Le champ magnétique est per-
pendiculaire aux canaux.

Concernant le cobalt, les valeurs de 13, sont plus dispersées, mais restent dans I'ensemble
plutot faibles, en particulier a I'échelle nanométrique. Cependant, en reportant ces mesures sur
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le graphique de magnétorésistance incluant I'effet de crowding (figure G), on voit que I'lampli-
tude du signal attendu dans une vanne de spin organique, dans la géométrie présentée ici avec
des électrodes de cobalt, devrait étre trés faible et probablement difficilement mesurable. Les
valeurs de 1y, trop élevées du cobalt sont en partie dues a la longueur de transfert, particuliere-
ment longue (> 1 um) comparée a celle de I'interface avec I'or (L+~200 nm).

Les parties précédentes se sont montrées assez pessimistes quant a la possibilité d’injecter
et surtout de détecter des spins dans les dispositifs organiques superposés. Nous n’avons d’ail-
leurs pas observé de signal de spin dans nos structures. Cependant, I'application d’un champ
magnétique externe reste intéressante pour la compréhension du transport électronique. De
plus, de par le design de nos échantillons, nous avons I'opportunité d’étudier la résistance d’in-
terface en fonction du champ magnétique, qui n’a pas encore été reportée dans la littérature.

Gold mT
Parallel T'=15K Perpendicular
15 T 4 T
R¢

104
S Source g
< 5] Drain o
s s

Source

Mry (%)
Mr, (%)

Drain

-3 T -
-7 0 7

Magnetic field (T) Magnetic field (T)

Figure | Magnétorésistances d’interface (en haut) et magnétorésistances spéci-
fiques d’interface (en bas) en configuration paralléle (a gauche) et perpendiculaire
(a droite) d’un EGOFET millimétrique en or.

En premier lieu, nous avons analysé la variation de résistivité du polymére dans un champ
magnétique perpendiculaire et parallele au courant. Si la configuration paralléle a montré une
magnétorésistivité positive parabolique typique des matériaux organiques, la configuration per-
pendiculaire ne suit pas le comportement standard (figure H). En effet, aux champs les plus
faibles (< 2 T), la magnétorésistivité est négative, c’est-a-dire que le polymere conduit mieux le
courant sous I'effet du champ. Aux champs les plus forts, la composante parabolique s’impose
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et on retrouve une magnétorésistivité positive qui tient son origine dans les interactions élec-
tron-électron, ce qui explique que son amplitude augmente en refroidissant I’échantillon.

La magnétorésistivité négative provient de la localisation faible, connue de la physique des
semi-conducteurs inorganiques'®'°, Quand un porteur de charge rencontre un centre de diffu-
sion, il change de direction de maniere aléatoire. Il est donc possible, aprés de multiples
diffusions, que ce porteur parcourt une boucle fermée en repassant par un centre de diffusion
déja visité. Ces boucles peuvent étre traversées dans le sens horaire ou anti-horaire ce qui créé
une interférence constructive des fonctions d’onde de ces deux directions, augmentant la pro-
babilité du porteur de passer par ces chemins fermés (localisation) plutét que de continuer son
trajet. Le champ magnétique perpendiculaire aux boucles, équivalent a notre configuration per-
pendiculaire car le canal est quasiment bidimensionnel, brise la cohérence des deux fonctions
d’onde qui n’interférent donc plus, et la résistivité diminue. L'observation de localisation faible
est importante car elle est le signe d’un transport diffusif comme dans les métaux, ce qui est
possiblement bénéfique pour le transport de spin.

M (MA.cm™1)
T P 1,1
0,0
12 . L1
10 .
8- i
< 61 Sou‘rce 1
= Drain
o< 41 1
>
24 4
0- i
2 - ]
-7 0 7

Magnetic field (T)

Figure J Magnétorésistances d’interface d’un EGOFET a base de cobalt. L'aimanta-
tion en fonction du champ magnétique d’une couche de cobalt similaire aux
éléctrodes est également montré au-dessus.

Pour finir, nous avons extrait la résistance de contact des EGOFETs soumis au champ magné-
tique. La figure | présente les courbes de résistances de contact et de résistances spécifiques de
contact qui correspondent a I’échelle millimétrique, a 1,5 K, dans les orientations paralléle et
perpendiculaire. Les résistances source et drain ont été distinguées. La premiére observation est
la différence importante entre R et 13,. Tandis qu’en parallele MR est positive et parabolique
pour les deux interfaces, M1}, se comporte a I'opposé pour la source et est également tres dif-
férent pour le drain. Dans le cas perpendiculaire, R, et 1;, semblent également antagonistes. Il
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parait donc en effet important de considérer 1}, plutdt que R, comme nous le proposons dans
cette these.
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3 : 2 :
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12 p
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g 5 g
g & s
1
2
0.
3 : 2 ;
R(0) = 11880 R(0) = 3580
c RC c(0)
g g b -
CEQ CEU
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0.
—_— —_— _1-
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Figure K De haut en bas : magnétorésistances totale, magnétorésistivités, magnéto-
résistances d’interface et magnétorésistances spécifiques d’interface d’'un EGOFET
a base de cobalt. L'orientation paralléle est a gauche et la perpendiculaire a droite.

On note aussi que la résistance spécifique d’interface est tres similaire, en forme et ampli-
tude, dans les deux orientations, suggérant une indépendance a I'angle d’application du champ,
contrairement a ce qu’on peut voir pour R.
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Le mécanisme sous-jacent a la variation de résistance (spécifique) d’interface n’est pas en-
core identifié, mais au vu des magnétorésistances présentées ici, il est important d’étudier de
plus pres I'effet du champ magnétique sur les interfaces.

La méme procédure a été appliquée aux échantillons ayant des électrodes de cobalt. Dans le
cas paralléle, toutes les courbes sont paraboliques et les magnétorésistances source et drain se
superposent. Cependant, quand le champ est perpendiculaire a I’échantillon, on observe une
hystérése asymétrique jusqu’a +2 T (figure J) pour les résistances d’interface mais aussi pour la
résistivité. Etant donné que les électrodes sont magnétiques, nous avons soupconné la contri-
bution de I'hystérese des électrodes de cobalt. Nous avons donc mesuré I'aimantation d’un film
de cobalt de méme épaisseur, pour obtenir la courbe en haut de la figure J, qui ne montre au-
cune hystérese, ou tout du moins un champ coercitif tres proche de 0 T. Nous ne sommes pour
I'instant pas capable de fournir une explication satisfaisante a cette hystérese asymétrique, pour
laquelle des recherches plus approfondies sont nécessaires.

Enfin, nous avons étudié I'impact du champ magnétique sur les EGOFETs a base de cobalt a
I’échelle nanométrique qui sont indispensables pour la réalisation de vanne de spin. On re-
marque tout de suite sur la figure K, I'inversion de Mr;, comparé aux autres courbes. Ceci est d{i
a la longueur de transfert qui domine complétement la valeur de 73, et qui tend a se raccourcir
quand la résistivité augmente. Ces résultats réunissent les conditions idéales pour vérifier la va-
lidité des équations précédentes, a savoir Rypigie X +/Tp0 €t ZRéT = ng car Ly » L, h. La

figure L confirme ces relations, ce qui prouve encore une fois I'importance de bien définir 1y,.

1,03 : : 1,03 . .
3 1,021 { 21,021 ]
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Figure L Vérification de la proportionnalité Rrotaie X +/TpP (@ gauche) et de le rela-
tion ZRéT = Ré,Tl (a droite).

L'objectif final de cette these était la réalisation d’'une vanne de spin organique. Les condi-
tions a remplir sont principalement une longueur de diffusion de spin supérieure a la longueur
du canal, et une résistance de contact qui suit les recommandations de Fert & Jaffres.

Pour satisfaire le premier prérequis, nous avons fabriqué des transistors organiques a effet
de champ a grille électrolytique a I’échelle nanométrique. Le choix du polymere est également
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important puisqu’une mobilité électronique élevée implique une plus grande longueur de diffu-
sion de spin. Le niveau de dopage atteignable grace a I'électrolyte permet aussi d’obtenir un
canal organique particulierement conducteur, se rapprochant des métaux, allongeant encore la
distance sur laquelle I'information de spin peut étre maintenue.

La seconde condition requiert essentiellement une réduction drastique de la résistance spé-
cifique d’interface, la plupart du temps bien trop grande pour une injection/détection de spin
optimale. La encore, la structure EGOFET se montre particulierement efficace, en réduisant si-
gnificativement la résistance d’interface métal/polymeére.

Un point clé de ce travail a été de bien définir I'aire d’injection/détection via la prise en
compte de l'effet de crowding pour déterminer le plus rigoureusement possible la résistance
spécifique d’interface 13,. Nous sommes convaincus que cette propriété devrait étre la grandeur
standard pour la comparaison de résistance d’interface dans la littérature.

De méme, la longueur de transfert doit étre considérée dans le domaine de la spintronique,
afin d’avoir une meilleure appréciation de 73, mais également pour estimer la longueur de canal
effectif parcourue par les porteurs de spin. D’apres la simulation présentée dans cette these,
I'effet de crowding est extrémement préjudiciable a I'obtention d’un signal de spin a cause de
I"allongement du trajet entre I'injection et la détection. Une solution pourrait étre de limiter la
longueur de transfert en ajoutant une couche isolante au-dessus des électrodes.

Enfin I'application d’un champ magnétique externe a mis en évidence un transport quasi-
métallique par I'observation de localisation faible. De plus, nous avons mesuré la magnétorésis-
tance spécifique d’interface des transistors et montré une éventuelle indépendance a I'angle
entre le champ et le canal. L’étude sous champ d’un échantillon dont la longueur de transfert
est particulierement longue a permis de vérifier la validité des deux relations atypiques

Ryotate X +/TpP €t ZRéT = Ré,Tl, provenant directement de I'effet de crowding. Ces équations
posent la question de I'origine des signaux des vannes de spin. En effet, une variation de la ré-
sistance d’interface pourrait en principe reproduire un signal de spin en changeant la résistance
totale du systeme sous I'application d’'un champ. Il est donc primordial de s’interroger sur le role

des interfaces lors de mesures magnétiques.
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he story of organic electronics began in 1977 when Alan Heeger, Alan MacDiarmid and

Hideki Shirakawa discovered an increase of electrical conductivity of seven orders of
magnitude of trans-polyacetylene through chemical doping®. The interest carried on this new
kind of material relied on the low-cost fabrication, lightweight, chemical engineering and possi-
ble biocompatibility. Moreover, the mechanical flexibility of organic materials allows new type
of devices, and the processability from solution makes easier large-scale production. Even if xe-
rography takes early advantages of these materials? it is only 15 to 25 years after their work that
organic electronics really developed, particularly after mastering the construction of basic elec-
tronics devices (diodes, transistors) using organic semiconductors®4,

Nowadays, organic electronics is widely investigated and some devices emerge as organic
field-effect transistors (OFETs), organic light emitting diodes (OLEDs) and organic photovoltaic
cells (OPVs). OLEDs screen become key market players for televisions or smartphones thanks to
the higher contrast, deeper black and lower energetic consumption. Organic photovoltaic cells
reach recently an efficiency higher than 10%>° and raise slowly to industrial scale with for exam-
ple rolled-up solar panels easy to transport. Bioelectronics based on organic materials is also an
active research field, aiming for instance to biocompatible sensors’.

Organic materials were first difficult to integrate in electronic devices because of their poor
carriers mobility. Nevertheless, years passing, their transport efficiency improves and is nowa-
days suitable for applications. The main issue that remains to overcome is the large contact
resistance of organic-inorganic junctions. Because of the fundamental difference structure of
polymers compared to metals, performances of hybrid devices are limited by their difficulty to
inject charge carriers. Electrolyte-gated organic field-effect transistors (EGOFETs) however, pre-
sents very interesting low contact resistances as reported by Braga and co-workers®. EGOFET
structure will be the typical sample analysis in this thesis to gain better insight in their interface
properties. Moreover, EGOFETs exhibited very high conductivity®, making them excellent candi-
dates for the aim of this thesis that is the realization of organic spin-valve (OSV).
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Indeed, another important aspect of organic electronics is the weak spin-orbit coupling and
hyperfine interaction of materials, giving hope to exploit the spin degree of freedom of elec-
trons. Such properties lead to long spin diffusion time needed to detect spin signal in spin-valve
(SV) geometry. Spin-based electronics, or spintronics, is one solution to overcome the limit of
current silicon-based devices whose downscaling become more and more difficult. The famous
Moore’s law, i.e. the doubling of the number of processors per chip every two years, is now
abandoned mainly because of the heat produced in electric circuits when more and more silicon
devices are jammed into the same small area. Using the spin information could alleviate this
issue.

The principle of SV is the resistance modulation through an external magnetic field. It is made
of 2 ferromagnetic (FM) electrodes spaced by a semiconductor. In this project we are interested
in the realization of OSVs where the spacer will be an organic semiconductor (OSC). Two main
properties must be fulfilled for efficient spin injection-detection:

1. The spin diffusion length (lsf) in the OSC must be larger than the channel length (L)
between injector and detector: [;¢ > L.

2. The specific spin contact resistivity between FM electrodes and OSC () should obey
to Fert & Jaffrés’ conditions®, meaning be spin-dependent and close to OSC spin im-
pedance (ry): 1, = 1y = pylss.

The spin diffusion time is expected large in OSCs, but it unfortunately doesn’t imply a long
spin diffusion length since it depends on the conductivity of the material. OSCs are known as
“bad” semiconductors, and their reported lsf remains small, in the tens of nanometer range®,
possibly reaching 200 nm?*2. Nevertheless, spin-dependent properties were exhibited by Dediu
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et al.** and Xiong et al.** in lateral and vertical geometry respectively. Magnetoresistances in

organic spintronic devices were also reported in several articles®>®

, with indications of spin-
dependent injection. The fabrication of channel shorter than [ being not a technological limit,

nano-scale EGOFETs were investigated in this project for suitable [;¢ versus L architectures.

The second condition relies on the resistance mismatch between the FM/OSC interface re-
sistance and the OSC channel resistance. A spin-dependent contact resistance is mandatory to
filter spins depending on their orientation compared to the magnetic field, but its amplitude is
limited to a certain range. If 1, is too large compared to ry, spin carriers cannot escape the OSC,
and if 75, is too low, spins backflow in the injecting electrode. This condition is a major issue in
the organic spintronics field, as the interface resistance in organic devices is much larger than in
inorganic systems and dominates the total resistance. The EGOFET geometry possibly over-
comes this issue as it will be shown in this manuscript.

This thesis focuses on the interface between organic materials and metals. The aim is to tune
the contact resistance by temperature, doping, external magnetic field and geometric modula-
tion to eventually match with the Fert and Jaffres’ conditions to go one step further to the
realization of OSVs. The EGOFETs investigated allow high conductivity in organic materials
through electrochemical doping®® with expectations to reach a metallic-like behaviour, assumed
to be favourable for spin transport. Such devices were fabricated at the millimeter-scale as well
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as the 100 nm-scale for conductivity extraction and channel lengths suitable for spintronic ap-
plications respectively. Encouraged by our results using gold electrodes, we extend these to
ferromagnetic (cobalt) electrodes, required for spin-dependent studies.

Following previous results from our group, we achieved successful downscaling of EGOFETs
with remarkable transistor properties and small interface resistance values?®. We also realized a
key issue in our planar device geometry, where injection/detection interface areas need to take
into account the so-called current crowding. Indeed, in planar (staggered) lateral geometries,
electric current flows also from the top surface of electrodes, in addition to their edges. It leads
to an elongated effective channel length compared to the distance patterned between elec-
trodes and a non-uniformity of the current. The current crowding effect is a tool to reduce the
interface resistance by the extension of the active injection area. However, as carriers has to
cross a longer distance before their detection, it impacts the spin transfer as the spin information
must be kept over longer distance, which should be critically compared to [s¢. This issue was
investigated by a numerical simulation, in order to estimate how much the magnetoresistance
is affected by the crowding effect. Furthermore, in the simplest approximation, crowding makes
the active channel and the interface resistance contribute equally to the total sample resistance
value. This has important consequences for the magnetoresistance signal of a transistor device,
as will be discussed in this work. One should note that this issue was completely overlooked in
the literature.

The manuscript is divided in an introductory part giving the background concepts of organic
electronics and spintronics, followed by a discussion of the crowding effect and how it can im-
pact the contact resistance and the magnetoresistance in an organic spin-valve. Experiments will
then mainly focus on studies of EGOFETs and the measurement of the contact resistance and its
behaviour under magnetic field.

Chapter | reviews the organic electronics from the molecular structure to the electric prop-
erties of organic thin films. We focus here on the concepts needed for the thesis, making a
drastic choice in topics and details in the explanations. Usual models used in the literature to
describe electronic transport are introduced as well as the charge injection process. Finally,
properties of organic transistors devices are discussed, giving insight into electrochemical dop-
ing of transistor devices (EGOFETSs).

Chapter Il is devoted to spintronics. First, basic concepts of inorganic spintronics are summa-
rized and the diffusive model for spin valves in trilayers, the so-called model of Valet-Fert, is
introduced. The spin injection is an important part of this chapter as it relies on the interface
resistance. The literature on organic spintronics is discussed with a summary of the main findings
of the field. We emphasize the key issues that remain to be clarified for spin-dependent organic
devices, as well as possible artefacts when interpreting organic spin valve results are reviewed.

Chapter Ill introduces the concept of current crowding. The principle of the crowding is ex-
plained and its outcome for interface resistances and spintronics is investigated. The unusual
variation of the total resistance versus the interface resistance and the resistivity of the channel
is more thoroughly developed and the expected magnetoresistance signal decrease due to
crowding is quantified through numerical simulation. We also develop a simple equation set that
can allow us to estimate how a device total resistance can vary under external stimuli. We are
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here mainly interested on using a magnetic field as external excitation (for spintronics applica-
tions), but the discussion can be applied to other external parameters. This chapter allows us to
pinpoint the targeted values for the interface resistance (or more specifically its resistance per
unit area) and defines the roadmap of the experiments performed during the thesis.

Chapter IV present our experiments on EGOFETSs, identified as best-suited devices for mini-
mizing the contact resistance, and best-suited for high conductivity organic channels through
high doping level. We then explore the contact resistance of EGOFETSs by taking into account the
current crowding effect. It is mandatory to investigate devices at multiple length scales. At the
(sub)millimeter length scale, insight into source and drain resistances, as well as the materials’
conductivity can be gained experimentally. This is then used on nanometer-scale devices, where
only the sum of the two contributions can be measured. We also investigate other types of de-
vices, making possible the comparison of the properties with or without crowding. These studies
allow us to get a better coherent picture of our results on the interface resistance with gold and
cobalt electrodes, investigated from room temperature to 1,5 K. We point out the importance
of the consideration of the current crowding for accurate determination of the interface re-
sistance per unit area and discuss how it compares to the requirements found for inorganic
materials in spintronics studies.

Chapter V present how the transistor devices from Chapter IV behave under magnetic field.
As the total resistance is an entanglement of channel and interface resistance, we take ad-
vantage of our large-scale devices to get insight into the separate magnetoresistance of channel
and interface, not previously reported in the literature. We also examine how the interpretation
of the results change when taking crowding effects into account.

The conclusions of this work are presented in the last chapter, with emphasis on the perspec-
tives of using crowding in lateral structures at our advantage for creating multi-stimuli devices.

A large part of the experimental effort of this thesis was dedicated to mastering the fabrica-
tion of metal interconnect, as well as establishing a reproducible protocol for building the
devices. These rather technical issues are detailed in the appendix, in order to avoid distracting
the reader by technicalities in the main part of the manuscript.
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PART 1

FUNDAMENTALS AND BACKGROUNDS:
ORGANIC ELECTRONICS AND SPINTRONICS






Chapter |

rganic electronics offer the possibility of large area, low-cost production (drop casting,

spin-coating, printing...), low temperature processability (< 200 °C), mechanical flexi-
bility and chemical tunability, making them relevant for industrial purposes. In recent years, the
production of novel and better-controlled of organic materials lead to improvement in numer-
ous physico-chemical properties which lead to major step forward in the device performances,
such as the carriers’ mobility increasing from 1073 cm?.V~1.s™! 30 years ago to 1—
40 cm?.V~1.s7 ! more recently.

This first chapter aims to introduce electronic transport in organic materials, limiting our dis-
cussion to polymer-type of materials, and emphasizing the key concepts and types of devices
that relate to the experimental presented in the second part of the manuscript. The charge
transport processes, as well as the charge injection at the metal-organic interface are the core
of the discussion, and their relationships with the polymer chemical structure is overviewed.

Polymers are polydisperse molecules composed of periodically repeated subunits (mono-
mers). The so-called conjugated polymers are polymers alternating simple and multiple C — C
bonds along the backbone. The electronic structure of carbon ([C] = 1522522p?) is of key rele-
vance for the electronic transport. To achieve a more stable form, the 2s, 2p, and 2p,, orbitals
hybridize in an in-plane sp?-orbital. The remaining 2p,-orbital points out perpendicular to the
molecular plane (Figure 1.1). When two carbon atoms bound together, they form a strong o-
bond through sp?-orbital wavefunctions overlapping. The two remaining p,-orbitals, however,
interact more weakly and lead to -bond on each side of the chain plane. The delocalization of
n-electrons allows charge carriers to travel along the polymer, eventually giving a conductive or
semiconductive character to these materials.
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In the case of polymers, with tens or thousands of carbon atoms, hybridization can involve a
large number of atoms. First, assuming that all carbon atoms are equidistant, interaction be-
tween two neighbouring atoms gives rise to sp?-hybridation with each carbon contributing to
one p,-electron to the m-band, forming a “highway” for charge carriers along the backbone
through -7 overlapping. In this case, polymers can possibly exhibit metallicity as carrier could

p,-orbital " p,-orbital
o-orbital

r[—orbital'

Plane of the
sp,-orbitals

Figure 1.1 Representation of o- and m-orbitals between sp?-hybridized atoms. The
o -orbital correspond to a higher overlap, thus to a stronger interaction than the
one. The sp?-hybridation leads to a plane of a-bonds with out of plane m-orbitals.

freely move along the chain®.
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Figure |.2 a) Potential energy of a polymer chain versus the configuration coordinate
showing the spacing between carbon atoms. The peak in energy corresponds to the
non-dimerized chain where all carbon atoms are equally spaced, whereas the two
wells are the energy of both equivalent dimerized chains. The energy landscape is
depicted on the right. b) The dispersion relation for non-dimerized and dimerized
chain. A gap appears when carbon atoms pair. Reprinted from Kohler and Béssler?.
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However, Rudolf Peierls showed that 1D metals are unstable with respect to distortion3. Car-
bons atoms are no more equidistant but the alternation of single and double bonds
(conjugation) changes their spacing, with carbon atoms involved in double bonds being closer
to each other than those part of single bonds (Figure 1.2a). The Peierls distortion double the unit
cell (Figure 1.2b), constituted then of 2 carbon atoms, opening a gap in the electronic structure
by splitting the m-band into a fully occupied m-band (bonding orbital) and an empty 7*-band
(anti-bonding orbital). Peierls distortion is the origin of the semiconducting properties of poly-
mers. The m-band is the highest occupied molecular orbital (HOMO) while the m*-band is the
lowest unoccupied molecular orbital (LUMO). These levels are often assigned to the highest level
of valence band and lowest level of conduction band in an analogy with classical band transport.

Before getting into more details into charge transport, a key feature of polymers is their
multi-scale ordering structure, which drives the understanding of charge transport in ensemble
of molecules.

An interesting feature of conjugated polymer is their solution processability. Different tech-
niques like spin-coating, drop casting or even printing are viable methods to process these
materials. Thanks to weak Van der Waals interactions between chains, they dissolve, i.e. sepa-
rate, in solution and assemble again when deposit on a substrate. The weakness of Van der
Waals interactions let the dissociation in solution occur at relatively low temperature (< 200 °C)
which is hundreds of degrees lower than what is needed for inorganic materials currently used
for electronics, interesting for industrial production.

Substrate po oo »°
a) normal t :. b)
Alkyl side >Fr.2
chains 45,, . .
o®
Conjugated
backbones Vector in
" substrate plane
® ‘ e ‘ O'
¢® e [
o® o o
b . b 4 . . P g ® Viewed along the
0 d o4 backbone axes

Figure 1.3 a) Structure of a crystalline region of a conjugated polymer - poly(2,5-
bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT) - on a substrate in
edge-on orientation. Reprinted from DelLonchamp et al.* b) Schematic drawing of
the thin film morphology of a semi-crystalline polymer. Black lines are the backbone
of different polymer chains, parallel in the crystalline regions (more pronounced
pink areas) and disordered in amorphous region (lighter pink area). The green lines
are hypothetic paths for carriers.

Once deposited on a substrate (silicon oxide, quartz, flexible plastics ...) the morphology of

the film strongly influence the electrical performances. Typically, to reduce the surface tension,
the backbone of carbon chains doesn’t lie on dielectric substrates. Instead, “rings” are almost

11
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perpendicular (68°) to the sample plane and the backbone is parallel to it (Figure 1.3a). Again,
conjugated polymers benefit from the out-of-plane p,-orbitals that tend chains to form m-m
stacking, possibly leading to well-ordered crystalline regions (Figure 1.3b), whose properties are
close to metal. Well-ordered areas extend only on the micrometer scale, hence organic semi-
conductors (OSCs) are known as semi-crystalline, meaning that crystalline regions are separate
by amorphous domains. Usually, alkyl side-chains, which are tethered to the conjugated poly-
mers in order to confer them a good solubility in organic solvents, separate the backbones from
the substrate (edge-on orientation), but the face-on orientation, rings directly in contact with a
dielectric substrate, in high temperature rubbing during the thin film deposition can also occur®.
The electrical performance is strongly reduced by disordered domains because the polymer suf-
fers of torsion and bending suppressing orbitals overlapping. The effect of disorder, inescapable
in organic electronics, will be discussed all along this chapter.

The morphology of polymers is tunable even after deposition. Thermal annealing is the com-
mon way to tailor the crystallinity. The annealing temperature allows for example to reach either
terrace (around 180 °C)® or ribbon phase (> 240 °C)’ for poly[2,5-bis(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene] (pBTTT, Figure 1.4). Mobility, which quantifies the ease of charge mo-
tion under applied electric field (see details in the next section), upto 2 cm?. V=1, s 1is reported
in the terrace phase® characterized by ordered areas in random direction. In ribbon phase, pol-
ymer chains are much longer and form “stripes”. Surprisingly, mobilities are 1 to 2 orders of
magnitude lower in the ribbon phase®® although it is the most ordered phase. The origin of the
poor mobility in the latter phase may be a higher sensitivity to defects at the interface. In all
phases, the remaining limiting factor is the grain boundaries formed by polymer chains huddled
up on themselves and acting as strong charge traps. It is worth noting finally that the highest
mobility is along the backbone and not in the -1 stacking direction®.

Figure 1.4 Different phase of pBTTT: a) as-cast; b) terrace phase and c) ribbon phase.
Reprinted from Delongchamp et al. 7.

The chemical tuning can be used to tailor the thin film morphology. For example, Poly(3-
hexylthiophéne) (P3HT) exists in different geometry, depending on the relative orientation of
side carbon chains. The regioregularity, i.e. the side chains pointing all in the same direction,
improves drastically the electrical performances. If alkyl chains organized randomly along the
chain, regiorandom P3HT, it limits the stacking of the polymer and hamper the formation of
large ordered regions®.
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The mobility (u) is the key quantitative indicator of intrinsic electrical properties of semicon-
ducting materials. It quantifies how fast charge carriers can move when an electric field E is
applied:

vy = uUE

(1.1)

where v, is the drift velocity. Low mobility values is a key major issue to overcome for organic
thin films, with values as low as a 107 — 1073 cm2. V1.5 for amorphous and undoped or-
ganic films, many orders of magnitude lower than their inorganic counterparts. For comparison,

1 while it increases to

amorphous silicon presents a mobility around 1cm?.V~1ls
103 cm?. V1,571 for highly ordered silicon crystals. Nowadays, mobilities of organic materials
reported in literature equal or even overpass (mostly small molecules) amorphous silicon in or-
ganic field effect transistor (OFET) geometry, what is well resumed and carefully analysed in the
paper of Paterson et al.*. Achieving such high values of mobility measures the high degree of

potential of organic electronics for applications.

In the experimental part, the quantity mostly used to characterize the quality of polymer thin
films is the conductivity (), that depends on the mobility but also on the carrier density (n):

o =eny

(1.2)

where e is the elementary charge.

In contrast to inorganic ordered materials, charge carriers are not simple electrons or holes
in conjugated polymers. The nature of polymers adds degrees of freedom through distortion
and conformation. Two main kinds of carriers can be involved in electric transport depending of
the backbone of macromolecules: solitons and polarons.

If the ground state of the polymer is degenerate, solitons carry the current. Solitons behave
as solitary wave propagating without deformation and dissipation. Speaking simply, solitons can
move along the backbone balancing between two potential wells corresponding to the two de-
generate levels, meaning without energy changes (Figure 1.2a). Solitons form usually in chain
containing an odd number of carbons since an unpaired electron remains. The presence of a
soliton leads to the appearance of a localized electronic level at mid-gap, which is half-occupied
in the case of a neutral soliton and empty (doubly occupied) in the case of a positively (nega-
tively) charged soliton (Figure 1.5). Charged soliton formation is possible because of the
degeneracy: there is no extra distortion energy to pay to separate charges as the geometric
structure as well as the energy landscape is the same in both direction, then charges just go
apart from each other through Coulomb repulsion.
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Figure 1.5 Schematics of soliton, polaron and bipolaron on a conjugated polymer
with their respective energy levels.

On the other hand, if the ground state is non-degenerate, polaron transport takes place. Re-
moving (adding) an electron of a neutral molecule leads to a charged excited state. Then a
distortion occurs, not only of the newly charge molecule but also of the surrounding “crystal
lattice” that localizes the charge and changes the mean distance between neighbouring mole-
cules!?13, The charge moving, it carries the distortion with it, the combination of the two being
the so-called polaron. However, the oxidation process lowers the ionization energy by Ag, then
the formation of polaron, needing an energy E ;¢ to distort the chain, competes with Ae. If Ag is
larger than Ey;s, polaron can form with a binding energy defines as E,, = Ae — Ey;5. E) is also
known as “geometric reorganization energy”, remembering that chains must reshape. Then,
when the carrier is moving from one molecule to another, the initial chain will go back to its
former structure, while the final polymer has to adapt. Austin and Mott demonstrated that the
minimum activation energy to jump from one molecule to its neighbour is half of the polaron
energy Epl“. Due to the non-degenerate ground state, polaron formation induces two localized
mid-gap levels (Figure 1.5). Therefore, polarons can be positively or negatively charged (not neu-
tral) and carry a one-half spin.

Going further, if a second reduction occurs, either a second polaron is created elsewhere on
the chain or the electron is taken from the former polaron, leading to a so-called bipolaron (Fig-
ure 1.5). A bipolaron is a pair of like charges maintain together through the lattice distortion they
create themselves. To get a bipolaron, the energy gain by the interaction with the lattice has to
overcome the Coulomb repulsion between the quasiparticles. In order to determine if it is more
favourable to form one bipolaron or two polarons, Brédas and Street calculated their corre-
sponding distortion energy E,;s.They demonstrated that E,;; is nearly the same for one
bipolaron or two polarons?. What will tip the balance in favour of one or the other is the de-
crease in ionization energy. In the case of bipolaron, the ionization energy is strongly reduced
compared to the two polarons situation. Therefore, bipolarons are thermodynamically more fa-
vourable despite the Coulomb repulsion.

14
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The question of whether carriers are polarons or bipolarons is of key relevance for spintronic
applications. Indeed, bipolarons are spinless quasiparticles since the bipolaron levels are empty
or fully occupied for p-type (holes) or n-type (electrons) semiconductor respectively. Bipolaron
transport regime is thus expected to be useless for spin transport.

The morphology of the polymer strongly affects the carrier transport through the channel, as
mentioned in section I.1.1. Disorder induces a lowering of the m-orbitals overlapping, altering
the m-conjugation. Therefore, the coherence length of charge carriers is strongly dependent on
the degree of disorder of the channel. Disorder has different origins divided in two categories,
the static being distinguished from dynamic disorder®.

Static disorder, or structural or diagonal disorder, refers to variation of intermolecular dis-
tances and orientations of backbones of neighbour chains. The origin of this kind of disorder is
the twisting of molecules, chemical impurities and inhomogeneous electrostatic bath due to a
random orientation of polar groups of the OSC. It competes with Van der Waals interactions that
favour a specific orientation of the polymer chains with respect to each other. Static disorder
leads to time-independent spatial variations of the energy and hopping distances from site to
site.

Dynamic disorder is related to thermal fluctuations of chains. The electron-phonon interac-
tions lead to time-dependent fluctuation of electronic coupling between molecules, which
directly translates in variation of site energies, the energy of a carrier in a particular position that
depends on its surrounding, and transfer integrals, that quantify the hopping probability from
one orbital to its neighbour, i.e. the site-to-site tunnelling.

These disorders relate to a heterogeneous landscape of energy levels and orbitals overlap-
ping in polymer thin films. Therefore, charge carriers are not fully free since the neighbour sites
need to match in energy and spatial gap.

Finally, to further complicate the system, the structure (electronic and geometric) of chains
changes with the material on which it lays, at least for the first layers. For example, the mor-
phology of the thin film on metallic electrodes can differ from the one on the dielectric substrate
because of interface property variations between materials.

Understanding the transport phenomenon is fundamental before thinking about designing
organic-based devices. If analogies between organic and inorganic semiconductors are useful,
the charge transport is radically different. In OSCs case, carriers hop from one site to the next
one, explaining partially why their mobility is limited compare to their counterpart. Since hop-
ping transport is a thermally assisted tunnelling transport, charges experience a dwell time on
each site before reaching the next molecule.
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Miller-Abrahams’ hopping rate, developed in 1960, was the initial model used for OSC charge
transport study?®. It relies on an asymmetric jump rate depending if the final state is higher or
lower in energy than the initial one. While a downbhill jump is easy through energy dissipation,
an activation energy is needed for uphill transfer. The Miller-Abrahams’ hopping rate v;; be-
tween two sites, i (initial) and j (final), separated by a distance r;;, expresses as:

Sj — &
exp [— kBT ] B €j > &

1, stEi

Vij = voexp[—Zyrij]

)

(1.3)

where v, is the attempt-to-hop frequency, y is the inverse of the localization radius of the elec-
tron wavefunction and ¢; and ¢; are energies of site i and j, respectively. The attempt frequency
factor v is usually around 103 s™1, close to the phonon frequency as hopping transport is pho-
non-assisted?’. Indeed, each carrier hops involved at least one phonon, either emitted if & <&
or absorbed if &; > ¢;. The first exponential term is the exchange coupling, it is the tunnelling
rate between two sites of equal energy but spatially distant. y ~! is of the order of 1 — 10 nm'"*¢
and depends on the electronic coupling between sites. The last term is the Boltzmann factor,
normalized to 1 when the final site is lower in energy, and exhibits a thermal activation proba-
bility for upward jumps. An important assumption takes place here: the probability to find a
carrier or an empty site at a given energy does not depend on the energy gap between the site
and the Fermi energy &g. Indeed, if & and ¢; are both high energy levels above ¢, sites are
mostly unoccupied and the probability to have a charge carrier on this pair of sites is low. On
the contrary if both energies are below &, most sites are occupied and only a small number of
empty sites are available®.

The temperature dependence implies a semiconductor character since the higher the tem-
perature, the higher the number of phonons, thus the higher the probability for the carrier to
absorb a phonon with the appropriate energy. When the temperature goes down and tends to
0, hopping can only take place downward, since thermal-activated processes reach negligible
probability values, to end up with the lowest energy state where no carrier has a surrounding
more favourable site. Therefore, the conductivity vanishes at low temperature.

In the presence of an electric field E, the additional term —eE. Fij is added to the Boltzmann
factor to favour hopping in the direction of the field. On the contrary, there is no fostering of
downhill jumps, assumed to always occur whatever the energy difference.

However, Miller-Abrahams’ model doesn’t involve the geometric reorganization energy of
charged molecules. This polaronic effect requires another model: the Marcus hopping rate.

Rudolph Marcus received the Nobel Prize in Chemistry in 1992 for his work on electron trans-
fer in chemical systems?. If its model applies to different phenomenon from photosynthesis to
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corrosion, it is also useful to describe carriers hop between molecules in semiconducting organic
thin films.

Marcus’ model from 1956 derives from the Fermi’s golden rule in a semiclassical approach
where occupation probability follows the Boltzmann factor. In this framework, and assuming no
entropy changes, the activation energy writes

_ (A+AE)?
a4y
(1.4)

where AE = ¢; — ¢;, and A is the reorganization energy. Fermi’s golden rule leads then to the
Marcus hopping rate

v--=]lj L (A + AE)?
U= 2T P | ank,T |

(1.5)
where J;; is the electronic coupling between sites decaying exponentially with the distance (J;; =
]Oexp[—Zyrij]) and included the collision frequency and the transmission coefficient?. Here also,

the effect of electric field can be added, in the same way than previously done for Miller-Abra-
hams model.

Marcus theory is more complete and closer to experimental measures than Miller-Abrahams
one, but it is also more difficult to apply since it added an additional parameter (1). For this
reason, the first theory is more often used. More sophisticated models such as Marcus-Levich-
Jortner??? or Lanzani?® theories also exist, that take place when the semi-classical point of view
collapses.

To describe charge transport, knowing the hopping rate is not enough. The jump probability
has to combine with the energy landscape of the material. In 1993, Heinz Bassler proposed that
carriers hop through randomly distributed sites with a Gaussian energy spectrum?*, The motiva-
tion was first to explain electronic transport in photoconductors used for
electrophotolithography, but Bassler’s model, so-called Gaussian disorder model (GDM), applies
for any disordered material showing incoherent hopping transport and is widely used in the or-
ganic electronic community. Bassler’s work is based on Monte Carlo simulations and neglects
polaronic effect. Therefore, the Miller-Abrahams hopping rate was preferred.

For the Monte Carlo simulation, Bassler considers a cubic lattice of N sites separate by the
conjugation length of polymers, i.e. the length of uninterrupted m-bonds. Each site is a localized
electronic state with a Gaussian energy distribution

(6) = — [ 52]
€) = exp |——|,
g o2 P 202
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where ¢ is the standard deviation of the density of state (DOS) usually chosen around 0,1 eV

2425 particularly important for

that expresses the randomness of the intermolecular interactions
conjugated polymer due to the variation of conjugation length and thus of energies. The energy
€ is relative to the middle of the DOS, i.e. the Gaussian is centred at 0. The choice of Gaussian
shape was motivated by the absorption spectra of disordered organic materials and from the
central limit theorem that would lead to a Gaussian envelope from the large amount of random
interactions. There was first no deeper physical or chemical reason. However, since the Gaussian
had to compete with a simplest exponential DOS, new arguments favoured the Gaussian shape,
particularly for low carrier concentration®®. Experimentally, Hulea and co-workers managed to

prove a Gaussian distribution at least at the middle of the DOS?.

Consider charge carriers generated at arbitrary sites following the Gaussian distribution. They
will first hop to lower energy sites and relax to the tail of the DOS performing a random walk.
However, at finite temperature, a quasi-equilibrium take place between the downhill jumps and
the thermal activated uphill jumps. Indeed, the number of nearby states lower in energy de-
creases strongly with the relaxation of the system, that makes an uphill jump eventually easier.
The mean energy of carriers &, is then given by the long-time limit of the statistically weighted
average

oo &
f_+oo eg(e)exp [— kB_T] o2
£ = lim &(t) = —— =T = —
tmee f_+m g(e)exp [— kB_T] ksT

(1.7)

where g(¢) is the Gaussian distribution from equation 1.6. The occupied DOS (ODOS) will take
place in the tail of the gaussian DOS (Figure 1.6). It is worth noting that the weight used for the
average is the Boltzmann factor, assuming that the carrier density is low enough to neglect car-
rier-carrier interactions which would involve the Fermi-Dirac statistics.

£ is highly dependent on the temperature, the lower the thermal agitation, the lower the
mean carrier energy. However, for temperature below a critical value, &, tends to curve up-
wards. Indeed, for low enough temperature, the probability of thermal agitation is so small that
carriers are stuck once they reach a sufficiently low state, and they cannot overcome a little
energy barrier to fall in a deeper energy well*’~% (Figure 1.7).

In analogy with the mobility edge in amorphous inorganic materials which is the highest lo-
calized level, the so-called effective transport energy ¢&; is defined, that assigns states
responsible for electronic transport. After relaxation, all states are localized and carriers reside
in the tail of the DOS. If thermal agitation promotes a carrier to a nearby site, but no more fa-
vourable states are available from this new state, it will come back to its initial site. However, if
the new state energy is close enough to the centre of the DOS, the probability to continue its
pathway through series of jumps becomes higher. The energy at which subsequent jumps are
achievable is the effective transport energy &; laying in between the mean energy ¢, and the
center of the DOS (Figure 1.7).
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Figure 1.6 Temporal evolution of non-interacting carriers. The distribution tends to
a Gaussian DOS centred at &4,. Reprinted from Kohler and Béssler?.

1

The discussion above is valid as long as the dopant concentration is low enough to neglect
carrier-carrier interactions. However, high doping level is reachable in organic materials through
different techniques and in particular for the experiments described in the following chapters.
As these interactions become important the key difference will be the used statistics that will
change to Fermi-Dirac distribution.

£

arbitrary coordinate

Figure 1.7 Diagram of the energetic path of a charge carrier. Once at low energy, it
cannot continue to decrease and oscillates around the transport energy. Reprinted
from Baranovskii et al.*®.

With a higher carrier density, the ODOS may be filled until a Fermi level above &,. Then the
thermal activation is easier and charge transport is weakly temperature dependent since jumps
occur no more from a localized state within the ODOS to the transport energy but from the Fermi

level. As the average energy difference between initial states and the transport level decreases,

the mobility increases. However, the additional charges broaden the DOS that partially counter-

balance the increase of Fermi level, limiting the reduction of activation energy (Figure 1.8).
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Figure 1.8 Density of states with its occupied area for: a) low carrier concentration;
b) higher carrier concentration; and c) higher carrier concentration including the
broadening due to the counter-charges. Reprinted from Kéhler and Bassler?.

Indeed, the role of dopants doesn’t limit to an increase of the number of carriers. The pres-
ence of counter-charges broadens and shapes the DOS. Arkhipov and his co-workers showed
that, among the increase of dopant concentration, the tail of the DOS broadens creating addi-
tional deep traps®® (Figure 1.9). This effect appears already for a dopant concentration of
107 cm™3 that is well below what is achievable in electrochemically doped devices (up to
10?2 cm™3 reported?®'). The maximum of the stretched exponential DOS is also shifted to higher
values. Therefore, adding dopants may lead to weird situation where the conductivity increases
with the dopant concentration while the mobility decreases®.

One has to emphasize also that the Gaussian disorder model doesn’t account for correlation
between sites. However, considering a random distribution of dipole moments, the long-range
dipole electrostatic potential indeed leads to coupling between neighbour sites. These interac-
tions are included in the correlated disordered model (CDM) and is particularly important for
molecules with high dipolar moments or low field measurements to match well with experi-

mental data3334,

Focusing again on the Miller-Abrahams hopping rate, there is mainly two parameters that
compete for a carrier to choose its next site: the distance and the energy of the final state.
Therefore, the path of a charge is not simply along the closest (in energy or in distance) unoccu-
pied site. If a charge is surrounded by much higher energy site, it could be more interesting to
tunnel further away to a lower energy state.
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Figure 1.9 Density of states for different doping levels. Reprinted from Arkhipov et
al.®.

As stated in equation 1.3, the ability of carriers to overcome an energy difference depends on
the temperature. Indeed, for high enough temperature charges may prefer closer site higher in
energy than more distant site lower in energy. It leads to a temperature dependent hopping
length, which give its name Variable range hopping (VRH). This model was introduced by Mott
in 19683 and remains nowadays the most used low temperature transport mechanism in local-
ized systems. The spatial distance a carrier is able to cross is governed only by the localization

radius (y~1).

VRH translates in a variation of conductivity with temperature following®®:

1
To\a+1
o(T) = apexp |— (?)

(1.8)

where oy is the conductivity limit for an infinite temperature and d is the dimension of the con-
sidered system. T, is the limiting temperature where model of thermally activated transport
doesn’t apply anymore and also helps to quantify the disorder.

If kgT is much larger than the energy scale of the density of states, the hopping transport
becomes energy independent and merges into nearest neighbour hopping (NNH) discussed by
Miller and Abrahams?®. In this case, the thermally activated transport shows a conductivity going
like:

E,
o(T) = gpexp [— " T]
B

where E, is an activation energy.
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A first classification between metals and non-metals was given by Wilson in 1931338, His
argument was based on the work of Sommerfeld and Bloch dealing with the early quantum me-
chanics: energies of electrons are located in bands; if bands are full or empty, it is a non-metal,
if one or more bands are partly full, it is a metal. The resistivity of metals tends towards zero at
absolute zero while it tends towards infinity for non-metals. However, Wilson’s model failed to
explain the insulating behaviour of some materials such as nickel oxide. Indeed, this model was
based on a one-electron placed in a perfectly ordered lattice picture, neglecting the interaction
between electrons and impurities. Therefore, new models came out particularly after the works
of Philip Anderson and Neville Mott that own them the Nobel Prize in 1977.

The metal to insulator transition insight results from considering a periodic lattice of same
depth, but including electron-electron interactions®. The system is described as a regular sub-
lattice of impurities with a periodicity by much larger than the host lattice one. Then one
assumes that the characteristic size a; of the j-site wave function is small compare to by. In other
words, the wave function overlap between impurities is negligible, and the main contribution to
the energy comes from the closest neighbours only.

Performing the calculation, Mott showed a band of allowed energies, instead of individual
energy levels, with an energy width V/, «< I « exp (— by/a). Due to the exponential decay of the
overlap integral (I), the band narrows with the distance between impurities (Figure 1.10). How-
ever, as long as a single-electron point of view is kept, the conductivity of impurity electrons
would remain of metallic nature, whatever the impurity concentration is.

E4

Insulator Metal

IForbidden gap

Figure .10 Variation of electron bands versus the sublattice period. Increasing b
narrows the bands and creates a forbidden gap, changing the material from metallic
to insulating. Adapted from Shklovskii & Efros*.

Considering now that two electrons of opposite spin locate on the same site. The Coulomb
repulsion (U) leads to a difference in energy between sites depending if there is (E, + U) or not
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(Ey) another electron. For large value of by, the overlap integral is small compare to the inter-
action energy U, therefore a forbidden gap exists, and the material is an insulator. In other
words, there is a huge energy barrier for electrons to cohabit on the same site, because U > V,,.
While b,y decreases, it reaches a critical value b, where the two-level bands intersect and the
gap vanishes. From this point, the material behaves as a metal. This kind of transition is referred
as Mott metal-to-insulator transition.

Philip Anderson explained in his paper from 1958 that disorder alone leads to localization of
carrier®’. He developed a model where electrons meet a periodic lattice of potential wells having
various depths. The fluctuation of the potential from well to well is random but limited in a
window of +1/2V,, around the mean value V,, (Figure 1.11). The randomness of these pits ac-
count for disorder. Then the localization question arises: what is the criterion for a carrier to be
localized or delocalized?

a) x b)

»

VO T
V(x) y

A

E, E;

Figure 1.11 a) Representation of the random distribution of potential wells in the
Anderson model. b) Energy distribution of carrier showing the critical energy E that
delineates localized states (grey area) from delocalized ones. Adapted from Mott
and Devis®.

For an electron to be delocalized, the wave function of sites must overlap over a macroscopic
distance, creating an extended coherent state. Therefore, for an infinite system, one writes
tlim [;(t)|? = 0 where 1;(t) is the wave function on site i. On the other hand, if the carrier is

—00

localized, neighbouring sites feel only the tail of the wave function dropping exponentially and
the probability in the long time limit tlim [1;(t)]? remains finite. The latter case is the so-called
—00

Fermi glass.

Anderson defines a parameter /I, where I is the overlap integral between two sites, to
predict the behaviour of charges: if V,/I is too large all states are localized. A critical value
(Vo /1), separates the localized from delocalized regime. When the ratio becomes smaller than
(Vo/1),., delocalized states appear, and for values well below the critical one, main part of the
band states is delocalized. Anderson originally obtains (Vy/1).~10z, where z is the coordinate

number®?, and was then reduced to 3 — 4z by other authors**4,

The changeover being continuous, both types of sites coexist in a range of V,,/I around
(Vo/1).. In this case, there exists a critical energy called mobility edge (E.) separating localized
states from delocalized ones. The simplest definition of E is:
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o(E) >0, E>E;

(1.10)

Then if the Fermi energy Er of a material can be tune such as it crosses E, a transition from
metallic, where a(EF) is finite, to non-metallic, where o (Er) vanishes at zero temperature, oc-
curs. This kind of transition is known as Anderson transition. The relative position of Er and E
can be changed in several ways such as: changing the composition, the number of electrons in
the conduction band or the degree of disorder, applying uniaxial strain or changing the magnetic
field in magnetic semiconductors.

Mott and Anderson transitions show both localization of charge carrier but their origin is
fundamentally different: for Mott transition it comes from electron-electron interactions and
for Anderson transition it results from disorder.

Summarizing the behaviour of a Fermi glass versus temperature, for several Fermi energy,
would lead to the curves in Figure 1.12. At high temperature, the energy of some carriers take
place above the mobility edge and the material is metallic. When the Fermi energy is lowered,
the metallic state remains until the conductivity reaches the so-called minimum metallic con-
ductivity (0,,i) that depends strongly on the distance between atoms in the lattice (a). For
example, with a~3 A, Mott extracted a g,,;,, ranging from 250 to 1000 S.cm™2. If the Fermi
energy is further decreased, Anderson localization sets in. This critical value for the conductivity
will occur during our experiments.

A

Inp

Ep < E¢
Non-metallic

Er 2 E;
Metallic

1/T

Figure 1.12 Resistivity of a material versus T 1 for different Fermi levels from lower
to higher than E-. Adapted from Mott et al.*.

When Er < E(, there are two mechanisms of conduction:

1. Athighertemperatures, charge carriers are excited to the mobility edge and the con-
ductivity follows
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E. — Eg

0 = Opmin €Xp [— KT
B

(1.11)

2. At lower temperatures, charge carriers hop from site to site and nearest neighbour
(NNH) and variable range (VRH) processes dominate.

The successful discovery of high mobility organic materials (u > 1 cm?.V~1.s71) initiated
the development of new organic devices such as large area and/or low-cost flexible displays*®4”
or sensors*®*°, However, downscaling organic electronic circuits in order to increase the working
frequency reveals another issue to overcome: the poor charge injection from metallic electrodes
to organic semiconductors. Indeed, the channel being smaller and smaller, contacts at the or-
ganic-inorganic interfaces might dominate the resistance of the device, limiting the supply
(removal) of charges to (from) the active channel. This becomes particularly critical for the lat-
eral configuration geometries of devices we investigate in this thesis. The contact performance
limitation in hybrid devices is a main issue to solve for industrialization of organic-based appli-
cations and explains in particular why the miniaturization of ensembles of hybrid devices is still
very far from the one reached in standard inorganic architectures.

When two materials are brought into contact, they establish a common Fermi level Er by
exchanging carriers and reach thermal equilibrium. The material with the highest Er (the metal
for example) provides electrons to the second material (the semiconductor) that leads to a con-
tact potential across the interface equal to the difference of Er of both materials: the diffusion
of carriers gives rise to a space charge region in the semiconductor and an electrical field takes
place that tends to drive them back to the metal. Moreover, electrons leaving the metal left
behind a lack of charge causing a positively charge metallic surface. It refers as an image charge
that screens the electric field.

A major difference occurs if one look at metal/metal interface or metal/semiconductor inter-
face. Contrary to metals, semiconductors have a gap in the DOS, defined by the HOMO
(maximum of the valence band) and LUMO (the minimum of the conduction band) in the case
of organic (inorganic) materials. The aim is then, in an organic device, to choose (or tune) the
metal Er to optimize the charge injection. If one wants to inject electrons, the Fermi energy of
the metal must be at least close to, or better higher than the LUMO level (Figure 1.13a). If it is
holes that need to be injected, Er needs to be lower than the HOMO. This is not to take too
literally since thermal agitation and the gaussian distribution of HOMO and LUMO level give
some freedom to these conditions. Furthermore, the gap of semiconductors reduces at the in-
terface with a metal due to the screening of image charge potential as shown by Knupfer and
Paasch® (Figure 1.13b).
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Figure 1.13 a) Energy diagram of an organic semiconductor. Energy gap E,, ioniza-
tion energy E; (energy required to extract an electron from the HOMO), work
function W, electron affinity E, (energy required to add an electron to the LUMO)
and vacuum energy E,,. are represented. b) Local distortion of HOMO and LUMO
levels of OSC due to image charge screening. The bending occurs over few nanome-
tres.

Another important energy of the metal to deal with is the working function (W). It is defined
as the energy needed to extract one electron from the Fermi level to the vacuum level (E, ),
i.e. in free space, at rest, just outside the surface. Wy = E,4. — Ef is the energy barrier that
prevents electrons at Er to escape the material. It is a meaningful value only at the surface of a
solid. Furthermore, the density of charges is redistributed at the surface compare to the bulk. It
means that the surface component of Wy changes if the solid is in vacuum or in contact with
another material. Indeed, at interfaces the charge redistribution leads to surface dipole from
spill-out of electrons (Figure l.14a). However, when molecules are placed close to the surface,
the Coulomb repulsion of their own electrons limit the spill-out effect, and W is affected (Figure
1.14b). In the case of organic materials, it is important to think about it as they have a huge 7-
electron cloud out of the plane of the backbone pushing back the metal electrons at an organic-
inorganic interface. Hwang et al.>* for example, observed a shift of the work function as high as
1 eV for gold (widely used in this thesis), which is clearly non-negligible. It is important to remind
also that the Fermi level of the metal is altered too as there is diffusion of charge at the interface.

With the phenomena described in this section, it is easy to understand the difficulty to define
interfaces, as the main part of parameters we know from a material in vacuum are not relevant,
and even worse they change for every material combination. Adding that the determination of
these values needs often specific instruments like ultraviolet or X-ray photoelectron spectros-
copy (UPS/XPS), the knowledge of real energies at contacts is not obvious.
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Figure 1.14 Charge density at the edge of a metal on the interface with vacuum (a)
and physisorbed molecules - conjugated polymer for illustration (b). A negative
charge density takes place due to the redistribution of charges at the interface, let-
ting a positive charge density in the metal that forms a surface dipole. The dipole is
weaker when molecules are present because their electron clouds repels charges
from the metal.

Well known from inorganic semiconductor-based devices, the Schottky effect applies also to
metal-OSC junctions. As previously mentioned, a charge diffusion takes place between materials
having different Fermi levels. In the case of metal/semiconductor (SC) contacts, the diffusion of
electrons occurs from metal to SC if it is a p-type SC, and in the opposite direction if the SC is n-
type (Figure 1.15). It leads to a depletion (accumulation) region what bends up (down) energy
levels in the n-type (p-type) SC. We emphasize that in the case of organic materials, there is no
band bending as they generally don’t show band transport. Instead, there is more likely energy
levels shifting close to the interface. The Schottky barrier height is defined as ¢ = Wy — E,, (for
n-type) or ¢ = E; — (W — E,) (for p-type), and quantifies the energy to overcome for an
electron (hole) to be injected in the semiconductor. It is worth noting that Schottky effect is
often discussed in p-n junctions where there is accumulation on one side and depletion on the
other. However, in our devices, the OSC is in contact with a metal, much more conductive. Then,
all charges involved are located at the metal interface whereas they spread over several nano-
metres inside the OSC. Therefore, the space charge region occurs mainly in the OSC part of the
interface and is negligible in the metal.

While the diffusion of electrons occurs, an electric field takes place because of the image
charges discussed earlier, leading to thermal equilibrium. The resulting electrostatic potential I/,
relatively to Er, of a charge carrier at distance x from the interface in an external field Eext(VSD)
(in the —x direction) and with an energy site E, is given by>%:

62

- e|§ext|x +E

Vx.E) = ¢5 - 16mex

(1.12)
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¢p is the barrier height without image charge and external field (i.e. the difference between
work functions of both materials), e is the elementary charge and € = ¢,¢, the permittivity of
the OSC with g, the vacuum permittivity and ¢, its dielectric constant.
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Figure I.15 a) Isolated metal and OSC energy levels. b) Energy levels when the metal
and the OSC are putted into contact. First, electron diffusion occurs and is then
counterbalanced by the electric field created by the lack of charges in the metal, the

so-called image charges. It results a related electric force on electrons (ﬁinduced)
that tends to drive them back in the metal. Equilibrium between diffusion and Cou-

lomb attraction takes place.

The competition between the image charge screening (o< x~1) and the applied voltage (« x)
leads to a local maximum value of the potential® given by solving dV (x, E)/dx|x=x,,,, = O (Fig-
ure 1.16):

e e|E..
Ymax = [—=— — Vawax=¢p—Ap=¢p—c¢ M

167&|E ] 4me

(1.13)
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The barrier height is thus reduced by A¢p when the image charge is considered. The higher
the external field, the closer is the maximum of the barrier from the interface. It is worth noting
that the potential lowering from image charges is larger for organic materials since their dielec-
tric constant is lower than inorganic materials one.

Applying a forward voltage (negative voltage on n-type semiconductor) also shifts up the
Fermi level of the semiconductor and favour electron injection. Arkhipov et al.>* showed that to
have a relevant Schottky effect, i.e. a significant barrier lowering, the electric field need to be at
least 10° V.cm™? (Figure 1.17).

Metal Semiconductor

Figure 1.16 Potential energy profile due to the lowering from the image charge and
the applied external field at the metal-semiconductor interface. Adapted from Sze
and Ng>3.

Many intertwined phenomena happen at interfaces as suggested in the few last paragraphs.
If the Schottky effect helps, injection remains one of the main limitations for hybrid organic-
inorganic devices as the current of the overall system may strongly depend on the carrier injec-
tion capability of interfaces.
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Figure 1.17 Potential energy distribution at the metal-semiconductor interface for
three values of the applied external electric field (nominal barrier ¢ = 0,4 eV).
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Solid lines show the average electrostatic LUMO energy due to the superposition of
the image charge field and the external electric field. The larger the external electric
filed, the lower the maximum of the potential energy becomes (Schottky effect).
The glow around solid lines qualitatively reminds that states are statistically distrib-
uted due to energetic disorder. Reprinted from Natali & Caironi®, based on
Arkhipov et al.>? calculation.

Once the carrier overpasses the potential barrier, it can either continue its path or be caught
back by the electrode due to the image-charge attraction. For clarity we limit the following to
the injection of an electron from the metal into the semiconductor.

Arriving in the semiconductor, with its much lower mobility compared to the metal (as it is
the case for OSCs), the carriers experience a big cloud of charges because the diffusion into the
bulk, away from the interface, is difficult. Thus, the backflow is in average more favourable and
the injection is said to be space charge limited (SCL). It means that the poor mobility of OSC
doesn’t affect only the charge transport but also the injection. SCL conduction is exhibited
through linear current-voltage characteristic curves in log-log scale at low bias and quadratic at
high bias. The assumption behind the SCL is that the contact is able to provide as much carrier
as needed, what it then an ohmic contact. However, ohmic contacts are challenging to do in
organic electronics because of the considerably higher bandgap of OSCs compare to inorganic
SCs. Therefor organic devices are usually injection limited (IL).

IL conduction is known from inorganic devices and two main descriptions exist: tunnelling
injection (Fowler-Nordheim model) and thermionic emission (Richardson-Schottky model). The
former was introduced in 1928°° to describe the electron emission from a metal into vacuum in
the scope of scanning transmission microscopy. It is the standard idea of tunnelling, where the
carrier has a finite probability to cross the barrier even if its energy is lower. However, they add
the effect of a (strong) external field (—e|§ext|x) that modifies a rectangular tunnel barrier (from
metal-vacuum interface, whatever the thickness) into a triangular one (Figure 1.18a). They pre-
dicted a current density following:

jFN(|§ext|) X |Eext|2exp[_§ =

(1.14)

where f is the reduced Planck constant and Mesr the effective mass of carriers. However,
Fowler-Nordheim tunnelling doesn’t consider the image charge potential. Even more crucial, the
distance the carrier must travel in order to cross the barrier by tunnelling is side-lined but seems
to be very long. Indeed, the barrier length is often several times longer than the intermolecular
distance even for low injection barrier. Thus, the probability to reach the organic material with-
out experiencing inelastic scattering is very low.

The second model is the Richardson-Schottky thermionic emission®®. The potential consid-
ered in this model is the one discussed within the Schottky effect section, it means that the
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image charge is present (Figure 1.18b). The concept here is to deal with an electron that is first
thermally activated above the energy barrier and then injected over the lowered barrier (¢pp —
A¢). The current is then:

b — A¢>] ¢p—a |Eext|

RS(| — A*T2 _ — A*T2 _
j (|Eext|) =A'T exp[ KT A*T“exp kT

(1.15)

where a = \/e3/4me and A* is the Richardson constant. There are two important differences
with the previous Fowler-Nordheim model: the temperature and the field dependence. The cur-
rent here follows an Arrhenius-type variation (InjRS o T) that describes the decrease of
electron energies while lowering the temperature in the metal. Indeed, at lower temperature,
the amount of charge having an energy equal or higher than the barrier reduces exponentially.
Secondly, the field dependence is of Poole-Frenkel-type (In j*S « +/F)*’. A* depends on the ma-
terial but contains also a corrective factor that takes into account the backflow of electrons at
the interface. In the case of low-mobility OSCs, the high carrier density near the junction ham-
pers the majority of carrier to cross the barrier in this model.
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Figure 1.18 Electron injection from metal to semiconductor through a) Fowler-Nord-
heim tunnelling, b) Richardson-Schottky thermionic emission and c) hopping in a
disordered organic material. The thermal activation in c) is lower than in b) because
the charge energy can be lower than the barrier for injection to occur.

Both models described above were developed for inorganic crystalline material, but they
hardly match OSCs. Indeed, a hidden assumption of these theory is the long scattering length of
electrons in the semiconductor intrinsic to their band transport. However, short mean-free path
(~1 nm) are expected in organic materials because of the weak Van der Waals interaction be-
tween molecules and their hopping transport mechanism. Itis then very unlikely that an electron
would manage to overcome an energy barrier several nanometre away (at least 0,8 nm for a
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field of 10° V.cm™?, see Figure 1.17) knowing than a typical jump distance in OSCs is 0,6 nm. It
means that charge injection into OSCs should be a multiple step process.

Bassler and co-workers developed a new theory based on a two-step process in a 3-papers
work>%%8%% where they investigated such an interface through Monte Carlo simulation followed
by analytical calculation. First, the charge carrier is thermally activated as in the thermionic emis-
sion model, but the energy require is lower because it doesn’t have to overpass the maximum
of the potential barrier (Figure 1.18c). Indeed, the carrier needs only enough energy to reach the
(localized) tail states of the Gaussian DOS of the disordered material. Then two possibilities arise:
recombination with the image charge or jump deeper in the bulk. The latter is the second step
needed for the charge injection. Once in the tail state of the DOS, the carrier performs a random
walk within the energetically and spatially disordered hopping sites, seen as a continuous diffu-

sive motion in an Onsager-like process®®®?,

In order to enhance the performances of organic devices, it is necessary to think about inter-
faces because they are often the limiting factor. Moreover, with the high mobility race of these
last years, the bulk conductivity becomes more and more competitive with inorganic ones but
doesn’t solve the problem of high contact resistance, which becomes the main bottleneck.

The first and maybe easiest way to tune the charge injection is to select the good combina-
tion of metal and organic materials. As the barrier height ¢ depends on the metal work
function, choosing a material that matches well with the level of the organic semiconductor
(HOMO or LUMO depending if it is a p- or n-type OSC) is the first step to reduce the contact
resistance. However, as already mentioned, the work function is dependent of the surrounding
material, hence the choice is not straightforward.

Another way to handle efficient charge injection is the surface treatment of electrodes with
self-assembled monolayers (SAMs). Immersion in solution of 1H, 1H, 2H, 2H-perfluorodecan-
ethiol (PFDT) or 1-decanethiol (1DT) for example leads to a shift of work function (upward or
downward) because of the monolayer formation of these molecules at the surface of elec-
trodes®*%3, If main works have been performed on gold electrodes, there is also some promising
achievement on ferromagnetic electrodes, where SAMs were also claimed to be useful as pas-
sivation layer®. Graphene growth on nickel was also performed and showed interesting
results®.

The temperature is also a way to control the barrier. As previously seen, the disordered-in-
duced Gaussian ODOS centre lies —%/kgT below the one of the DOS. Then the lowest the
temperature, the farther is the ODOS from the original LUMO, favouring electron injection (Fig-
ure 1.19). Of course, lowering the temperature also implies the reduction of the number of high
energy electrons and possibly counterbalances the injection enhancement. These two compet-
itive phenomenon can be modelled by a temperature-dependent barrier reduction such as
Apy = —a*/2kgT as long as the temperature is high enough to hold the Maxwell-Boltzmann
distribution valid®®. From the Monte Carlo simulation of Arkhipov et al.%, the two competitive
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effects seem to cancel out each other for moderate barriers (¢p5 < 0.4 eV) and improve injec-
tion for higher barriers. Hitherto, the disorder was only a limiting factor for device performances,
but here we show that it can sometimes be useful. One interesting outcome is that lowering the
temperature is expected to decrease the mobility of OSCs, but can potentially improve the
charge injection, making therefore temperature a useful tool to tune the two contributions to

the total resistance of a device.

Adp

Electron energy

A00€
A0S¢

Figure 1.19 Effect of the temperature on the ODOS centre level, and corresponding
barrier reduction Agg. The nominal barrier ¢g is set to 400 meV. At 300 K the
barrier lowering, i.e. the centre of the ODOS compare to the centre of the DOS, is
already around 120 meV. Reprinted from Natali & Caironi>*.

In the end, anticipating the spintronic part of the manuscript, interfaces are of paramount
importance for spin injection and detection. Hybrid metal/organic systems are especially sensi-
tive due to the different nature of the transport in the two types of materials.

One parameter that was not yet discussed but is of key relevance is the doping effect on
charge injection. Upon doping, the energy level alignment, the morphology, the mobility and
the disorder change, sometimes strongly, because of the high doping values achievable in or-
ganic materials. If the contact resistance tends to decrease while the dopant concentration
increases, the ratio between contact resistance and bulk resistance is not always constant and
one may turn from a bulk limited injection to a contact limited one trough high doping level of
the bulk®”%8, A short introduction to doping OSCs is given next.

Doping a material consists of intentionally introducing impurities into a semiconductor to
modulate its properties. In most of the cases, the aim is to turn from an intrinsic poorly conduc-
tive semiconductor to an extrinsic highly conductive semiconductor by increasing the charge
carrier concentration. However, optical and structural properties are also altered by adding do-
pants in the material. It is a well know process widely used nowadays and is the basic step of the
fabrication of transistors whether there are inorganic or organic.
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Actually, the interest on organic material for electronics comes from the successful doping of
polyacetilene with iodine dopant by Chiang et al. in 1977%. They manage to increase its conduc-
tivity from 107> S.cm ™! to more than 102 S.cm™! demonstrating the first organic material with
tunable resistivity and a metal-insulator transition.

I7%7* and electrochemical®®”* doping, interfacial dop-

Different doping methods exist: chemica
ing (charge injection from electrodes), photoexcitation/charge dissociation and acid or base

treatment’?”3, Only the two formers will be discussed here.

The chemical doping is the one used by Chiang and colleagues: oxidation (p-doping) or re-
duction (n-doping) mechanism occurs by charge transfer between the host polymer and the
dopants (Figure 1.20). The dopants can be introduced by direct mixing in the polymer solution
or evaporation on the organic thin film. Chemical doping is an efficient and easy method, but
the doping level is not easily controlled, and it is usually irreversible. Therefore, there is no off-
state (low-conductivity state) and the choice of the dopant is not straightforward in the case of
organic semiconductor. Indeed, the HOMO of OSCs is about 5 — 6 eV under the vacuum level,
then a p-type dopant must be a quite good electron acceptor. For n-type dopant it is even worse:
as the gap is large, the HOMO of the dopant must be very high to overpass the LUMO of the
OsC.

Chemical doping is expected to increase the disorder in the organic channel as it adds “im-
purities”. However, Kang et al.® showed an enhancement of the crystallinity of the organic
channel upon doping, with an interchain spacing slightly increased. They used 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) as dopant for pBTTT. They reported that
F4-TCNQ intercalates in the alkyl side-chain regions without disturbing the m-m interaction be-
tween polymer chains while improving the interdigitation of alkyl functions. This is in

1.7* with the same materials but a different

contradiction with a previous work from Cochran et a
doping method. Both are chemical doping, but the former is an evaporation of F4-TCNQ on top
of the thin film, which then diffuse within the channel whereas the latter is a co-deposition of

the polymer and the dopant.

Another drawback of chemical doping is the limited stability. The electrical properties change
with time because dopants diffuse within the polymer, leading to a heterogeneous film (espe-
cially true for low and intermediate doping levels). The irreversibility in the chemical processes
canalsoresultinirreversible degradation of performance with time, making the chemical doping
unlikely for applications.

Chemically doped polymers are often used in a field-effect transistor (FET) geometry, where
the conductivity of the channel is modulated trough electrostatic doping. Even if the number of
carriers is constant in a given sample using this doping method, the pinning of the effective
channel via a gate electrode remains possible.
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Figure 1.20 a) Energetic landscape of a doped OSC. For n-type doping, the donor
dopant gives electron to the host OSC. For p-type doping, the acceptor dopant pull
electrons away from the OSC, leading to an increase of hole density. b) Changing of
the pBTTT structure upon oxidation, i.e. p-doping. On the top, the undoped polymer
gets oxidize to form a positive polaron through a lack of charge and an unpaired
electron. Note the new bond alternation pattern on the chain. If a second electron
removing occurs near the first one, a bipolaron may form.

Electrochemical doping requires a conducting electrolyte connected to the OSC. Electrolytes
contain mobile ions, therefore applying a voltage difference between the organic channel and
another electrode connected only to the electrolyte causes an accumulation of charges on both
sides of the OSC/electrolyte interface (Figure 1.21a). It forms an electric double layer ions/carri-
ers across the interface that increases the conduction of the OSC. The capacitance (per unit area)
is here much larger than the one obtained through a dielectric of finite thickness, used in the
standard electrostatic gating method, making electrochemical gating of interest for imposing
very large electric field to the OSC thin film under moderate gate voltage values.

Furthermore, polymers are possibly permeable to ions. Then, when the oxidation (reduction)
of the OSC by extraction (injection) of charges by the metallic electrode occurs, ions from the
electrolyte penetrate into the polymer to counterbalance the lack (excess) of charges (Figure
1.21b). The density of charge can be strongly increased at the expense of disorder. Indeed, the
morphology of the thin film will be affected by these foreign molecules, as it is the case for
chemical doping. It is important to remark also that the energy levels of the dopants are not as
vital in the case of electrochemical doping as in the chemical one. The carriers stay on the poly-
mer and are not jumping to the dopants. The carrier density increases because the organic
chains become and remain charged, due to the electron extraction or injection from the metallic
electrode and the addition of ions.
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Figure .21 a) For low potential, ions migrate on interfaces according to their charge.
It forms the well-known electric double layer. b) If the polymer is permeable, ions
can penetrate into the polymer for high enough applied potential. Dopants (anions
here) ensure the electric neutrality while extraction of electrons (small blue dot) of

the polymer upon applied voltage. The structural rearrangement of the polymer is
not shown here.

One of the main advantages of electrochemical doping is the reversibility of the process: as
there is no disruption of the o-bonds of the chain, the channel can be dedoped by supressing
the applied voltage. The undoped polymer is recovered, however with possibly some structural
memory of the doping. Controlling the doping level is also much easier, as the amplitude of the
voltage relates directly the doping. It is worth noting that the penetration of ions is within the
entire volume of the thin film, and not limiting to a 2D channel near the interface as it is the case
for traditional field-effect transistors (FETs). This make the sample more sensitive to “bulk” dis-
order but relatively independent of the “interface” disorder of the first layer(s) of the polymer

film that is generally worse in bottom-gate geometry due to the interface with the dielectric
substrate.

The control of the carrier density with a simple voltage adjustment is a reliable way to study
conduction mechanism over a wide range of carrier concentration, several orders of magnitude
higher than conventional FET devices. The typical geometry for electrochemical doping of OSCs
is the electrolyte-gated organic field-effect transistors (EGOFETSs). It will be the standard system
of this thesis. Exciting results are already published where organic materials are on the onset of
metallicity®¥”>7¢, show band-like transport’” or even behave fully as a metal. In the following
we detail how these doping concepts are used in transistor devices construction and operation.

Among the manifold organic devices, we focused on EGOFETs for the understanding of elec-
tronic transport in the bulk of OSCs but also at interfaces. More classical organic field-effect
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transistors (OFETs) with bottom gating are also discussed because of the better comparison with
the literature.

The transistor effect in bulk materials was pointed out for the first time in 1947 by John Bar-
deen, William Shockley and Walter Brattain. The concept is to improve the electric conduction
of a channel by applying a perpendicular electric field. Nowadays, transistors are the building
block of electronics and computing, and there are present into the millions in all daily devices.
At such a scale, one can easily understand the interest in organic materials for their ease pro-
cessability and low-cost potentials.

The first demonstration of a working organic transistor stem from the research of White et
al. published in 19847°. They were able to measure a change of one order of magnitude of the
conduction of polypyrrole while applying a gate voltage through an electrolyte solution. It was
not a field-effect transistor but a “chemiresistor” because it was based on the solid-state oxida-
tion and reduction of the organic channel by the electrolyte. Two years later, Tsumura et al.®°
showed the first OFET using poly(thiophene) bottom-gated by a standard Si/SiO, substrate.

Field-effect transistors are three-terminal devices: source, drain and gate (Figure 1.22a). The
active channel, organic for OFETSs, is in contact with the source, that provides charges, and the
drain, that extracts charges. The gate electrode is separated from the three latter components
by an insulating layer referred as gate dielectric. The stacking of the gate electrode, the dielectric
and the channel can be pictured as a parallel-plate capacitor with the capacity per unit area:

(1.16)

where d is the thickness of the dielectric layer of permittivity €. As any capacitor, applying a
potential difference between the two sides (V) leads to charge accumulation on each plate at
the interface with the dielectric. When the potential on the gate electrode is negative (positive),
it forms a thin 2D layer of high density holes (electrons) in the p-type (n-type) semiconductor.
The amplitude of V; must overpass the threshold voltage (V) to affect the channel conduction.
V- relate to an activation potential needed to overcome electrostatics resulting from impurities
such as the eventual additional charge from the doping of the semiconductor. These extra
charges are neutralized before the gate voltage begin to act on the channel. Therefore, the ef-
fective applied gate voltage is V; — V7 and the free charges per unit area (Q) is given by:

Q=C(Vg—Vr)
(1.17)
when there is no source-drain voltage. This simple equation shows the importance of the die-
lectric. Its aim is to accumulate as much free charges as possible, making the permittivity of the
chosen material a key intrinsic property. The dielectric thickness can also be changed but one

has to ensure its insulator behaviour to avoid leakage current (Ig;). The common dielectric
widely used is silicon oxide because it is cheap and well documented from a process point of
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view, but it is far to be the best choice: the maximum induced carrier density is < 103 cm™2 due
to its low capacitance, and a leaking current occurs below a thickness of 100 nm. However,
other materials with higher dielectric constant are available: high-k insulators®2*, ultra-thin
cross-linked polymers®>®° and self-assembled monolayers®°3 for example.
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Figure 1.22 a) Schematic of top-gated (O)FETs. b), c) and d) Represent the charge
distribution (red) in the active channel for different operating regime: linear (b),
pinch-off (c) and saturated (d). The gate voltage involves a charge accumulation that
creates a high carrier density channel at the interface with the dielectric (in red).
The output curve is also shown for each regime.

Coming back to OFETs, V; has to compare to the source-drain potential (Vsp). As long as Vsp
is small enough, more precisely as long as the perpendicular electric field is (much) larger than
the longitudinal one, the source-drain current (Isp) increases linearly with Vsp and the thin con-
ducting channel is almost homogenous along the interface (Figure 1.22b). This condition makes
the gradual channel approximation valid and the current in the linear regime writes:
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(1.18)

with the density of carrier as

Q(x) =C;(Vg —Vr —V(x))
(1.19)

which, in this case, is only slightly different from the former density as V' (x), coming from the
potential drop between the source and the drain, i.e. Vgp, is small compared to V;. The mobility
in the linear regime is

L oI

Fun. =y vy “av,

(1.20)

When Vsp = V; — V7, the channel becomes pinched-off: the density of accumulated carriers
is zero at the interface between the channel and the drain electrode (Figure 1.22c). A depletion
region forms near to the drain electrode that turns the device into the space-charge limited
regime. The size of the depletion area increases while Vs increases and it supersedes the highly
conductive channel. Therefore, the effective channel length is reduced compared to L and the
system is in the saturation regime (Figure 1.22d). The current is then

w
It = = Usar.Ci (VG - VT)Z

(1.21)
and from the derivative with respect to V
2
_ 2L (0 58t
(1.22)

The typical measurements performed on FETs is the variation of Igp with Vsp and Vg, the
former is the so-called output curve (Figure 1.23a) and the second the transfer curve (Figure
1.23b-c).

Several key device parameters are extracted from these curves: the working regime, the mo-
bility, the threshold voltage, the subthreshold behaviour and the IOn/IOff ratio. Before
calculating any parameter of the FET, one must know the regime in which the measurements
are performed. Indeed, the set of equations to use require the knowledge of the linear or the
saturation regime of the device operation. Therefore, output curve is often the first measure-
ment. Then, the mobility is deduced from equations 1.20 or 1.22 applied to transfer curves data.
This is a key property, characteristic of the quality of the channel, particularly in the OFET case
where disorder leads to reproducibility issues.
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Figure 1.23 a) Typical output curves (Igp vs. Vsp) of (O)FETs. At small source-drain
voltage, the current increases linearly and saturated for high Vsp. The linear re-
sponse spreads over a biggest range of Vsp while the gate potential is increased. b)
Linear regime transfer curves in semi-log plot (top) and linear plot (bottom). c) Sat-
uration regime transfer curves in semi-log plot (top) and the square root of Igp
versus V. The semi-log plots give information about the “On” potential and the
subthreshold behaviour. The two bottom plots allow the determination of the
threshold voltage and the mobility of the channel.

The threshold voltage (V) should be small, ideally zero, to have a low-voltage operating FET
translating into low consumption devices. In order to calculate it, the linear behaviour of Igp (in
the linear case) or \/E (in the saturation case) versus V; at high gate voltage is extrapolated
until it crosses the x-axis, giving Vr. It is strongly dependent on the semiconductor and the die-
lectric of the device: built-in dipoles, impurities, interface state and charge traps all possibly
contribute to the threshold voltage. It tends to increase over time in OFET and is partially re-
sponsible for hysteresis in output curves.

The Iy, /1oy ratio is usually required to exceed 10° to well discriminate the two states. The
off-state is the source-drain current for V; <V, where Vy,, is the onset voltage, i.e. the gate
voltage at which the current increases abruptly. The off-state current is strongly related to the
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leakage current (the current between the source and the gate electrode) and is thus highly de-
pendent on the dielectric and the geometry of the FET.

Finally, the subthreshold swing (S) refers to the inverse of the slope of the transfer curve for
Ve < Vr. It basically gives the susceptibility of the source-drain current to the gate voltage. Its
unit is mV.dec™! and let know how much the gate voltage must be increased to multiplied I/,
by 10. The lower is S, the faster is the switching from off- to on-state.

In the FET geometry, there is no huge functioning difference between organic and inorganic
channels. Indeed, even if the carrier type is different (positive/negative polarons versus
holes/electrons), the gate voltage creates channel made of a thin sheet highly conductive com-
pare to the bulk. The performances and the stability in time are however quite different with
mobilities/conductivities of inorganic materials being several orders of magnitude higher than
their organic counterpart and having a longer lifetime. To improve the organic devices proper-
ties, alternative geometries have been proposed. One of them is the electrolyte-gated organic
field-effect transistor (EGOFET) that was already known from inorganic semiconductor physics
but is even more relevant for organic purposes.

Electrolytes are compounds with mobile ions: cations (positive ions), anions (negative ions)
or both. They can be liquid or solid such as polymer electrolytes®, ionic liquids/gels®>°® or
blended mesoporous materials®’. The principle of EGOFETs is to replace the dielectric by an elec-
trolyte (Figure 1.24a). The advantage is basically to diminish the thickness of the insulator layer
reducing to a distance around 1 nm. The capacitance can then exceed 10 puF.cm™2 which is
roughly 3 orders of magnitude higher than what one would expect in classical FETs with SiO,%,
As discussed in last section, the higher the capacitance the higher the carrier density, thus charge
concentrations that reaches 10> cm™?2 at low gate voltage® (usually not exceeding 3 V) be-

come routinely possible for EGOFETs.

As ions are mobile in the electrolyte, they migrate upon applying the gate voltage. When V
becomes high enough, they form a charged layer at the interface with the OSC and the situation
is quite similar to the FETs case — the formation of electrical double layer (EDL) — but with a
dielectric thickness that is the spacing between the semiconductor and the electrolytes mole-
cules. Therefore, with only few volts the electric field can easily reach 10° V.cm™! whereas
200 V would be necessary to create such high field in FETs with 200 nm thick SiO; that would
probably damage the sample. Of course, the same accumulation occurs on the gate electrode
with an opposite charge, and the electrolyte remains neutral in between. Therefore, the capac-
itance is given by the equivalent circuit of two capacitances in series:

Cepr,CepL,

C =
electrolyte
CEDLl + CEDLZ

(1.23)

which reduces to 1/2 Cgp, assuming Cgp;, = Cgp;, and is independent of the thickness of the
dielectric because the neutrality in the middle of the electrolyte provides no voltage drop in this
region. The mobility of EGOFETSs’ carrier is often better than in a FET geometry thanks to the
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higher charge concentration formed at the electrolyte/OSC interface. Indeed, if more charges
are available, more localized tail states are filled and easier it is to reach the delocalized states
above the mobility edge.
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Figure 1.24 Schematic of an EGOFET for V; = 0V (a) and V; < 0V (b) for a p-type
OSC. The negative gate voltage creates an accumulation of electrons on the gate
electrode that pushes anions from electrolyte onto the interface with the OSC. In
order to counterbalance these charges a conductive 2D channel forms in the OSC.
Because of its permeability, anions can penetrate the organic channel for strong
enough gate voltage.

The previous description holds as long as the EDLs are well defined. However, OSCs are often
permeable to ions used in the electrolyte. The ions accumulate at the interface with the semi-
conducting channel are able to penetrate into the OSC and it turns the device from electrostatic
doping to bulk electrochemical doping. The dopants concentration can be as high than
1022 cm™3, i.e. several orders of magnitude larger®! than what is usually done for inorganic sem-
iconductors. Furthermore, the doping level is tunable with the gate voltage'® and is reversible
by returning to V; = 0 V. Therefore, EGOFETs are particularly relevant for carrier transport and
metal-insulator transition studies.

One way to probe the operating regime of the transistor (electrostatic or electrochemical) is
to look at the transfer curve. Due to the slow motion of dopant ions, a significant hysteresis is
usually observed for the highest doping, whereas none (or a small one) is present for lower gate
voltage. A shoulder is also visible in transfer curves, that refers usually to the transition between
electrostatic and electrochemical doping.
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An important limitation of the doping capability of electrolytes is the clustering of ions. Ani-
ons or cations may aggregate and form local ordered structure. Therefore, they are not
participating to the doping process. Tokuda and co-workers demonstrated that only 30 — 50 %
of ions in ionic liquid contribute to ion conduction®*1%?, Nketia-Yawson and colleagues found a
way out by adding high-k materials into ion gel solution®®. They ended up with solid-state elec-
trolyte having high doping efficiency thanks to the high-k compound that limit the cluster
formation. The other non-negligible advantage of this new kind of electrolyte is the possibility
to evaporate metal on top of it, that is not possible with usual soft ion gels or ionic liquids.

104,105 often as bio-com-

Nowadays, EGOFETs are widely study for bioelectronics applications
patible sensors® up to single-molecule detection!?’. Electrolyte gating was also used to induce
superconductivity in low-dimensional channel®, tunable thermoelectric effect'® and metal-in-
sulator transition’®. The latter motivated us to study EGOFETs in which high conductivities are

reported”.

The OFET shown in Figure 1.24 is only one of the possible geometries, in this case bottom
contact (BC) —it is not visible for simplicity but the OSC should also be on the top of electrodes
—and top-gate (TG). However, top contact (TC) is also doable by metal deposition on top of the
0SC, and bottom-gate (BG) is in fact the most common gating geometry with Si/SiO» substrate.
Their four combinations were investigated and some differences in OFET performances were
demonstrated.

Usually the coplanar geometry, i.e. the source and drain electrodes are in the same plane
than the active channel, is distinguished from the staggered geometry where the channel and
electrodes are not in the same plane (Figure 1.25). A major difference is the path carriers must
follow in order to reach the drain. In the coplanar case (TGTC and BGBC), the injection (detec-
tion) occurs directly from the contacts (accumulated channel) to the accumulated channel
(contacts). On the contrary, for staggered devices (TGBC and BGTC), charges have first to travel
through the poorly conductive bulk OSC to arrive in the active channel. In a first approximation,
one could expect then a lower interface resistance R in the coplanar devices, however it is the
opposite because of the spreading of the gate effect further away (screened by the electrodes
in the coplanar geometry)%,

The injection area is also very different because there is an overlap of the gate electrode over
source and drain contacts, then carriers are more likely injected from the top (TGBC) or bottom
(BGTC) of source and drain, making the channel length hard to define (see chapter Ill). For co-
planar devices, the channel is well defined in the case of BGBC, the current is injected and
detected from the edge of contacts and the conducting channel is typically a few nanometers
thick, whereas TGTC OFETs are more complicated.
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Figure .25 The four different OFET geometries. Staggered ones are on the left and
coplanar on the right. The deep red area is the accumulation channel.

The measured mobility is also dependent on the chosen geometry. In staggered devices, as
the carrier must pass through the bulk of the active channel, a space charge area may form
easier than in the coplanar geometry. Moreover, in the case of BG, the conduction occurs mainly
in the first layers of the organic channel, which are much sensitive to the dielectric surface, while
top-gated OFETs rely on the top of the OSC which may have a relatively different transport ca-
pability.

In the case of EGOFETSs, the electrolyte is usually side-gated due to the difficulty for evapo-
rating top contacts over a soft thick electrolyte. There is no change compared to the top-gating
configurations, expect a possible slow gating process due to the limited ions mobility in the elec-
trolyte and distant gate electrode.

1.5.4. Contact resistance

Beyond the high mobility search for optimizing the performance of organic semiconductors,
which results into high conductivity organic channels, there is another big issue to overcome:
the contact resistance. By measuring the total resistance (Ry,) of FETS, one measures not only
the channel resistance (R.) but also the source (Rg) and drain (Rp) interface resistances and
even the pads resistance (Rp,45) involving the metallic interconnects on the chip:

Rrot = Ren + Rs + Rp + Rpgas

(1.24)

Rs and Rp will often be identical in the following and refer simply as contact resistance (R.)
defined here as their average, i.e. 2R = Rs + Rp. The pads resistance is generally neglected,
but we will see later that this assumption have to be carefully analysed in the case of high con-
ductivity organic channel where R, may be smaller than Rp,4s-

The main problem in the case of OFETs is the mismatch between R and R,. Indeed, several
studies show a contact resistance much higher than the channel resistance!*™13, It is all the
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more worrying that the downscaling of OFETs will likely decreases Ry, (for a given width of the
channel, and its decreasing length) but not R and favour a contact limited transport for small
scale OFETs. This issue is less problematic in the case of inorganic FETs as direct tunnelling gen-
erally occurs and different optimization processes (not suitable for OFETs) exist, making R
much smaller than in OFETs.

Usually the parameter relevant to discuss the contact resistance in different geometry is the
specific contact resistance R-W (R, multiplied by the width of the channel). Indeed, as the ac-
cumulation occurs over few nanometres only in bottom-gated FETs, independently of the length
of the channel, the only geometrical parameter that scales R is the width. Therefore, R;W is
introduced to normalize the contact resistance among various geometries.

An important question arises from the latter paragraph: what about EGOFETs? As mentioned
in the last section, the doping is 3D when an electrolyte is used with a permeable OSC. Then the
approximation of an almost 1D injection area is no more valid and the whole section of the
electrode is involved. Therefore, R A [Q. m?] with A the 2D injection area may be more appro-
priate than R.W [Q.m]. A deeper discussion will be proposed later in this manuscript, but R; W
will still be used for comparison with the literature.

Measurement of contact resistances is documented in the literature using: transmission line
method (TLM), gated four-probe technique (gFP) and Kelvin probe microscopy (KPM).

TLM consists of measuring Ry, for various length and fixed width'*-*7 (Figure 1.26a). As we
expect that only Ry, is proportional to the channel length, the crossing of Rr,¢ (L) with the y-
axis gives directly the contact resistance (2R) as it sets Ry, to 0. The advantages are that it can
be done for different gate voltage to study R (V) and it gives also extra information on charge
injection and transport through the convergence point (crossing of Ry, (L) of different gate
voltage)!®. It applies to any geometry at the expense of the number of samples to fabricate and
measure. Another way would be to use several electrodes with variable spacing on one channel
but then there is no more freedom in the geometry. Finally, it doesn’t allow to distinguish be-
tween the source and drain resistances giving only the sum of both, and the obtained value is
only the average of contact resistances of the set of samples.

gFP uses four-probe measurements, i.e. two additional electrodes must be patterned be-
tween source and drain to provide experimental access to the potential drop within the
conductive channel*%1?! (Figure 1.26b). As no current is flowing in these leads, they probe non-
invasively the potential. However, these electrodes must be thin, complicating the fabrication
and limiting its suitability for short channels. Nevertheless, one has access to the source and
drain resistances separately. The idea is to extrapolate linearly the potential drop between the
four-probe leads to the source and the drain contacts. It remains a potential drop on each side
that translates into contact resistances. The calculation is as following: first the slope of the po-
tential profile (a) have to be determinate by

V-1
L12

a =

(1.25)
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where V; and V, are the measured potential of electrode 1 and 2, and L4, is the distance be-
tween them. Then the y-intercept (b) is calculated, which is already almost the source potential
drop AVs:

AV5=b—VS=V2—aL2—VS=V1—aL1—VS

(1.26)

where L, , are the position of the first and second four-probe electrode respectively and Vg the
applied source potential. Finally, the equation of the linear function V(x) = ax + b enable to
find the drain potential drop AV):

AVD = VD _V(L) = VD _(aL‘l'b)

(1.27)
with V the applied drain potential and L the channel length. By dividing these potential drops

by Isp, the source and drain resistances are recovered. In the latter equations, the pads re-
sistance is assumed negligible.
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Figure 1.26 Different extraction methods of the contact resistances. a) Transmission
line method: the intercept of the Ry, (L) curve with the y-axis is the whole contact
resistance. b) Gated four-probe method: two additional electrodes measure the po-
tential drop in the channel (see inset); the extrapolation of the linear function gives
the potential drops at source and drain. c) Kelvin probe microscope: the tip of an
AFM probes the electrostatic potential along the channel. The setup is schematically
shown on the left while the output V(x) curves are shown on the right. Adapted
from Burgi et al.**°.

It is clear from the assumption of a linear profile that gFP cannot be used in the saturation
regime as the pinch-off leads to non-uniformity of the channel (Figure 1.22d). Moreover, the
presence of metal electrodes within the channel also possibly disturbs the OSC morphology even
if there are very thin and protrude only minimally into the channel.
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KPM may be the more powerful among the three methods as it is a direct measurement of
the potential with high voltage and spatial resolution?*123, The principle is to scan the surface
of the OSC with a conductive atomic force microscope (AFM) tip that provides directly the elec-
trostatic potential after background subtraction (Figure 1.26¢). However, as it is a surface
probing, KPM is not suitable for top-gate geometries. Moreover, this technique is sensitive not
only to the surface potential but also to the bulk one up to 100 nm deep, making the results
sometimes difficult to analyse.

The KPM called the validity of gFP into question. Indeed, looking carefully to its output, a
potential drop near the electrodes is clearly observed in addition to a non-linear behaviour for
the lower V; (Figure 1.26¢). This sudden drop cannot be seen in the gFP method as the main
assumption is a linear profile all along the channel becomes questionable. However, by neglect-
ing the non-linear behaviour, the contact resistance is overestimated. As our objective is to show
low R, the amplified values from gFP technique, predominant in the present thesis, gives sub-
stance to our claims.

The typical values of R-W reported in the literature for OFETs ranges between tens of k(). cm
to M(). cm for various organic and electrode materials, and from different extraction techniques.
Natali and Caironi resumed the main results from literature in their survey®*. The lowest re-
ported is ~6 kQ).cm for PBTTT with gold contacts on tridecafluorooctyltrichlorosilan (FOTS)

124 ;

functionalized SiO,*** in BGTC geometry.

Turning to EGOFETs, the usual values observed is only several {).cm, much lower than for
OFETs. RcW as low as 4 Q.cm have been reported for poly(3-hexylthiophéne) (P3HT)'?* and
PBTTT!2® with gold leads and using an ion gel as dielectric. The expected reason of such a de-
crease may be the enhanced injection through ions introduced by the electrolyte. Sandstrom et
al.*?” have shown ion-assisted injection in a light emitting electrochemical cell with an electrolyte
and a geometry quit similar to EGOFETs. lons diffusing near to the contacts may create an addi-
tional electric field that help charge injection.

The drastic decrease of contact resistance with electrolyte-gating transistors is of key rele-
vance for this work. Indeed, in order to downscale organic devices, we want to avoid the strong
predominance of R.. Moreover, how R competes with the channel resistance is key to inject
and detect spins in the scope of organic spintronic applications and will be discussed in next
chapter. High frequency organic electronics is also dependent on R-'%, but the road remains
particularly long as EGOFETs are not suitable for this kind of purposes because limited by the
slow motion of gating ions.

As explained in the OFET section, the mobility is usually obtained by the slope of the linear

part of the Isp (Vi) curve (linear regime) or the \/E(VG) curve (saturation regime). However,
these curves may exhibit various behavior like S-shape, sublinear bending or superlinear curva-
ture. The extraction of the mobility with such nonlinearities leads to erroneous values'®, The
biases can result from contact resistances (for 2-probe measurements), carrier concentration-
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dependent mobility (or V;-dependent mobility) or disagreement between source-drain and gate

electrical fields (particularly for short-channel). For example, Bittle et al.**°

exhibited a mobility
overestimation up to one order of magnitude due to the contact resistance dependence on the
gate voltage. It is especially true at low V; when the device is charge injection limited. Choi et

al.*?® gave a guideline to follow in order to ensure a relevant calculated mobility:

e The linearity of FET transfer characteristics must extend to a substantial range of gate
voltage.

e The mobility should be weakly dependent on the carrier density, especially for high
mobility claim.

e The linear regime is preferred because of the non-uniform distribution of charges in
the saturation regime (pinch-off).

e Contact effect have to be checked either by 4-probe measurements or TLM, or at
least by ensuring the proportionality of Isp with Vsp.

e Several V;-sweep speeds should be tested to address for charge trapping and/or dis-
order.

e The electrical fields must be calculated to ensure the validity of the gradual channel
approximation (E; > Esp) and limit the current density to reasonable values.

e Hall-mobility should be given for high mobility materials.

They add also a “reliability factor” (r) that quantify how far the device is from the ideal FET
and could be used to recover the effective mobility.

The 4-probe geometry, giving access to contact resistance and conductivity, is also imperfect.
The choice of the size and the protruding length of 4-probe electrodes need to be minimized in
order to reduce the error on the mobility. Overestimation as high as 350% where deduced in a
poorly chosen geometry where 4-probe electrodes are large and the channel is long and thin31,
In our case, we are more interested in conductivity than mobility, but we pay attention to this
problem.

The downscaling of electronic devices has been the easiest way to increase the electronic
performances by increasing the packing density (number of devices per unit area) on chips. The
famous Moore’s law predicted the doubling of the number of transistors on integrated circuits
about every two years, and it was achieved by reducing the size of transistors. The same is
seeked for OFETs and EGOFETSs in particular because downscaling allows higher frequency oper-
ation®® (f o L2, L being the characteristic size of transistors) and lower bias requirement.
Furthermore, the mobility of organic materials being orders of magnitude lower than that of
inorganic channels, it is even more important to downscale the channel length of OFETs to keep
an adequate drive current for electronic applications.

Various techniques allowed to pattern sub-micrometre channels: photolithography!3?

90,133 135 136

, elec-
, angle deposition®**, nanoimprint lithography , micro-

139

tron beam lithography
137

, stamping

140

cutting®, silicon etching®®, mask-free photolithography®, inkjet printing'*® and femtosecond

laser ablation'*', However, many of these reports exhibit poor electronic properties with non-
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ideal output curves and low Iy, /Iy ratio referred as short-channel effects®****=1%>, following

the nomenclature on inorganic electronics. Short-channel effects occur on polymers35138146 55

7

well as small molecules* and appear sometimes already for channel of few micrometers

long®*.

The main origin of the change in the behaviour of output curves while downscaling OFETs is
the validity of the gradual channel approximation. Upon reducing the size of the channel, the

electric field increases between source and drain (|§5D|) in contrast to the one from the gate

(|§G|) that is fixed because it depends on the dielectric thickness (t) and even decrease when
screened by the metallic electrodes. For the gradual channel approximation to hold true, the
device should verify:

V, o o V.
TG = |EG| > |ESD| = %

(1.28)

However, for short-channel transistors, L. compares to t (and may even be smaller), which re-
sults in equations in section 1.5.1 to be inappropriate. Usually, the condition considered is to
keep L > 10t® but a factor 4 was already enough in some samples®. Anyway, for channel length
of several tens of nanometers, the previous condition cannot easily be fulfilled as the dielectric
needs a certain thickness to be insulating (> 100 nm for SiO3); then the transistor is hardly mod-
ulated by the gate voltage.

Shrinking the OFET dimensions may also give more and more importance to the depletion
area that would finally occupy the whole channel. While the depletion region becomes a non-
negligible fraction of the channel, the required gate voltage to reach inversion diminishes, low-
ering also the threshold voltage. The shifting of /- can be high enough to transform a normally-
off device into a normally-on one. In this extreme case, V; may pass from positive to negative,
turning the transistor current at V; = 0 V from the off-state into the linear increase of the trans-
fer curve. The subthreshold current in the transfer curve is also increased and depends on Vsp,
then the off-state is leaky, leading to poor Iy, /Iy ratio. Increasing the source-drain voltage
even more, the depletion areas from source and drain come into contact, then SCL current takes
place in the whole channel and leads to diode-like output curves. As discussed previously, the
contact resistance is also responsible for short-channel effect as it doesn’t scale with L. Under a
critical channel length, interface resistance rules the total resistance of the device, and leads to
output curves far from the ideal behaviour.

In general, the source-drain voltage becomes the key parameter, first because its electric
field is dominant and second because it dictates the effective channel length. As already dis-
cussed in the section 1.5.1, when transistors operate above the pinch-off voltage, the channel
length reduces and becomes Vsp-dependent, translating into superlinear output curves (as
Igp < L™1) without saturation. Wang et al. proposed to add an insulating mesa-structure be-
tween source and drain, in order to reduce the longitudinal electric field'*3. They achieved to
recover good OFET properties like saturation of the output characteristics and gate-control of
the current.
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Another successful proposal was to use ultrathin dielectrics to enhance the gate-induced
electric field'*. The latter reminds the EGOFET geometry discussed earlier. Indeed, the dielectric
thickness of the double layer between OSC molecules and electrolyte bulk is less than 1 nm
thick, and should be perfectly suited to suppress short-channel effect in OFETs through much
higher transversal field. Actually, Herlogsson et al. studied short-channel EGOFETs and observed
nice transistor behaviour!.

Organic electronics is still a young and promising field. Improving the understanding of charge
transport and injection processes are major steps towards optimized devices for applications.
The purpose of organic device may not be the replacement of silicon-based technology but ra-
ther an interesting complement to it. The richness of chemical synthesis and its tunability offer
unique and infinite possibilities such as biocompatibility or biodegradability. Furthermore, new
types of devices such as organic spin-valves could lead to spin transport that aims to reduce the
electrical consumption of devices and enhance performances. One step towards spin-based or-
ganic transistors is in the scope of this thesis, and the basics of inorganic and organic spin
electronics will be reviewed in next chapter.
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Chapter i

he research field of spintronics aims to use the spin of electrons to create, transport and

store information. Spin-based devices are already widely present in daily life as they are
the basic sets of magnetic storage technology of the last 30 years. It starts with the discovery of
the giant magnetoresistance (GMR) by Fert & Griinberg’?, owing them the Nobel Prize in 2007.
Nowadays, scientific community works on new devices such as magnetoresistive random-access
memory (MRAM), possibly working without applied magnetic field by spin torque exchange
(STT-MRAM), in order to increase performances and decrease electric consumption of new-
generation information storage technology. Organic materials have their own place in the
spintronic field because of their ability to keep spin information over long time, in addition to
their processability advantages discussed in last chapter.

In the present chapter, basic inorganic spintronic concepts are introduced to move towards
spin transport in organic materials. The essential role of interface resistance is also investigated
for the spin injection and detection in light of its importance and possible predominance in
organic devices.

Spintronics aims to use the spin degree of freedom of electrons in addition to their charge
for novel applications. The first observation of “spintronic effect” was done by William Thomson
(Lord Kelvin) already more than 160 years ago. He measured the variation of the resistance of a
piece of iron in a magnetic field by changing its strength and orientation respectively to the
channel direction®. If at this time the concept of electron’s spin was unknown, it is the first
experience that shows an anisotropic magnetoresistance (AMR).
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Time passing, Nevil Mott published his two-currents model in 1936 to explain the
conductivity of ferromagnetic metals*. One example of direct experimental illustration was the
work of Tedrow and Meservey® in 1971. They exhibited a spin-polarized tunnel effect from nickel
to superconductive aluminium, illustrating how the density of states (DOS) at the Fermi level is
spin-dependent. Fert and Griinberg presented their works on multi-layer of Fe/Co and Fe/Cr
respectively where they observed significant change of resistivity of the heterostructures upon
the relative orientation of ferromagnetic layers that is the so-called giant magnetoresistance
(GMR). The term giant comes from the much important variation of resistivity of GMR-devices
compared to AMR-devices (~80 % compared to the ~1 % respectively). These experiments
revealed how scattering involved in materials conductivity depends on the spin of charge
carriers, confirming the core hypothesis of Mott’ work.

In 1991, IBM commercialized its first MR-based hard disk drive and this technology was
predominant for 25 years. Other kind of spin-based devices begin to emerge, like STT-MRAMS,
spin-transistors’ and spin-(O)LED®° and pave the way to a bright future to spintronics.

The basic component indicating spin-dependent electric transport in materials is based on
two magnetic electrodes separated by a non-magnetic (NM) one, either insulating, then spins
tunnel through; or conductive, then spins diffuse inside. In all cases, the choice of the electrode
material is crucial for spin-dependent properties.

Magnetization has different origin depending on the type of material. We focus on the
transition metals that exhibit magnetization thanks to their d-states. Each d-orbital contains five
levels able to hold each two electrons of different spin. Moreover, the five levels divided in two
groups: three lower energy level (t,4) and two higher energy levels (ey) separated by an energy
gap. Depending of the size of the gap the t,;-levels may be fully occupied first before filling the
ey states. Transitions from one to the other are also possible. When the 3d-orbital is not fully
occupied and electrons are not all paired, the unpaired electrons are responsible for the
magnetization. These unpaired 3d-electrons are localized enough to have a high exchange
coupling that creates an asymmetric DOS (Figure 11.1).

Applying a magnetic field on transition metals defines the quantum axis to distinguish both
spin types. The convention is to ascribe the majority spins to spin up (T), being in the same
direction than the magnetic field, and minority spins to spin down (!) that are anti-parallel to
the external field. Exchange coupling makes their number very different, which translates into a
large magnetization created by the external field. In the band structure of ferromagnetic (FM)
transition metals shown in Figure Il.1, the majority-spin orbital is fully occupied while the
minority spin is only partially filled.
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Figure 1l.1 Density of states of non-magnetic and ferromagnetic materials. Because
of the exchange interaction, the DOS of spin up and spin down are shifted resulting
in different density of state at E.

To explain the resistivity of transition metals, Mott presented his two-currents model in 1936.
Assuming that scattering events conserve the spin of carriers, charges carrying spin up or spin
down can be represented as two separated channels in parallel, with their own resistivity p; and
p.. Resistivities are different because the carriers DOS of both spins is different. Indeed, the
resistivity relies on scattering events with phonons and impurities mainly, but also on s-d
scattering that depends on the DOS, which is asymmetric for FM materials. As we assume spin
conservation within scattering processes, only sy = d; and s; = d| transitions (or reversed) are
allowed. However, as the dy-orbital is full, the first process is much rarer than the second,
leading to p; < py.

In the end, the resistivity of transition metals within the two-currents framework writes:

(I1.1)

If the s-d scattering of one type of spin is negligible, this channel short-circuits the other and the
total resistance decreases. Furthermore, the inequality of p; and p; in FM metals leads to spin-
polarization of carriers, quantified by the (bulk) spin asymmetry coefficient S:

PL— P1
B="trt
prtpy

(11.2)

that scales the expected amplitude of the spin-dependent signal. The spin-resistivities can be
written in term of 8 as: 2py, = p(1 + B).
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11.1.2. Magnetoresistances

The magnetoresistance (MR) is the variation of resistance (or resistivity) of materials or
devices in an external magnetic field. However, due to the variety of devices and phenomenon
involved, different definitions exist to quantify its amplitude. First, the impact of the amplitude
and direction versus the current flow of the external magnetic field is investigated on materials.
Then, the case of the FM/NM/FM trilayer is discussed in the scope of the understanding of spin-
valves.

Anisotropic magnetoresistance
The resistivity in a magnetic field (H) in the positive z direction can be written in matrix
formalism as:

pi(H) —py(H) 0
p(H) = |py(H) p.(H) 0
0 0 pi(H)

(11.3)
where p, () is the longitudinal resistivity perpendicular (parallel) to the magnetic field, and py
is the transverse Hall resistivity. In the case of FM materials, the amplitude of B = Uo (ﬁ + 1\7)
replaces H, M being the magnetization and p, the vacuum permeability. For the following

-

discussion, the current density (/) is in the positive y-direction.

a) b)

Figure 1.2 a) Schematic representation of the bending of carriers trajectory in a
magnetic field. The Lorentz force deflects charge perpendicular to both the current
flow and external magnetic field, to the positive or negative x direction depending
on their charge. It involves a reduction of the distance travelled in the current
direction before scattering (pointed out by the grey dotted lines), and an electric

field in the x-axis (EH). b) Self-closing path leading to weak localization.

The longitudinal resistivity in current direction transverse to the field of materials often
increases upon application of an external magnetic field. Indeed, in a classical point of view, the
trajectory of charges curves because of the Lorentz force F= q(f + U X §), where q is the
charge of the carrier, E the electric field and ¥ the velocity of the carrier (Figure 11.2a). The
bending of the pathway of carriers diminishes the y-component of the distance between two
scattering events, and therefore rises the number of scattering processes within the channel.
The variation of p is given by the Kohler’s rule and is proportional to HZ. It will be the case of
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our organic materials as it will be discussed in the chapter V. In the case of FM materials, Kohler’s
rule can be generalized accounting for the magnetization such that the variation of resistivity is
proportional to aH? + bM,>.

For FM materials p, # py, and in general p; > p, because of the spin-orbit coupling (SOC).
The SOC mixes the up and down states, such that s;-electrons are able to scatter into available
d,-states. In addition, d; — s transitions are also allowed, that creates d;-holes, favouring sy —
d; scattering probability. However, the s = d process occurs only if the momentum of the

electron is in the plane of the orbit of the empty d-state, which is more likely the case when M Il

]*10. This difference translates into AMR properties.

When the magnetic field is perpendicular to the current, in certain conditions, weak
localization arises in disordered systems!''?, At low temperatures, when the probability to
scatter on phonons becomes low, the resistivity tends to decrease upon the application of
perpendicular magnetic field. Indeed, when carriers motion is diffusive, they perform a random
walk because of the multiple scattering processes. Therefore, carriers may come back to an
already visited site by a self-closing path (Figure 11.2b). The weak localization tells that the
clockwise and anti-clockwise crossing of such close loop interfere constructively, because the
lengths are equal, that favour localization. Applying the magnetic field perpendicular to these
loops breaks the coherence of these two paths by adding a phase shift that decreases the
resistivity. The observation of weak localization is a sign of metallicity in insulating-like materials.

Finally, the off-diagonal terms of the resistivity tensor, £ py, relates to the Hall effect. Again
because of the Lorentz force deflecting the charge perpendicular to both the magnetic field and
the current flow, charge accumulation takes place on the border of the channel and a difference
of potential appears in the x-direction. In non-magnetic materials, the related electric field is:

EH = RH(jX Hoﬁ)
(11.4)

where Ry = 1/ne is the Hall resistance, from which the Hall resistivity is extracted py =
RyuoH. Note that the unit of the Hall variables are not consistent with resistances. The latter
definition is known as the ordinary Hall effect because the magnetization is not involved and in
the end py < H.

For FM materials, H has to be replaced by B and the final Py is the sum of the ordinary Hall
resistivity and a second term proportional to M,. It becomes then the anomalous Hall effect,
where a non-linearity appears for low field increasing rapidly py, and tends to the ordinary Hall
effect for large field, when the magnetization of the FM material saturates.

The Hall effect is a useful tool to determine the intrinsic mobility of materials. Indeed, it
escapes from contact resistance, and is more accurate than the field-effect mobility as it doesn’t
rely on the uniformity of the channel upon doping.

The most widespread MR nowadays is the giant MR (GMR) pointed out by Fert and
Grunberg!?. The changing in resistance arises in their case from the relative orientation of FM
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layers in FM/NM/FM heterostructures where NM is a conductive non-magnetic material,
defining a so-call spin valve structure. If the spacer is an insulator, charges tunnel through it and
it refers to tunnelling magnetoresistance (TMR), detailed later. In both cases, reminders of basic
magnetization properties of electrodes are needed.

In most case, spin injection occurs by means of FM electrodes. Their particularity is to present
spontaneous magnetization below a critical temperature, the Curie temperature T, (Figure
1.3a). Aslong as T < T¢, spin of all electrons points in the same direction thanks to the so-called
exchange energy that counterbalanced and surpassed the magnetic dipole-dipole interaction
tending to anti-align them. Above T, the thermal agitation is too strong for spins to keep a
particular direction and the magnetization is lost: the material turns to paramagnetic and M «

a b
i .
A
M;
Paramagnetic
2 1 / HC
Ferromagnetic H>
_Mr 3
: > A
T. T

Figure 1.3 a) Magnetization of magnetic material versus temperature. For
temperature above the Curie temperature, materials become paramagnetic and
present no more macroscopic magnetism. b) Hysteresis cycle of ferromagnetic
materials.

One particular feature of FM materials is their hysteresis cycle during applied magnetic field
sweep (Figure 11.3b). The first time an FM material experience an external magnetic field, its
magnetization (M) begin at 0, and increases until it reaches the saturation magnetization (M)
for high enough magnetic field. However, resetting the magnetic field to 0, M remains finite at
a remanent magnetization (M,.) level often on the same order of magnitude than M. Sweeping
the field in the opposite direction, the magnetization of the FM layer finally goes to 0 at a given
field named coercive field (H.). The amplitude of H increasing, the magnetization of the material
reaches again M, but in the same direction than the field. Again, a finite magnetization remains
when the field come back to 0. Some values of different characteristics for usual materials are
given in Table II.1.

Fe 2,16 1043 ~40
Co 1,79 1388 ~35
Ni 0,61 627 ~23

Table I1.1 Saturation magnetization in Tesla ([T] = 4m x 10™*[A.m~1]) and Curie
temperature for iron (Fe), cobalt (Co) and nickel (Ni).
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The coercive field is an important parameter for applications as it is the field needed to switch
the magnetization orientation. FM materials with H. < 10 Oe (~1073 T) are magnetically soft
materials, useful because their flip requires small energy; whereas hard magnetic materials
(H, > 10 Oe) more likely keep their orientation and serve often as “fixed” magnets in devices.
Structure combining hard and soft ferromagnets are the building blocks of hard disk drives as
the soft one is addressed independently with a small magnetic field (lower than the coercive
field of the hard one) to encode information.

a) Parallel Anti-parallel
|H| > [Heq| > [He| |Hei| > |H| > [Hez|

FM1 NM FM2 FM1 NM FM2
b)
—> _>
c) My 44
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Figure 11.4 a) Parallel (left) and anti-parallel (right) situations. Spins in the opposite
orientation than the FM material suffer a lot of scatterings that strongly increases
the resistance (R). On the other hand, spins parallel to the FM electrode magnetic
moment cross easier, with a corresponding lower resistance (r). b) The equivalent
circuit from the Mott model of two-currents. ¢) Curves show the magnetization
state (top) and the resistance (bottom) variation within an external magnetic field.
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The same technique is used in spin-valve devices by patterning two FM electrodes with
different size, leading to two different coercive fields, or two different materials, exhibiting a
contrast in magnetic properties, in particular the coercivity. Then, upon applying an external
magnetic field, the orientation of one layer will turnover before the other and allows the parallel
configuration (P), where the spin-polarization of electrodes are aligned, and anti-parallel states
(AP), where the polarization of electrodes are opposite (Figure Il.4a). The two situations exhibit
distinct resistance, that is used for binary encoding.

The difference of resistance between both cases arises easily from the two current model
introduced in section I1.1.1. The Figure 11.4b depicts the principle of operation of a metallic spin
valve, with the equivalent circuit of the two situations. In the parallel case, when both electrode
magnetizations are pointing in the same direction, majority spins experience much fewer
scattering events than minority spins in both electrodes. Therefore, the low resistance (2r)
majority channel shortcuts the high resistance (2R) minority one and the resistance is:

2Rr
R+r

RP=

(I1.5)

When electrodes polarization is opposite, both up and down spins suffer a lot of scattering
in one of the electrodes. Therefore, both channels have the same resistance R + r and the total
resistance in this configuration is:

R+r

RAP == > Rp

(I1.6)
The (G)MR, defined as

(11.7)

is a positive relative value that can reach several tens of percents. Varying the amplitude of the
magnetic field, the resistance of the device looks like a rectangular function (Figure Il.4c). The
width of the “gate” function is the difference between the coercive field of FM1 and FM2 as the
anti-parallel states remains only between |H.;| and |H,,|. The shifting of the high resistance
states to the positive or negative side arises because of the hysteresis of the magnetization of
magnetic materials.

When the NM spacer of the FM/NM/FM structure is an insulator, spins are tunnelling across
it. In this case, the spin-dependent properties of magnetic tunnel junctions originate from the
conservation of the spin within the tunnelling process as proposed by Julliére’s model®,

The DOS of up and down spins of FM material is asymmetric as explained in section II.1.1.
When electrode magnetizations are parallel, the DOSs of both electrodes are similar (Figure 11.5).
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Hence, the number of available states at the Fermi level for each spin is roughly the same in the
two electrodes, letting the tunnelling probability relatively unchanged.

In the anti-parallel case, DOSs are different. The detection electrode spin-dependent shifting
of the DOS is opposite to the injection electrode one. Using the left electrode as reference, the
up-spins DOS is shifted up and the down-spins DOS is shifted down in energy. In consequence,
the number of states at the Fermi level is different, as depicted in the bottom of Figure II.5. The
up-spins from the injector have a large amount of available states in the arrival electrode, but
the little amount of up-spin carriers contributes only slightly to the current. However, the large
number of down-spins from the left electrodes encounters only a limited number of available
sites. Thus, their tunnelling probability is significantly lowered and the resistance in the anti-
parallel configuration is higher than in the parallel state.

The TMR signal uses the same definition of the MR and exhibits a similar variation of the
resistance upon an external magnetic field than the GMR. However, the process of spin
transport is fundamentally different. Note also that the spin-polarization is inverted as the
minority spins cross easier the tunnel barrier because they have more available arrival states in
the anti-parallel configuration.

Parallel

> <
ny(E) ny(E) nt(E) ny(E)

Anti-parallel

> < P>
ny(E) ny(E) nt(E) ny(E)

Figure IL.5 Tunnelling process in the parallel (top) and anti-parallel configuration
(bottom). The inversed shifting of the DOS in the right panel of the anti-parallel case
involves a poor matching of densities of states at the Fermi level of both electrodes.

To give orders of magnitude, Fert and Griinberg measured a GMR around 80 % at 4 K.

Presently, MR as high as several hundred percent at room temperature where reported**® with
a record 604 % for TMR?®,

69



Organic spintronics

For all spintronics applications, the spin polarization is mandatory. Unfortunately, while the
polarization of the bulk is known and appropriate for devices, the surface of magnetic materials
is a big issue to overcome. Oxidation of the surface, mainly for 3d-materials, strongly limits the
spin injection across interfaces. Sub-nanometer thick oxide layer is already enough to almost
extinguish the polarization for tunnelling. The ease of oxidation relates directly to the electronic
structure of transition metals and their unpaired electrons. The oxygen being highly reactive, it
forms quickly bonds with these lonely electrons and turns the materials into paramagnetic.

To overcome this obstacle, new magnetic materials arise, led by the perovskite LSMO (La1.
SrsMn0;s, x is often 0,33) more stable in the air, as it is an oxide. Surface spin polarization of the
DOS reaches 95 % in LSMO at low temperature but decreases rapidly when approaching room
temperature with a Curie temperature around 320 — 350 K (~50 — 80 °C). Consequently,
industrial-scale applications are compromised. It is also important to mention that the surface
spin polarization is anyway different from the bulk one as atoms reorganized themselves to
minimize energy changing the “crystallinity” of the last (few) layer(s), and there is compelling
evidence that the surface polarization is quite low. In addition, the surface of LSMO is not that
stable and possibly very different of the bulk, impacting significantly the magnetic properties?’.

Another possibility is to cover the FM electrodes to protect it from the environment. This is
of primary concern if the ultra-high vacuum environment (UHV), necessary to prevent oxidation,
cannot be maintained when building the device, as is expected for most organic electronics
studies, where UHV fabrication studies remain scarce. Coating of organic layers!®®,
polymers?®? inert metals?? and SAMs?*?* have been reported. However, all these methods
affect the underlying FM electrode by changing its optical response, electric and thermal
conductivities, dimensions and magnetic qualities. Another approach was to grow graphene on
top of electrode and is a promising way to keep high quality FM electrodes®>?®. Finally, a
chemical treatment of FM materials with glycolic acid etches the oxide layer?’ (at least the cobalt
oxide) and may be an easier way to recover ferromagnetic properties for the following step of
the device process when wet chemistry processing is involved.

However, even with well-controlled surfaces, the interface of FM electrodes with other
materials is complex and the spin polarization may vary a lot. It is even more true when organic
materials are used as they are able to react with the FM electrodes through their m-electrons
cloud.

Key features of spin-valves are the maximisation of the difference between R and r through
higher spin polarization, and the avoidance of spin memory loss between the magnetic injector
and detector electrodes. Looking for GMR, electrons must travel through the FM/NM interface
keeping their spin. Indeed, in order to detect a spin-signal, the spin polarization from the FM
material needs to remain in the NM until detection. The following spin injection discussion, valid
for conductive spacers, relates to a diffusive model of transport based on the Boltzmann
equation, know to explain well past experiments.
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The two-currents model of Mott involves the spin-dependent resistivities py and p;. It means
that there are somehow slow and fast carriers. Therefore, the current density divided also in j;
and j, that defines a current spin polarization as:

Jr—=Ju
it

(11.8)

NM materials have no spin polarization, that is, spin-up current density (j;) is equivalent to
spin-down current (j;) as well as their conductivities (Figure Il.6a). The j; versus j; asymmetry
in the FM electrode must then transfer into degenerate current densities j; = j; in the NM
spacer bulk, away from the interface?®. For that purpose, spin accumulation takes place around
the contact between both materials that splits the chemical potential (1) of up and down spins
(Ap = py — wy) as shown in Figure I1.6b. The accumulation area spreads by diffusion on both
side of the interface and decreases exponentially away from it with a characteristic length that
is the spin diffusion length (Lss), i.e. the average distance travelled by electrons before their spin
flip. That spreading is responsible for the spin injection. It relies on the steady state formed by
the incoming/outcoming electrons and the spin flip events, and a spin-polarization appears in
the NM material over the distance léVfM. Therefore, one of the key parameters to detect spins is
the ratio between the channel length (L) and léVfM, as the spin polarization vanishes exponentially

over the length scale [.

Another point to emphasize is the spin-flip rates (I') at the interface. They behave as:

[FMNM _ 1 « Ap
FMNM & TFMNM
Tgr
(11.9)
where 74 the spin diffusion time and rFMNM =pFM'NMl§fM'NM is the spin impedance

FM\NM s their resistivity. This equation clearly

respectively for the FM and NM materials and p
shows that spin-flipping is more favourable in low resistive material such as metal compared to

higher resistive materials as semiconductors. Furthermore, the current spin polarization at the

interface is:
p_hTh__ B
int. it ) rNM
TFM

(1.10)

where 8 is the bulk asymmetry coefficient. Then, in the case of metal/metal interface and

NM _-FM 'the spin polarization is only slightly reduced and the spin flipping occurs on both side

r
with the same probability. On the other hand, if the NM material is a semiconductor, 7™ >
rFM and the polarization drops dramatically near the interface because there will be much more
spin-flips in the FM material and the current will already be unpolarized at the interface (Figure
11.6¢). Indeed, the spin accumulation relaxes by diffusion in all directions, that is however much

more favourable in low resistivity materials. The later depolarization mechanism is one of the
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main obstacles for the efficient spin injection from an FM metal to an NM semiconductor and
refers as conductivity mismatch.

a) FM electrode NM channel (interface) NM channel (bulk)

< > < >
n (E) n(E) n(E) ny(E)

b) i /11 Accumulation area

(a1

p A — Metal (FM)/metal (NM): 1 = Tyu

— Metal/semiconductor with
tunnelling barrier

— Metal/semiconductor: rry < Tyy

Figure I.6 a) DOS of each spin for FM material (left) and NM material at the interface
(centre) and in its bulk (right). The splitting of up and down spins remains at the
interface and vanishes away. b) Chemical potential for both spins in the FM material
(left) and in the NM material (right) when no interface resistance is taken into
account. The dotted line represents the asymptotic line joined by i far from the
interface. The grey arrows represent the spin-flipping from the majority to the
minority spin channel. The background shows the spin polarization: the greener, the
higher the polarization. c) Spin polarization at the interface between FM material
and either a NM metal, or a NM semiconductor with and without a tunnelling
barrier.
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Schmidt et al. was the first to find a solution: use an FM semiconductor making possible

NM _-FM29 However, these materials have low Curie temperature, much below the room

T
temperature, making applications difficult. The second idea was proposed by Rashba® and Fert
& Jaffres®'. They suggested to add a spin-dependent contact resistance, written 13, separating
the FM and the NM semiconductor. Achieving significantly large r;, translates into the addition
of a tunnel barrier (aluminium oxide layer or controlled oxidation of the FM for example). The
definition of 3 relies on a new parameter y, which is the interface spin asymmetry coefficient

(in contrast to 3, the bulk spin asymmetry coefficient), such as:

Ty =
b 1_y2

(1.11)

where 13, is the interface resistance multiplied by the injection area, or specific interface
resistivity. The spin resistivity of the FM injector is now replaced by the metallic one of the
electrode (small) in series with the one of the barrier. The latter can be made comparable to the
spin resistivity of the NM, and therefore balances the spin current transferred into the NM with
the one diffusing back into the FM electrode. The depolarization takes then place also in the
semiconductor side and a spin-polarized region exists in the NM material (Figure 11.7).

From the later discussion, it comes out the condition:

* NM _ _NMjNM
T'b >T =p le

(11.12)

in order to ensure that the spin-dependent interface resistance is dominant and increases Ay
significantly. In the limit 7; > VM, the full interface spin polarization of the FM material may
be recovered in the NM side (P,,; = y) and half of it is expected for r; = r¥M but the total
resistance may become too high. More generally, the spin polarization including the tunnelling
barrier is:

p _ i _ BriM +yry
Jr+ T'FM-}‘T‘I\]M-l-rl;k

(1.13)

The tunnel barrier is a clever and quite easy way to improve spin injection in NM materials.
However, these magnetic moments should be detected in the other electrode, that plays the
role of analyser, and needs to be included in the model.
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Figure 1.7 Variation of Ap across an FM/NM interface with (r; = ry) and without
(r, = 0) interface resistance. The discontinuous rise of Au when rj; = 1y span over
several orders of magnitude (~10° in the example of Fert & Jaffrés). Adapted from
Fert & Jaffres.

In spin-valves, once the spins are injected, they encounter a second interface with the other
FM electrode being the detector. Therefore, the successful spin injection is not enough to
measure a spin-valve signal, as the spin polarization has to remain until entering the second
electrode.

The first condition to detect spins, pointing out directly from the injection discussion, relies
on the channel length (L). The spin polarization spreads in the NM material over léVfM, hence the
channel length must be shorter (ideally much shorter) in order to keep the spin polarization until
the detection electrode: L < léVfM. Fert & Jaffres3! showed the importance of the ratio L/léVfM on
the MR amplitude (Figure 11.8). Basically, it drops as exp(— L/léVfM), ie. léVfM must be longer or
at least equal to the channel length to have significant MR signal. Even when L = léVfM, the
amplitude is already 4 times lower compared to the situation where L « lé\’fM, and the MR is
diminished by a factor 20 when L = BZévfM. The maximum of MR is only dependent on ¥ and is
reachable for L <« I[{ and r; ~r¥™:

AR y?

MRpyar = —| =
max Rpmax 1_y

2

(1.14)

In addition, having two interfaces restrict the efficient contact resistance. Indeed, from the
calculation of Fert & Jaffrés on FM/NM/FM configuration, the MR signal exhibits a peak around
1, /Ty = 1 and decreases for higher and lower values. The rough condition they extracted is:
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NM (lNM 2
pML ="M —— =1 K1y &K1y =ML L2
N L L

(11.15)

The lower limit 1y is related to the one mentioned in the previous section (equation 11.12), with
L replacing l?}M asL < l?}M is supposed. 1y is then smaller in this case, giving more freedom to
the interface resistance. The second FM electrode helps in this regard as it involved also a spin
polarization near its interface with the NM material. Here again, if r; <1y, Ap™M is not large
enough to drive the depolarization into the semiconductor and no spin polarized current is
injected.
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Figure 1.8 Magnetoresistance versus the ratio 1, /ry from Fert and Jaffres
equations® for an FM/NM/FM structure with different channel lengths, scaling with
the spin diffusion length. The MR amplitude strongly decreases when L approaches
l;VfM. The background colours show the impedance mismatch and the spin memory
loss regions for each L (superimposed), with the efficient spin injection and
detection between their respective 1y and 71,. The white line in the middle
represents the limit of Fert and Jaffres’ conditions when L = lévfM > =Ty
Adapted from Fert & Jaffrés®?.

The upper limit r, is the new condition from the addition of the detection electrode. In the
situation where spins are successfully injected and transported, they faced the second interface.
If the interface resistance is too high, spin carriers backflow into the NM material and the dwell
time would be longer than the spin diffusion time, losing the polarization as it was the case for
the injection. Therefore, the condition 1, < r, is needed to detect properly the spin information.

The spin diffusion length is the key for new spintronic applications. The largest l?}M, the
highest the MR signal and the largest the efficient window of contact resistance. Large
léVfM relates to a large spin memory time, easing the condition of “short-enough” dwell time
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between injection and detection. For this reason, the scientific community began to study OSCs
as new type of spacer. It was motivated by the significantly longer spin memory time in organic
materials compare to inorganic ones, but their structures, far from the well-ordered inorganic
compounds, lead to other issues.

The latter section gives the background of spintronics and remains valid when the spacer
becomes organic. However, the hopping transport, deeply different from band transport of
metals, changes drastically the spin injection and transport in these materials. The relevance of
a diffusive model is questionable as transport occurs from tunnelling from site to site, but it
provides a proper guideline, especially if we manage the OSC to be diffusive-like.

The long spin diffusion time make organic materials excellent candidates for spintronic
applications, but their disordered structure limits their spin diffusion length. The race to the
highest mobility helps, but it is still not enough to detect unambiguously spins in organic spin-
valves. Indeed, the main limiting factor is the too high contact resistance that hamper injection
and detection as discussed in last section.

The interface of organic compounds with metals is also more complicated. The presence of
organic molecules may affect strongly the spin polarization of the FM electrode interface and
may even reverse it32,

In the scope of organic spintronics, the main asset of organic materials is the particularly long
spin memory time (t), i.e. the average time electrons keep their spin before flipping. 74
between 107° and 1073 s is reported®3*, that is several orders of magnitude larger than
inorganic materials one, generally of the order of the nanosecond. This huge difference between
organic and inorganic materials comes from spin-orbit coupling (SOC) and hyperfine interaction
(HF1), which are the two main spin relaxation processes, that are much weaker in organic
compounds.

SOC results from the interaction of the orbital magnetic moment with the spin moment of
electrons. Indeed, in the point of view of the electron, it is the nucleus that turns around it which
creates a coupling. The strength of the SOC is highly dependent on the atomic number (Z) since
it is proportional to Z* 3°. Looking to the composition of materials used in spintronics, it is
straightforward to note that organic SOC is much weaker from their majority of carbon atom
(Z(C) = 6) in contrast with inorganic case where heavier atoms are consider (Z(Si) = 14 or
Z(Cu) = 29). Taking the example of carbon and silicon the SOC is already ~30 times stronger
for the second one.

Elliot & Yafet3*3” and D’yakonov & Perel® investigated spin relaxation mechanisms from SOC
and two models arose named after them: the Elliot-Yafet (EY) and the D’yakonov-Perel (DP)
theories. EY model is based on a weak connection between up and down spins. The SOC gives a

76



Organic materials for spin electronics

down (up) component to up- (down-) states. When the carrier meets a scattering centre
(impurities, phonons...) it has a finite probability to switch spin because of the additional
opposite spin component. DP model relies on the splitting of up and down bands because of
SOC in materials without inversion symmetry (typically materials where there is two distinct
atoms in the Bravais lattice). It acts on spins as if there was a random internal magnetic field,
what make them flip randomly quite efficiently especially at higher temperatures because the
spin bands splitting becomes weak compared to the thermal energy.

The HFIl is the interaction of the electron spin with the magnetic moment of surrounding
nucleus. In organic materials, carbon nuclei (**C) are not participating to the HFI, as they don’t
have any magnetic moment. It remains mainly hydrogen atoms creating HFI from their 1/2
nuclear spin. It acts on spin carrier like a local and randomly oriented magnetic field of the order
of 1072 — 1073 T that cause depolarization.

HFl in organic materials is low not only because carbon nuclear spin is 0, the large number of
hydrogen atoms would not lead to such small HFI. It is also due to the m-hybridation of molecular
orbitals. As electrons lay generally in p,-orbital, they don’t overlap the nucleus as p,-
wavefunction amplitude vanishes in the molecular plane®. However, even if HFI is small
compare to inorganic materials, Nguyen et al. showed that it remains an important
depolarization process in organic devices by observing higher MR signal by changing H into 2H
atoms having lower HFI*.

HFI is also responsible for the organic magnetoresistance (OMAR), which is also a variation
of resistance upon application of external magnetic field. It occurs at rather small applied field
(in the range of millitesla, in order to overcome the HFI), which makes it easy to differentiate
form other types of MR. The OMAR amplitude reaches 10 — 20 % and is highly interesting for
applications due to the low magnetic field involved*:.

The long 14 originating from the latter low magnitude mechanisms is the main advantages of
organic materials for spintronics. However, the relevant quantity is the spin diffusion length lch

introduced in the general spintronic section. It writes as:

(11.16)

i.e. the length over which the spin is kept is directly related to the mobility of carrier. In the latter
equation, D is the Einstein diffusion coefficient assume to hold true in disordered
semiconductors®. Therefore, even with very long 7, léVfM is short because of the poor mobility
of OSCs from hopping transport. Typical values around 60 nm are reported these last years**%,
to compare with spin diffusion length exceeding 1 um in gallium-arsenide®®, germanium? or
silicon®®, and tens of micrometres in graphene®**2, The spin injection is also more difficult in
organic devices as the charge injection into OSCs is a multiple hopping process that makes the

spin flipping probability increase.

The choice of material, already important for electronic devices, is crucial for spintronic
applications. To hope for spin-valve signal, high conductivity OSCs are excellent candidates, as
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they should exhibit longer spin diffusion length and low contact resistance with the appropriate
metal and the suitable geometry.

The geometry of organic spin-valves (OSVs) is the same than the inorganic spin-valve one
discussed in section 11.1.2. The only difference is the organic nature of the spacer, either small
molecules or polymers.

The first spin-based organic device dates from 2002 after the work of Dediu et al.>3. They
fabricated a lateral OSV with LSMO electrodes and sexithiophene (6T), a m-conjugated oligomer,
as channel (Figure 11.9a). They managed to measure a MR between 30 and 7 % for channel
lengths in the range 70 — 200 nm at room temperature, the MR decreasing with the distance
between FM electrodes (Figure 11.9b). For longer channel, no MR was observed, eliminating the
possible interface origin of the signal. They gave also a rough estimation of lch, expected to be
about 200 nm and deduced also 7,~107° s. However, both electrodes had the same geometry
and thus the same coercive field, hampering to have the parallel and anti-parallel configurations.
Despite this, they assigned the MR to spin transport in the organic spacer, but a more direct
proof was required.

Two years later, Xiong et al. published their results on the first real OSV with electrodes
having different coercive field*. They used a vertical geometry, with LSMO as bottom FM
electrodes over which they evaporated a small m-conjugated molecule: 8-hydroxy-quinoline
aluminium (Algs, thickness above 100 nm). The top FM electrode was made of few nanometers
cobalt (in contact with the Algs) covered with aluminium (Figure 11.9¢c). Their structure allowed
to reach almost 40 % of MR with a clear spin-valve-like signal at 11 K (Figure 11.9d), and
vanishing above 200 K and for channel longer than 240 nm. However, some questions arose
from this paper. First, the MR is negative, i.e. the resistance in the parallel case is higher than in
the anti-parallel case, which is unexpected. A negative spin polarization, because of higher
minority spin density of states at the Fermi level, was expected in cobalt and claimed to be the
reason of the inversion®*. Furthermore, it is quite astonishing to have such high MR while the
extracted spin diffusion length is not even halfway to the channel length (léVfM = 45 nm).

One has to be careful about the structure of the samples. The vertical geometry chosen by
Xiong and his co-worker is useful to have sub-micrometer channels, essential to measure a spin
signal as lé\'fM < 1 um. However, the evaporation of metal on top of organic material is often
detrimental: metal atoms may penetrate and diffuse into the OSC®> and even react with it,
radiation may damage the OSC>® or magnetic inclusions may occur®’. In all cases, the interface
between the top FM electrode and the organic layer is poorly defined.

The worst case is the “ill-defined” layers where high energy metal atoms protrude into the
OSC until they reach the bottom electrode and create a bridge (Figure I1.10e) or a reduction of
the layer thickness (Figure 11.10c). It was actually already proposed by Xiong et al. in their
paper®. The idea is to model the channel as two sub-layers: one “ill-defined” containing pinholes
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and cobalt inclusions up to 100 nm deep, and one “clean” organic layer. It ended to poorly
defined organic channel, with hot points where current flows. The channel may be simply
shortened, but short-cuts with charge transfer occurring without transit through the organic
spacer is possible.
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Figure 11.9 a-b) Schematic of the lateral LSMO/6T/LSMO device (a) and its MR
response for different channel lengths at room temperature (b) from the work of
Dediu et al.>®. c-d) Structure of the vertical LSMO/Algs/Co device (c) and its MR
response passing from parallel to anti-parallel state at 11 K (d). Adapted from Xiong
et al.*.

Precisely, Galbiati et al. showed that small cross-section short-cuts, not involving organic
species, mimic oddly the MR from spin transport through organic materials®. They proceeded
to a rigorous comparison of three samples: one whole inorganic reference sample (Co/Al,03/Co)
and two organic magnetic junctions (Co/Al,0s/Algs/Co), samples 1 and 2 (Figure 11.10a, c and e).
As first statement, they pointed out that their MRs — from 8 to 20 % — and their resistances — of
the order of 107 — 108 Q — are similar (Figure 11.10b, d and f). In principle, a MR signal is the
proof of spin polarized current into the organic channel, and such high resistance eliminate the
possibility of short-cuts. However, using inelastic electron tunnelling spectroscopy (IETS), they
were able to demonstrate that the current was not flowing within the organic channel in one of
their two organic devices. IETS reveals molecular vibrations from the second derivative of the
current (d?1/dV?) via lock-in measurements. Peaks in the latter signal are labelled according to
infrared and Raman spectra and are a fingerprint of inelastic tunnelling through the Algs layer.
Looking at IETS signal, it was clearly shown that the sample 2 spectrum is almost flat and
corresponds well to the reference sample with no signature of Alqgs vibrations (Figure 11.10g). On
the contrary, sample 1 presents the typical peaks assigned to Algs, meaning that some of the
current is indeed flowing through the organic channel. The essential conclusion of this article is
that well-defined and short-circuited samples are hardly distinguishable with only their
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magnetic response. Moreover, small cross-section short-cuts keep the devices resistance very
high usually ascribed as working device, but where the transport is purely inorganic.

The vertical geometry relies also in general to ultra-high vacuum (UHV) deposition of OSCs
that has the advantage of purity of the ferromagnetic layer, but however limits the number of
available materials. Indeed, part of OSCs cannot handle the high temperature needed for
evaporation. Moreover, the size of OSC molecules leads often to rough surface. Thus the metal
deposition on top of organic films forms inevitably rough interface, very detrimental for
interface magnetic properties governing the spin injection®’.
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Figure 11.10 Device schematics and corresponding MRs of reference sample (a-b),
sample 1 (c-d) and sample 2 (e-f). There is no organic channel in the reference
sample, while the cobalt deposition protrudes half of the Algs layer in sample 1 and
spans the entire thickness in sample 2 (respectively a, ¢ and e). No significant
differences are visible on the MR measurements (b, d, and f). IETS however points
out the vibrational levels of Algs when the current is flowing through it (g). The
characteristic peaks of Algs appear only in sample 1, meaning that the similar MR
signal of sample 2 is coming from an all-inorganic channel.

For all the outlined reasons, the reliability of claimed spin transport through an organic
channel in vertical geometry is still debated and more robust proofs are needed®*°2.
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One way to avoid the latter interface issues is to study lateral devices, where injection and
detection electrodes are patterned on a substrate, and the OSC is deposited afterwards. In this
case, the difficulty is mainly to fabricate such structure with a spacing between electrodes short
enough toobeyto L < léVfM. Spacing from hundreds of nanometers down to tens of nanometers
were achieved with different techniques such as e-beam lithography, angle deposition or
etching®°®,

In lateral geometry, the device parameters like channel length or roughness of electrodes are
more easily controlled and/or probed. There is also no real limitation on the material choice as
the deposition method of OCSs can occur by evaporating, spin-coating, drop-casting or printing
on electrodes, which is one of the main advantage of OSCs for industrial purposes.

The possibility to interact with external stimuli on the organic channel like light, chemical
doping, pressure or transverse electrical field with a third top or bottom electrode is also
particularly relevant for fundamental study. Indeed, the mobility and/or conductivity is then
tunable and the magnetic response could possibly be optimized. Furthermore, the accessibility
to both electrode surfaces before the OSC deposition, allows special treatment as oxide etching,
optimization with self-assembled monolayers or simply roughness and cleanliness control.

Concerning the measurement methods, lateral geometry lets the possibility to add extra
contacts for 4-probes (nevertheless difficult for sub-micrometre channels) or non-local
measurements much more accurate and reliable for fundamental studies. Non-local
measurements are particularly relevant in spintronics, as pure spin current (no charge transport)
through diffusion from an accumulation area is the best indicator of spin transport and an
accurate way to determine the spin diffusion length.

Despite the many advantages of lateral structure, only few experiments have been reported
in the literature and the conclusions are often disappointing®~%° or results difficult to interpret’®.
Non-local measurements were also tried, but the Hanle effect — precession of spins in a rotating
magnetic field — was not observed’® indicating a lack of spin transport. LSMO electrodes seem
nevertheless promising but complicate the device fabrication”73,

These failures may come from the carrier nature in OSCs. Indeed, as explained in the first
chapter, charge carriers are polarons. In order to increase the mobility, doping process occurs
generally in lateral OSVs, either chemical or from transverse electrostatic field. Doing that, the
current may be more likely carried by spinless bipolarons, ruining the spin polarization in the
OSC. Moreover, if doping implies surely carrier density rise, it may also increase scattering centre
density’®. In the other hand, doping affects also the HFI and possibly enhances spin diffusion’®.

The variation of the spin diffusion length with dopant concentration is still not clear. It has
been shown very recently by Wang et al.”® that high carrier density may be the key for spintronic
devices. They based their arguments on the concepts of Yu”’# who proposed exchange coupling
between localized polarons to be the main mechanism of spin transport in organic materials. In
this case, charge and spin transport are decoupled, the latter being more efficient while the
carrier density increases as the distance between polarons reduces (x n~3). Wang and co-
worker managed to measure a spin diffusion length above 1 pm in doped pBTTT by injecting
pure spin current from ferromagnetic permalloy in an external magnetic field, driven into
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ferromagnetic resonance by an applied microwave field. The spin current is then detected by a
nearby narrow platinum wire and convert into an electromotive force through the inverse spin
Hall effect (ISHE). léVfM is deduced from the exponential decay of the ISHE-induced voltage with
the length of the channel. This article gives hope to the future of organic spin-valves as l;VfM
seems to scale almost linearly with the conductivity and high spin relaxation length was also
achieved in Poly(3- hexylthiophene-2,5-diyl) (P3HT). The plentiful additional measurements
ensure also that the flow in the organic channel is pure spin current, and the extracted ISHE-
voltage match with the expected behaviour. The advantage of injecting ‘pure spin currents’ is
that the resistance mismatch issue is not a limiting issue. However, these experiments rely on
(non-local) voltage measurements and require the absence of charge (drift) currents.

They explained these interestingly long spin diffusion lengths by the exchange-mediated
coupling between neighbouring spins. Indeed, they decoupled the diffusion coefficient into a
hopping and an exchange term: D = Dy, + Doy The hopping diffusion (Dy,p) is the classical
Einstein coefficient. They exhibit the domination of D,,. at sufficiently high carrier density,
roughly n > 3 x 101 cm™3, often reached in organic electronic materials. They pointed out

also a maximal related spin relaxation length (léVfM = ,/Dtg) versus the carrier density followed

by a smooth decay for high densities. Therefore, tunable carrier density would be an important
parameter for spin transport study.

Their discovery stimulates us in the scope of successful spin transport and detection,
following the strategy to make organic channel having higher conductivity in EGOFETs geometry,
with a controlled carrier density, reaching possibly larger concentration than in the cited paper.
However, FM metal-organic interface remains difficult to grasp. Several articles emphasize how
spin-based applications can rely on huge variations of interface spin-polarization of metals in
contact with organic molecules, the so-called spinterface®..

Spin-dependent charge transfer through interfaces is a key ingredient of the two-channels
model of the GMR (section 11.1.2). The poor efficiency of spin injection and the changing of MR
sign from sample to sample having the same materials was a strong limitation on the road for

spin-based organic devices. In 2010, Barraud et al.??

proposed that the spin state of metal-
organic interfaces is the main point to explore. They carefully characterized nanoscale magnetic
tunnel junctions (MTJs) of LSMO/Algs/Co and suggested presence of spin-hybridization-induced

polarized states (SHIPSs) at the interface.

The model they build is based on the strength of the coupling between the magnetic metal
and the organic molecule. When the metal/organic interaction is weak, the spin-dependent
broadening due to hybridization of the organic molecule orbitals with metal ones is negligible
(Figure 1l.11a). On the contrary, when the coupling is strong, the energy levels of the molecular
states broaden significantly. Under the hypothesis that the broadening may be much more
pronounced in one spin channel than in the other, the DOS at the Fermi level is able to be
inverted compare to the magnetic metal with n (Er) becoming larger than ny(Er) (Figure
11.11b). In this case, the MR signal resulting from a tunnelling-type model would be negative as
it is sometimes reported®*®, It is also possible that organic spin-DOSs shift when brought into
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contact with the FM material in a spin-dependent manner as well (Figure Il.11c). Therefore, the
majority spin-DOS may dominate again at Ep, if the variation matches, and positive MR would
then be recovered, explaining the positive MR also reported in the literature for the same

materials3%%,
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Figure I1.11 Schematic of the energy landscape of an inorganic FM material and an
organic molecule. a) Both components are far away and the energy levels are the
same than each part isolated. The magnetic metal broad DOS shifts upward for
minority spins and downwards for majority ones while the organic molecule has
discrete levels (only HOMO shown here). b-c) The molecule and the FM material are
brought into contact leading to broadening (b-c) and shifting (c) of the HOMO level
of the organic part. Then the spin polarization of the injected current is determined
by this new interfacial DOS at Er able to reverse the magnetic orientation of the
injection electrode, as it is the case in b). Reprinted from Sanvito®?.

The main difficulty provided by spinterfaces is their non-reproducibility. As the hybridization
between organic and inorganic materials enters into account, it will be strongly dependent on
the choice of these materials and the particular binding site of the molecule-metal contact.
Moreover, even with well described organic/metal coupling, it changes to a certain extent from
sample to sample because of different roughness, impurities or geometries. Barraud and
colleagues also pointed out that the size of the MTJs matter, as large-scale junctions average
out nanoscale effects coming for example from hot point in the spacer.

Despite this additional obstacle for spin injection, spinterface gives ideas for new kind of
devices. Cinchetti et al.®* presented the working principle of a device based on an active-
controlled molecular interface. They propose to tune the hybridization between the magnetic
material and the molecular layer using gating. By changing the number of carriers through it, the
coupling varied and the coercive field of the magnetic layer changes. If the latter magnetic
electrode is the top electrode of a vertical spin-valve, one would be able to go from parallel to
anti-parallel state via the electric field provided by the gate in a magnetic field. Of course, the
present state-of-the-art mastery of spinterface is not enough, but it opens the door to new and
original hybrid spin-based devices in the future.

Tunable metal-organic interfaces for spin electronics 83
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11.2.4. Fringe-field issues in organic spintronics

The notion of fringe-field refers to the magnetic field emanating from a ferromagnet because
of its multi-domain structure if the magnetization is perpendicular to the surface, like cobalt
films for instance. At the border of two magnetic domains, the magnetic field diverges (Figure
1.12a) and creates a non-negligible local field within a characteristic length around 50 nm
(Figure 11.12b)®°. The magnitude of the variation of the residual magnetic field is close to 100 mT
at 12 nm away from the surface (Figure 1l.12c) and decreases with the distance as expected.
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Figure 11.12 a) lllustration of magnetic field lines above different magnetic domains,
i.e. the fringe-field. b) Dependence of the magnetoconductivity on the thickness of
the spacer (PEDOT) between the organic channel (Algs) where the current flows and
the underlying ferromagnetic electrode presenting the latter fringe-field. The
external field is perpendicular to the surface. c) Top: X-ray microscopy image of the
surface of the magnetic electrode when the magnetization is zero. Bottom:
Calculated Fringe-field on the surface. The variation of magnetic field reaches
+70 mT with respect to the mean value. Reprinted from Wang et al.®.

The team of Michael Flatté dedicated few articles on this topic since organic spintronics
comes out because of the possible strong sensitivity of organic materials on magnetic field
(OMAR). Indeed, they focused more onto issues for OMAR study, as the local field crated by the
fringe-field is of the same order of magnitude than the external applied field in this kind of
systems. Thus, it is difficult to distinguish the phenomenon at the origin of the magnetic signal.
Particularly, they were able to reproduce the MR signal of a semi-spin-valve. They measured the
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magnetoconductivity of Algs on top of a typical fringe-field from cobalt, but without any
electrical contact (Figure 1l.12b). The magnetic interaction of the underlaying FM layer is the
main condition to keep the external field lower than the fringe-field amplitude.

Again, it does not make the study of spin-based organic devices easier, but a proposal was to
pattern the domains in order to engineer the magnetic curves®®®’. The main advantage of such
device would be the large magnitude of the magnetic field locally near the interface without any
applied field.

The very recent observation of long spin diffusion length in highly doped pBTTT, in a diffusive
transport regime, is the indication that the transport within the organic channel may not be the
main limiting factor. Instead, the spin injection is an important issue to solve but is still
ambiguous and its probing quite delicate. The difficulty to understand it properly may arise from
the charge transfer description clearly oversimplified in a single tunnelling event.

The previous two chapters give an idea of the challenges the scientific community had to
overcome over the years to understand organic electronics and, more recently, organic
spintronics. Even though organic spintronics is more than 15 years old, no consensus exists, and
there are no unambiguous indications that an organic spin-valve can be reliably made.

Nowadays, organic electronics reaches industrial-scale applications particularly as OLED
devices. However, plenty of outcome remains in the medical sphere for example. Among
possibilities belong organic spintronics where the known issues from organic electronics are
exacerbated and limits its development. The main difficulty to overcome now is the metal-
organic interface overviewed in the second chapter. The following experimental work try to
move one step forward in the understanding of such interfaces by temperature, doping and
magnetic studies over different transistor scales.
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Chapter Il

n planar devices, current crowding effects in staggered structures imply a charge injection

away from the electrodes edges. A resulting non-uniform current in the active channel in-
volves an increase of the charge carrier pathways in the organic channel. The first reference to
this effect dates from the end of the 70’s and was considered to calculate more accurately re-
sistances of silicon devices and explore their contact properties’?. Recently, it was pointed out
again by Richards and Sirringhaus to model the contact resistance of organic transistors?>.

In this chapter, the consequences of the current crowding on the injection/detection areas
are discussed in order to provide designing rules and analysis guidance for lateral organic de-
vices. In addition, the impact of the extended channel length on the contact resistance and spin
signal is investigated through numerical simulations. The outcomes will reveal the roadmap of
the experiments performed during this thesis.

The large metal-organic contact resistance is nowadays a major issue to overcome for large-
scale organic device production. The understanding of metal-organic interfaces is then of key
relevance for the improvement of charge injection. Here, we are interested in defining more
precisely the geometric parameter of the injection and detection electrodes.

In staggered configuration, OFET and EGOFET gate electrodes often overlap the source and
drain contacts over a large area. Thus, the polymer encapsulated by the two metallic layers is as
doped as the organic channel between the source and drain electrodes. More generally, if the
organic layer has uniform conductivity and also overlaps with source and drain electrodes, these
resulting additional regions also participate to the current flow, and the injection and detection
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Current crowding effect

interfaces spread over the top surface of source and drain (Figure lll.1). The extension of these
injection and detection areas is the current crowding effect.

Figure Ill.1 Drawing of the current crowding effect. The current amplitude decays
exponentially over the electrodes, with a characteristic length Ly (blue line on top).
Therefore, injection and detection occur from the top of electrodes in addition to
their edges (Red line on electrodes). The effective channel length is then elongated
by 2L compared to the distance between the two electrode edges (L). Red arrows
show the current flow, the larger the higher the current. The green and blue rectan-
gles represent the channel and the contact resistances respectively. The top-gate
electrode is not represented for clarity.

As depicted in the Figure Ill.1, the current crowding can be modelled by a network circuit,
where the contact resistances (R.) are in parallel all over the electrodes. Charge transport pass-
ing through this array of resistance join then the channel. Under the hypothesis of uniform
resistance values, circuit analysis reveals that the current is decaying exponentially from the
edge of the electrodes with a characteristic length called the transfer length (L+). Assuming that
metallic wires are much more conductive than the organic semiconductor, Ly reflects the bal-
ance between the contact resistance and the channel resistance. Using a transmission line
analysis, under the hypothesis of ohmic contacts, the transfer length writes*:

Tp
LT -

RSheet

(111.1)

where 1, is the interface contact resistance normalized by the injection area (. cm?), or specific
contact resistivity, similarly to the one defined in the previous chapter. Rgj et = 1/0hggc is the
sheet resistance (resistance of a square slice of the channel parallel to the current flow), with o
the conductivity and hggc the thickness of the organic layer. 1, is an intrinsic property of the
system, depending only on the materials composing the hybrid junction. Rgp, .. depends on the
thickness of the channel but can also be considered as intrinsic, as hyg¢ is fixed.
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Extended injection/detection interfaces

It is worth noting that equation IIl.1 is self-consistent as the calculation of 13, includes the
injection area, that is modified by the crowding effect in the case of EGOFETSs. Indeed, the cur-
rent flows in the entire volume of the channel as the doping is three-dimensional. Hence, the
active interface can be considered as made of the height of the electrode plus its top, up to L:

1, = RIW(h + Ly)
(11.2)

where W is the channel width. In the latter equation, RET refers to the average contact re-
sistance evaluated by considering the extended injection/detection areas as indicated by the Ly
exponent. One could define source and drain transfer length, but we avoid it in the next discus-
sions for simplicity purposes. It is worth noting that this definition gives indeed 13, not rbLT. As
13, is an intrinsic property, the latter definition is only a better definition of the normalization
area of the contact resistance for a more proper determination of r3,.

A simple definition of the average interface resistance is:

L 1[ L+ 2Ly

1
L
RCT = E [RSample - R(;h = E RSample - m

(111.3)

where the channel length has been elongated by the transfer length on each side. It is straight-
forward that the crowding effect reduces the interface resistance of devices. In other words, for
a given Rggmpie, We always have RéT < R¢. The longer L, the lower RET, hence the transfer
length is a tool to control the contact resistance. It is particularly interesting as L+ is tunable
through the conductivity of the organic channel, i.e. by the gate voltage, under the approxima-
tion that r;, doesn’t vary with it. Indeed, increasing o, or equivalently reducing Rgpee¢, rises the
transfer length (equation IIl.1).

If we neglect h versus L, often realized experimentally, the calculation of the transfer length
becomes no more self-consistent by combining equations 111.1, I1l.2 and IIl.3:
1 RSample

Ly =—|[——=w-1L
r 4 RSheet

(111.4)

For our experimental conditions, we found that equation 1ll.4 is a very good approximation
(within 10 %) of the original definition of L.

The last relation holds true as long as more current flows from the top of electrodes than
from edges. Recent experimental results on top-gated OFETs exhibit transfer lengths of the same
order of magnitude than the channel length, following roughly 4L, = L for micrometer-scale
transistors>®. Another work on nano-scale devices present a constant Ly = 600 nm for sub-mi-
crometer OFETs down to 100 nm’. Reminding that the transfer length takes place on both
source and drain electrodes, the effective channel length is possibly much longer than the phys-
ical separation between electrodes. Therefore, attention must be given to the design of samples
to either take advantage of the crowding effect or to minimize it. For comparison with inorganic
devices, Ly~2 pm in silicon channels for L = 50 um®. On another note, the quite large values
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reported in the literature give robustness to the approximation we have done to obtain equation
1.4.

Another way to limit the crowding is to limit the length of electrodes (in the x-direction of
Figure I1l.1). While increasing the injection/detection areas is key for functioning sub-micromet-
ric OFETs, the question of miniaturization arises if infinitely long electrodes are needed. In their
article, Xu and co-workers looked for the best compromise between downscaling and needed
charge injection/detection areas for the optimal performance per unit area of the device’. They
extracted the transfer length this way, and found the best compromise for L+ = 600 nm, that
sets then their smallest possible device.

Another point to emphasize from the work on nano-scale OFETs is the comparison between
the channel length and L. For the shortest devices, the transfer length is fully dominant for the
charge injection and detection such that finally the initial channel length (L) is negligible. By
using the hypothesis L > L, previous equations imply that:

1
L L
2R" =Ry = ERSample

(11.5)

This equality is key for the understanding of charge injection in sub-micrometer transistors. It
shows simply that the transfer length adapts in order to balance the contact and the channel
resistances. If the channel conductivity increases, via doping for example, and 13, is not changed,
Ly increases such that Réfl = (L + 2Ly)/choscW equilibrates the interface resistance (RéT) -
that changes as well. In other words, gating the device changes its size.

In conclusion, the current crowding effect modifies the effective channel length and the es-
timate of 13,. It has the advantage to reduce the contact resistance by increasing the interface
area. The resulting extended travel path of charges also has important consequences for
spintronic applications.

From previous section, two key outcomes for spintronics emerges. First, the effective chan-
nel length is much longer than the physical distance between electrodes. How it compares to
the spin diffusion length (lévfM) is key for spin-preserving charge transfer through organic mate-
rials. This may be a major limitation as L + 2Ly can be larger than I3 while L isn’t. Second, as
in general 2RéT~Ré,Tl, a magnetoresistance (MR) signal could be observed without the need of
spin information transfer between source and drain. This possibly shines new light on previous
finding of spin-valve behaviour.
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The equivalence exhibited between the contact and the channel resistances in equation I11.5
provides opportunity to study more deeply how crowding effects impact the effective length of
the channel (Lgfs). From an arbitrary initial state (Figure Ill.2a), two cases may occur:

1) Let’sassume that only the intrinsic specific interface resistivity increases such thatr, >
1p. As indicated by the equation 1lI.1, the transfer length rises as well, meaning that
the channel resistance Ré,Tl also increases (Figure 11l.2b). As it builds half the total re-
sistance, Rgampie increases. The same effect happens if the sheet resistance decreases
(higher conductivity), with both cases resulting in an increase of the effective length
of the sample.

2) Let’s assume that only the sheet resistance increases, i.e. the conductivity decreases,
such that Rgpeer > Rspeer- In contrast to the first hypothesis, Ly diminishes, that also
reduces Ré,Tl, counterbalancing partially the conductivity drop (Figure 1ll.2c). As both
interface and channel resistance contribute equally to the sample resistance, Rsampie
decreases. The same reasoning applies to a specific interface resistivity increase, both
leading to a decrease of the effective length of the sample.

A quantitative approximation, based on equation IIl.5 and neglecting again h versus Ly (thus

T, = RéTWLT), expresses the total resistance as:

4
RSample = W VT Rspeet

(11.6)

In general, one expects a linear change of the sample resistance with both 7, and Rgpeet:
RsampieW = RspeetL + 2713, /h. The very unusual and key relationship of equation I11.6 between
the interface resistance and the sheet resistance (resistivity) comes from the variation of the
length of the channel because of the current crowding effect. Therefore, the reduction of the
resistivity of the channel by a factor 4 for instance, would reduce the total resistance only by a
factor 2 because it involves in the same time the rise of the interface resistance. Note also that
in addition to a square root behaviour, it is no more the addition of both resistances but their
multiplication that determines the total resistance. For MR purposes, if 13, or Rgpeer Changes
under magnetic field, the whole sample resistance also exhibits an MR-like signal. This should
be kept in mind when looking for MR studies, in particular if the specific interface resistivity
depends on the magnetic orientation of the electrode.

Assuming a weak MR amplitude, i.e. the resistance variation is small, the MR of the total
sample could be written in the formalism of uncertainty at the first order approximation, leading
to:

1 1
MR(RSample) = EMR(rb) + EMR(RSheet)

(111.7)

Equation IIl.7 provides an easy method to determine the MR of interfaces, if the condition of
small Rggmpie modulation is fulfilled.
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Figure 111.2 Drawing of the current crowding effect at the initial state (a), when 7y,
increases (b) and when Rgpee rises (c). The effective channel length (Lesr = L +

2L) modulates with the variation of both variables, increasing with the rise of 1,
and decreasing with the rise of R¢peet-

111.2.2. How current crowding impacts the MR of spin-valves

As already discussed in the second chapter, the spin diffusion length (léVfM) is the character-
istic distance of spintronic devices. For efficient spin injection and detection, the channel length
must be shorter than lch, expected to reach around 200 nm in best organic materials®. For this
reason, nano-scale devices are needed. However, current crowding effect is inevitable in stag-
gered lateral geometry. It leads to an elongation of the effective channel length possibly
resulting in an average distance travelled by carriers that exceeds the spin diffusion length. This
issue may be an explanation for the lack of experimental success in spin-valve signal detection.

To investigate quantitatively the importance of the crowding effect on the expected MR sig-
nal, we performed a numerical computation based on Fert & Jaffres’ article on the efficiency of
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spin injection and detection®. The objective is to quantify the loss of MR amplitude when the
channel length isno more L but Lsr = L + 2L7.

MR 4 Oi 4
i N\
N ~ < i()
s ~
So Legs
~ ~exp [—
.
~ —
\ >
\ ‘ Channel L Electrode Less
L Legs

Figure 1113 Left: Valet-Fert MR for a channel length equal to Loss > L. Right: partial
current di distribution above the detection electrode. §i weighted the MR for the
consideration of the crowding effect as depicted by the colour coding of arrows and
dots.

The Valet-Fert expression for the resistance of two magnetic electrodes separated by a non-
magnetic spacer when their magnetization are parallel (Rp) and antiparallel (R4p) are®:

. . L
L (B —v)?rery + rv(B2re + vy )tanh <2[W>
Rp = 2(1 = B2)rp + 1y = + 2(1 — y2)1 + 2 of

15 . L
Tr + 1, + rytanh | 5537
2(Brg +yry)?
AR = Ryp — Rp = (Brg +y1p) _
L T T L
(rg + 1) cosh <—> +-N[1+ (—b) ]sinh <—>
b lé\lfM 2 ™ léVfM
MR- =28
Rp
(11.8)
with the variables being: for numerical applications:
B: bulk spin asymmetry of the electrode. B =0,46
y: interface spin asymmetry of the electrode. y =205
lch: spin diffusion length of the non-magnetic channel. léVfM = 200 nm
L: channel length. It replaces ty in the paper of Valet-Fert. L =20nm
Tr: “spin resistivity” of the electrode, 1z = prléf!. e = 4,5 x 1071 Q. m?
ry: “spin resistivity” of the non-magnetic channel, ry = py 8. py =2x 1073 Q.m

15 spin-dependent specific contact resistance (see chapter I1).
Ryp: resistance in the anti-parallel configuration.
Rp: resistance in the parallel configuration.

The choice of parameters values relates to cobalt as electrode material (f, y and r%), in corre-

spondence with our experimental choice. For easier comparison with Fert & Jaffres’ calculations,
we keep also py = 2 X 1073 Q. m used in their paper even if our polymer is significantly more
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conductive (p~2 X 107> Q. m). The spin diffusion length is adapted to the expectation of or-
ganic material we are using in experiments (pBTTT®). This MR decay with the elongation of the
channel is very close to an exponential decay with léVfM as characteristic length (Figure 111.3, left
panel).

In order to consider the current crowding effect, we implemented the non-uniformity of the
current shown in the right schematic of Figure Il.3. A current (i,) is flowing in the channel of
length Lorr = L + 2L7. Above the collection electrode, the local current at each point
(6i(Leff)) diminishes exponentially from the total current (iy) with the transfer length as char-
acteristic length:

L —L
. . ff
GilLery) = foexp |==4—]
T

(111.9)

If there is no current crowding effect, Lorr = L such that Si(Leff = L) = iy, meaning that all
the current is passing through the electrodes edges.

The relative change of resistance in the Valet-Fert model can be thought as a relative change
of conductance and therefore a relative change of current. The MR taking into account the cur-
rent crowding (MRLT) is taken as the weighted average of the MR of the small current &i
summing up to i, (Figure 111.3):

S, MRV (Loss)6i(Les) dlepy 1

MR (L) = — =
I, 8i(Legr) dLess 2L

[ Lo — L
- ff
f MRVF (Losr)exp [— ezT] dLesr
TL T

(111.10)

The value of the transfer length ranges between 0 (reference) and 4lch, the order of mag-
nitude extracted on short-channel organic transistors by Xu and co-workers’. The channel length
and the spin diffusion length are also parameters we work on.

The figure 3 of Fert and Jaffres’ article is adapted in Figure 1ll.4. It shows how MR in a spin-
valve has maximum amplitude when 1, ~1y (thin blue line). When taking into account the trans-
fer length, the MR is significantly reduced already for the lowest L. Note that all tilded variables
arein lé\'fM unit. We choose a quite short channel of 20 nm (L = 0,1) to emphasize the impact of

the crowding effect by keeping a short enough channel, where significant MR signal is expected.

Basically, the MR decreases of one order of magnitude when Ly reaches 4l_’g\}M = 800 nm
(ZT = 4), which is expected for sub-micrometer devices. As a reminder, the transfer length re-
ported in the literature for nano-scale OFETs is 600 nm using pentacene as organic channel.
Therefore, by combining a maximum spin diffusion length of 200 nm and L = 600 nm, the
previous simulation tells us that the measure of any spin-valve signal in lateral geometry is chal-
lenging and probably limited to few percents. In addition, here we keep relatively high bulk and
interface spin asymmetries (f and y), that are not easily achieved experimentally. Note however
that EGOFETs we study experimentally in the following chapters can exhibit very shorter transfer
length down a few tens of nanometers.
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Figure Ill.4 Magnetoresistance versus the channel length (left) and the normalized
contact resistance (right). Tilded variables are in léVfM unit that is set to 200 nm as
expected in suitable organic materials. On the left panel, no change in slope of the
curve MR(L) is observed by considering the crowding effect. The only impact is the
decay in amplitude. In the end, the transfer length acts as if the channel length were
elongated by A. On the right side, a dramatic decrease of the MR signal is exhibited
by taking into account the transfer length. From Ly > 4l§VfM, the MR loses roughly
one order of magnitude.

Another aspect of the simulation is the decrease of the MR with the channel length. The usual
manner to determinate the spin diffusion length is to extract the MR of a set of devices with
various channel lengths. However, as the transfer length elongates the effective channel, we
were curious to see if the crowding effect leads to an error on léVfM by this method. For that, the
same equations were used, but instead of varying r;,, we investigated MR as a function of L and
Lt. The value of 1, was calculated such as it is the optimal interface resistance for each case
(maximum value of curves in the right panel of Figure 111.4).

The calculation shows that the MR keeps its exponential decay with the channel length — for
L> léVfM — as expected from classical Valet-Fert equations. The crowding effect modifies the MR
amplitude, but doesn’t affect the slope, needed for the determination of the spin diffusion
length. An interesting feature is the equivalence between the MR with and without the crowding
effect. As all MRET (L) are parallel, the amplitude of the MR considering Ly behaves as if there
was no crowding effect but for a channel elongated by A. The value of A is not 2L but approxi-

mates the geometrical mean value A~ /léVfMLT.

The crowding effect is a useful tool to decrease the contact resistance in lateral (EG)OFETs.
The participation of the top surface of electrodes extends the injection and detection areas that
reduces the interface resistance. Nevertheless, our simulation reveals that the spin injection will
be very challenging precisely because of the transfer length which strongly limits the probability
to detect injected spins.

103



Current crowding effect

In the following chapters, the electrical characterisations, mainly focused on contact re-
sistance, and magnetic responses of our EGOFETs are presented. The conductivity of sub-
micrometer channels is required to explore the previous hypothesis and outputs. To achieve ac-
curate analysis, the conductivity is deduced from 4-probe measurements on micrometer size
EGOFETs and applied to nano-scale transistors. Therefore, the first step is the comparison of per-
formance between both scales, as short-channel effects often occur. Afterwards, the same
devices are realized using magnetic electrodes for spin-dependent properties investigation.
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Chapter IV

he reduction of transistors size is mandatory to improve performance of devices. How-

ever, while downscaling electric circuits, the potential drop across interfaces takes over
the one within the organic channel. Devices become then contact limited because electrodes
are not able to provide enough current to the channel. From there, further reduction of the
system size is useless as the interface properties won’t enhance and continue to dominate the
whole electric behaviour. For organic electronic semiconductor devices, the critical channel
length is few micrometers in size, thus being much larger than the state-of-the-art inorganic
transistors size. Therefore, an important enhancement of the interface resistance is needed to
overcome this key major issue for miniaturization. In addition, the magnitude of resistance in-
terfaces values is key for spin information transfer as only a limited range of values is allowed in
order to inject and detect spins properly.

In this fourth chapter, the interestingly low contact resistance of electrolyte-gated organic
field-effect transistors (EGOFETSs) is pointed out. First, the properties of the polymer are investi-
gated to justify its choice. Then, we analyse the interface resistance upon doping, temperature
sweeping and scaling down to the tens of nanometer scale. The injection area is also carefully
discussed because of the current crowding effect — the elongation of the effective channel
length due to the participation of the top of electrodes to the current (see chapter Ill). The con-
sequences of the extended active area are investigated, with the support simulation and
discussions from the previous chapter.

Among the wide library of organic semiconductors we choose to focus on the poly(2,5-bis(3-
tetradecylthiophen-2yl)thieno(3,2-b)thiophene) (pBTTT) synthetized the first time by McCulloch
and co-workers in 2006, This polymer remains nowadays a first choice material because it is a
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polymer forming semicrystalline structures, easy to process from solution, showing relevant mo-
bility for applications (1 ~ 1 cm?.V~1.s~1). PBTTT was previously studied in our laboratory, and
conductivities above 3000 S.cm ™! were found?, with indications of metal-insulator transition?,
and interestingly low contact resistance with gold*. The group of Sirringhaus in Cambridge also
extensively worked on it and was able to reveal metallicity through Hall effect measurements at
room temperature in another geometry®. Moreover, the spin diffusion length is expected to be
around 200 nm in undoped pBTTT® and possibly above 1 um when highly doped’. All mentioned
features of pBTTT make it an excellent candidate for our purpose, the realization of spin-based
transistors.

PBTTT belongs to the wide polythiophene family. Its synthesis was motivated by the success
of the regioregular poly(3-hexilthiophene) (RR-P3HT, Figure IV.1a) versus the regiorandom one
(RRa-P3HT, Figure IV.1b) that proves the importance of alkyl chains for highly ordered thin film.
McCulloch managed to keep RR-P3HT advantages and strongly reduced its drawbacks by lower-
ing the alkyl side-chain density, fusing two thiophene rings to form a longer monomer (Figure
IV.1c). By limiting the number of carboned side-chains, pBTTT interdigitates better and regio-
irregularities are less frequent. Therefore, the packing and ordering of pBTTT is enhanced com-
pared to RR-P3HT. The thieno-rings are perpendicular to the dielectric substrate and lamellar
structures were demonstrated?. The bicyclic thienothiophene in the middle of the monomer en-
dows rigidity to the backbone and more importantly increases the ionization potential, leading
to better oxidation stability. Thus, pBTTT is more crystalline and more stable than RR-P3HT, that
1

translates into better transport performance with a mobility reaching almost 2 cm2.V~1.s71in

optimized devices® versus top value of 0,1 cm?.V~1.s™1 for RR-P3HT.

The ease of charge transport in pBTTT has been deeply examined by Liu and Troisi'°. By den-
sity functional theory, they pointed out 3 main origins:

i.  The mobility edge is close to the valence band. The delocalization requires then only
a little amount of energy to occur, easily provided by phonons.
ii.  The conjugation length is long (~10 nm). It means also that the coherence stays over
a long distance, favouring efficient transport over tens of nanometres.
iii.  The thermal fluctuations may be sufficient to detrap carriers. Traps from local distor-
tions of the chain have a lifetime shorter than 0,1 ns, revealing that simple

conformation changes may involve charge release.

RRa-P3HT RR-P3HT PBTTT

Figure IV.1 Chemical structure of regiorandom P3HT-C6 (a), regioregular P3HT-C6
(b) and pBTTT-C12 (c).
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As already detailed in the first chapter, thermal annealing of the deposited pBTTT thin film
allows to change its morphology to obtain a polycrystalline structure with grains reaching
200 nm in size. Such large crystalline regions open the possibility to fabricate organic single-
crystal transistors through electronic lithography for example. However, in our work we limit
ourselves to a more disordered nodule-like phase. This choice is motivated by the study we want
to perform: we compare large-scale transistors (L = 20 um, W = 1 mm) with nano-scale tran-
sistors (L ~ 100 nm, W ~ 40 um). Therefore, it would be possible to probe one single crystal in
the nano-scale case, but not in the large-scale transistors as the channel length is way too large
compared to the domain size. It is then more relevant to keep a “less crystalline” morphology
for better electric properties comparison of both scales, as it depends on the polymer morphol-

ogy.

E E
A EUaC A Evac
LUMO LUMO
——31eV ——31eV
HOMO HOMO
———— 51eV ——— 5,1eV
Gold  PBTTT Cobalt ~ PBTTT

Figure IV.2 Energy levels diagram of pBTTT-gold and pBTTT-cobalt junctions. For il-
lustration, values given here are simply the energies from materials in vacuum.

The energy levels of pBTTT are 5,1 eV away from the vacuum level for the highest occupied
molecular orbital (HOMO) and 3,1 eV for the lowest unoccupied molecular orbital (LUMO), it is
thus a p-type semiconductor'’. HOMO matches perfectly with gold as its work function (Wr) is
5,1 eV and nicely also with cobalt where Wy = 5,0 eV (Figure IV.2). We prefer cobalt as mag-
netic electrode even if nickel (W = 4,8 eV) was already studied in our group'? because its
better energy fitting is expected to optimize the contact resistance, and the spin polarization of
cobalt is higher than nickel (~23 % vs. ~35 %), and should therefore increase the magnitude
of spin signals.

One main issue of pBTTT for industrial purposes is its poor stability in ambient air. The rise of
ionization potential limits its oxidation but it remains sensitive to moisture. The mobility typically
drops by a factor 4 within 5 days after deposition if exposed to 50 % humidity. For that reason,
the polymer deposition and room temperature measurements were performed in N,-filled glove
box (H,0 and O, < 3 ppm), and low temperature as well as magnetic studies were performed
under primary vacuum (10~2 — 1073 mbar).

The pBTTT used in this thesis was synthetized by Dr. Nicolas Leclerc from Institut de Chimie
et Procédés pour I'Energie, I'Environnement et la Santé (ICPEES) in Strasbourg. He followed the
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recipe from McCulloch and ended up with a molecular weight of ~27 kDa and a good polydis-
persity index (PDI) of 1,7. The PDI defines the heterogeneity of molecule size by the ratio
My, /M,,, where My, is the mass-average molar mass and M,, is the number-average molar mass.
Hence, if the PDI is 1 the chemical substance is perfectly homogenous, and value below 2 are
indicative of good sample homogeneity. The backbone chain length is between 50 and 60 nm
corresponding to roughly 40 monomers. The alkyl chains, helping for the stacking, are composed
of 12 carbon atoms (pBTTT-C12).

The thin film deposition process is detailed in annex A, while basic electrical measurements
such as output curves and transfer curves versus the temperature and dopant concentration are
available in annex B. The main outcomes are optimized transistor behaviour, with high conduc-
tivity, large IOn/IOff ratio and Ohmic contacts at room temperature over a wide range of

source-drain voltage for gold and cobalt electrodes.

First, we will review the way we extract the contact resistance (R.) on millimeter-scale (mT)
and nano-scale (nT) transistors. Then, the interface resistances of mT and nT are investigated as
a function of gate voltage and temperature.

The typical sample studied in this thesis is presented in Figure IV.3. On each chip, one or two
mTs and three or four nTs are patterned. The typical dimensions are: L = 20 um, W = 0,1 mm
for mTs and L = 80 nm, W = 40 um for nTs both sharing the same channel thickness h =
20 nm. The transfer curve (Isp (V) shows the high I, /1o ratio of the order of 10°, reaching
107 on best samples, with a current approaching the milliampere for a source-drain voltage of
—100 mV. The output curve (Isp (Vsp)) is ohmic for the highest doping level in the selected Vsp
range but is slightly non-linear for lowest gate voltage and below 10 K. More detailed measure-
ments are available in annex B.

Other geometries were investigated, in the scope of the realization of organic spin-valves,
that are presented in the annex C. However, the high conductivity polymer we achieved in the
EGOFET structure leads to geometric issues, highlighted in the annex, that we didn’t manage to
overcome. For this reason, the classical spin-valve design is not presented in the core of the
manuscript.

For mTs, we determine the contact resistance from the gated-4-probe method (gFP) already
introduced in the first chapter. This technique allows to discriminate the source and drain po-
tential drops by assuming a linear decrease of the potential along the pBTTT channel (Figure
IV.4). Measuring the potential on two points (V; and V,) within the channel, at known distance
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from the source (L; and L), we deduce simply the slope (a) and the intercept (b). Then, the
potential drops (AVs and AVp) are:

AVS:b_VS
AVD:VD_V(L):VD_(aL‘l'b)

(IvV.1)

where Vs is the potential applied to the source (Vs = 0 V in our case), V, the one on the drain
(Vp = =100 mV usually) and L is the channel length. However, when the pBTTT is highly doped,
its resistance in our geometry (W /L = 50) compares to the gold pads resistance, that are very
long. It is even more true with cobalt electrodes as pcopair > Pgota- Therefore, the effective
voltage applied to the organic semiconductor (OSC) is reduced by the voltage drop across leads
(AVpgaq)- To subtract the latter parasitic decrease, we use the pseudo-4-probe measurements on
nTs as we will see later. Once we obtain the potential drops, we directly get the contact re-
sistance by dividing them by the current flowing in the transistor (Rg p, = AVsp/Isp). It is worth
noting that the potential difference between the two 4-probe electrodes is not enough to cal-
culate the contact resistances of source and drain. The “absolute” potential values V; and V/, are
required, by probing them independently versus the source potential, to calculate AVs and AVp.
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Figure IV.3 a) Optical microscope image of a typical sample. Insets show electronic
microscope image of one nano-gap (top) and a picture of 4-probe electrodes (bot-
tom). The two steps are slightly visible on nTs, the right side being darker than the
left side gold electrodes, corresponding to different thicknesses. The green colour
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comes from the additional SiO2 layer. b) Transfer curve of a gold mT. c¢) Output
curves for two different gate voltages: V; = —1,5V and —3 V. The curve for low
doping is scaled up by a factor 200 for clarity and show its slight non-linearity.

An important remark is the probable overestimation of the contact resistance using the gFP
method. Indeed, a more pronounced potential decrease is expected close to the electrodes??,
that is not taken into account by the gFP technique. It means that the very low values of interface
resistances we will present may not be very accurate, but is an upper estimate, giving con-
sistency to our claim of making devices with very low contact resistance.
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Figure IV.4 Draw of the potential profile along the whole device. The blue line is the
linear extrapolation used in the gFP method. The red dotted line is the shape of an
alternative potential landscape with a faster decrease near the electrodes. Note
that the extracted potential drop between the 4-probes electrodes could be very

different in the two different cases, leading to a possibly large variation of the ex-
tracted contact resistance.

In the case of nano-scale EGOFETs, the gFP method is not suitable as it would be very chal-
lenging to pattern two electrodes inserted between source and drain spaced by only tens or
hundreds of nanometers. For that reason, we opted for pseudo-4-probe measurements where
the voltmeter is connected onto the source and drain electrodes, the closest to the organic
channel (Figure IV.5). The potential is thus probed at the end of source and drain wires that
eliminates the pad resistances. The real potential applied is therefore |V, — V;| < |Vsp|. The
remaining metallic interconnect (the vertical leads on Figure IV.5) has been patterned in order
to ensure that their resistances are below 0,2 ) for gold and 0,4 (1 for cobalt.

Finally, in order to distinguish R.; from R., we use the conductivity inferred from the 4-
probe measurements on the mT (o):

1 1
Re = E [RSample - ch] = E[

vV, =V, T
Lsp hWnT o

(IV.2)
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Therefore, the presence of mT while probing nTs is mandatory, otherwise we could not separate
the contact from the channel resistance. There is however uncertainty on the relevance of as-
suming conductivity values identical at the nano-scale and micrometer-/millimeter-scale as it
supposes good reproducibility and similar material structures in the 100 nm and 20 um length
scales. We will see that our conclusion of low contact resistance remains robust versus the con-
ductivity values hypothesis. It is worth noting that nTs measurements do not allow to distinguish
between source and drain resistance. We have only access to 2R = Rs + Rp.
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Figure IV.5 Drawing of the electric connections on nTs. The potentials V; and V,
correspond to the end of the metallic wires.

Our “U-shape” geometry also provides information on the resistivity of the metal pads. In-
deed, we know the potential we apply on one side of wires, and we measure the potential on
its other side. As we know perfectly the design of our samples, we know the length, width and
thickness of the leads, thus we have all information we need to calculate the resistivity of the
metal. It is useful for the calculation of the pads resistance on mTs as previously mentioned.
Moreover, as the latter measurements is anyway performed to study the nTs, we are able to
determine the variation of resistivity of metals within the temperature and/or magnetic field
sweeps. This technique is then an efficient way to subtract the parasitic pad resistance values.
For room temperature in glovebox (see next section), we lack multiple cabling necessary for
simultaneous measurements of the pad resistance and mT properties. Thus, the resistivity of
leads is first probe on these “U-shape” devices and used for the calculation of the resistance of
mT pads, with their corresponding geometry. The uncertainty on the extracted pad resistance is
estimated better than 5 %.

To give an order of magnitude, the wire resistances is usually > 20 ) on each side, while the
channel resistance at the highest doping level is generally > 25 Q for mTs and can reach values
down to few Q) for nTs at room temperature. The low value on nTs is coming from the high aspect
ratio W /L > 100. Note that reducing the aspect ratio to increase the channel resistance would
not lead to R;y, > Rpgq- Indeed, as we need L~100 nm, the only parameter we can tune is the
width. However, downscaling W would accordingly raise the pad resistance, such that in the end
Rpgq remains comparable to R.y. Taking into account the pads resistances remains therefore
essential.

In the following, the interface resistance will mainly be discussed as specific contact resistivity
13, that is the area-normalized contact resistance. As mentioned in the chapter lll, the area nearly
scales with the transfer length L. The two methods presented above to determine the contact
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resistance R, are not taking into account the current crowding effect. The contact resistance
R we extract is the contact resistance when taking into account the crowding in series with the
channel resistance due to the partial currents on top of the electrode, over the length Ly:

18 N LT
W(h+Ly)  oWh

Re = R + Rep(Ly) =

(IV.3)

By replacing Ly with equation Ill.1 and neglecting h versus L, the specific contact resistivity
that takes crowding into account writes:

_ (ReWy?
Ty = > O-h

(IV.4)

It has the advantage to not assume Ly > L compared to equation 1lI.3. Indeed, it is important
for mT where the latter condition is often not fulfilled as we will see later. In the case of nT,
equation lll.3 and IV.4 lead to the same result as in general Ly is longer than the channel length.

Equation 1V.4 also allows us to distinguish the source from the drain specific contact resistiv-
ity and transfer length, as we only have to replace R; by Rs and R, to obtain r, s and 73, , and
corresponding Ly g and L p.

The interface resistance is known to be low in EGOFETSs since its first investigation in such
system by Braga and co-workers!4. They demonstrated specific contact resistance of the order
of 10 Q. cm, at least 500 times lower than classical doping method of OFETs. The impressive
interface property seems to be related to the ion penetration in the polymer. By changing the
active polymer, they observed no significant variation of contact resistance, whereas an im-
portant difference in classical bottom-gate structure was shown®®. Therefore, the choice of the
polymer is not responsible for the very weak R. It is plausible that ions at the OSC-metal inter-
face create an additional electric field driving charge injection.

We first checked how the interface resistance changes versus the gate voltage, i.e. the doping
level. The electrical property measurements were performed with a Keithley 2636A series
SourceMeter and a Keithley 2182 nanovoltmeter connected to the 4-probe electrodes. For bet-
ter comparison of the contact resistance with the literature, it is usual to refer to specific contact
resistance (R:-W), given in (). cm. This definition makes the interface resistance independent on
the width of injection as doubling of width would divide R, by two —as there is two times more
injection area — letting R-W unchanged. This variable was introduced in the scope of bottom-
gate bottom contacts OFETs, where the accumulation channel thickness is only about few nano-
metres and is not expected to change significantly with the thickness of the organic layer or the
injection -detection electrodes. Therefore, the injection/detection areas are close to a line. How-
ever, the physical quantity is the specific contact resistivity r;, = R-A, where A is the involved
area for injecting or detecting carriers. In the case of staggered geometries (bottom gate top
electrodes OFETS, EGOFETSs), the injection/detection areas are larger and generally assumed
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equal to the edge of the electrodes (A = Wh, where h is the electrodes thickness). However,
because of the crowding effect, the effective area involved in current transport is larger, and
finally A = W(h + L). In the following, only the latter injection/detection areas are consid-
ered, and the specific contact resistivity refers to 1, = RgTW(h + L1). As a reminder, mTs are
0,1 cm wide and h = 20 nm.

In this chapter, the black curves refer to measure on gold electrodes, whereas blue ones are
related to cobalt wires (section IV.3). In addition, all contact resistances include the crowding
effect unless stated otherwise, but the exponent “L;” is omitted for clearer notation RéT - R..
As a rule of thumb, taking into account the current crowding results in dividing the (specific)
interface resistance by a factor two. We emphasize again here that it can however modifies
more drastically the interface contact resistivity 13, which is the physical quantity intrinsic to an

interface, of interest.
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Figure IV.6 Specific contact resistance (a) and resistivity (b) and related transfer
lengths (c) of source and drain mT versus the gate voltage.

An average specific contact resistance R;W < 2 Q). cm is found at the highest doping level
(Figure IV.6a). The low value obtained on gold is very interesting as it is the lowest reported to
our knowledge in organic devices®. However, the crowding effect is not included in the major
part of contact resistance studies. Assuming that the simple division by 2 we observed on our
devices hold true, R:W is comparable with the work of Braga and co-workers on electrolyte-
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gated transistors!®. The very long transfer length (Figure IV.6c), the longest we measured, comes

partially from the particularly high conductivity of our sample, reaching more than 650 S.cm™1.

We note also a different behaviour of source and drain resistances upon gate voltage rise. Rg
is almost flat within the selected range whereas R, is decreasing. The doping mechanism of
EGOFETSs is likely its origin. The first step of the doping process is the extraction of one electron,
to create a positive charge, compensated afterwards by an anion from the electrolyte. It is then
rational to imagine an easier doping close to the source — where electrons are extracted — re-
ducing the contact resistance sooner in the V; ramp. Then, the dopants spread uniformly within
the organic channel and finally the polymer is uniformly doped, and the drain resistance also
reaches its minimum value.

The intrinsic quantity to a hybrid metal-organic interface is r,, found to reach
~5 x 1073 Q.cm? in our sample in Figure IV.6b. Note that this data, designed to emphasize the
role of the crowding, shows the largest values we observed in our samples (see Figure I1V.19 at
the end of the chapter summarizing all data). We will see later that much smaller values can be
observed in our devices. Nevertheless, our quoted maximum observed value remains smaller
than those found for electrostatically gated OFETS. To our knowledge, the smallest R-W values
were reported by Umeda et al.””. They reported 6,5 x 103 Q. cm, while typical values for stand-
ard OFETS are larger, spanning the range 10* — 10° Q. cm®®. Umeda et al. compared top-contact
(TC) OFETs, where current crowding is possible, and bottom-contact (BC) OFETs, where the
crowding effect doesn’t occur. We extracted 1, = 0,5 Q.cm? and 1, = 1,2 X 1072 Q.cm? re-
spectively for TC and BC, with h = 3 nm for BC (charge accumulation) and a transfer length for
the TC estimated to 3,6 um. Our finding confirms the claim of Braga et al.** who investigated
EGOFETS. At high doping level on P3HT we approximate that they report 1, ~ 1073 Q. cm?.
However, these values are estimates, deduced form the data on total resistance and interface
resistance values, with large uncertainty related to the lack of information on the conductivity
values and absence of discussion of crowding length in their devices. In summary, for our largest
reported values and the lowest values reported by Braga, the difference in specific contact re-
sistivity between EGOFETS and OFETS is typically one order of magnitude when we compare the
proper physical quantities, namely 73,.

The choice of this sample exhibiting Ly > 20 um was motivated to pointed out how large
the transfer length could be. In this case, it triples the effective channel length, but more im-
portantly it impacts very significantly 3. Indeed, the effective injection/detection surfaces can
increase by up to three orders of magnitude by considering L, that scales linearly 13,. Therefore,
only 3, that takes into account the transfer length will be discussed in the following.

Spin injection, transport and detection is much more efficient a low temperature, generally
below 50 K. Indeed, by decreasing the temperature, the probability to scatter on phonons is
weaker as their number diminishes exponentially with the temperature. Therefore, we investi-
gated the temperature-dependence of contact resistance in EGOFETs down to 1,5 K. Again,
basic electric properties at low temperature are provided in annex B. All measures of this chap-
ter are performed at the highest doping level (V; = —3 + 0,1 V) except stated otherwise.
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1, and o are plotted against the temperature in Figure IV.7. The specific contact resistivity
remains very small, never exceeding 4 x 10™* Q. cm?. The source transfer length decreases by
a factor 5 over the temperature range with a maximum value of ~2 um at 200 K. The very low
specific contact resistivity and corresponding transfer length observed on drain electrode have
to be carefully considered because the related R is smaller than the uncertainty on the pad
resistance. Its behaviour is indeed similar to the pad resistance over a wide range of temperature
(~60 — 200 K). Nevertheless, it means that the drain 13, is smaller than the source one. The peak
presents around 3 — 5 K is an experimental artefact coming from an abrupt heating of the sam-
ple at this temperature range in our cryostat.

The subtraction of the pads resistance is sometimes an issue for the calculation of source and
drain contact resistances. Indeed, with the gFP method, a small error on the potential slope
within the channel translates possibly into significant uncertainty on both contact resistances.
Adding the uncertainty of the pads resistance, it happened that the extracted interface re-
sistances were negative. It pointed out how important is the accuracy of all parameters of the
device.
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Figure IV.7 Specific contact resistivities of source and drain (left) and the related
transfer length (right) versus the temperature. The corresponding channel conduc-
tivity is also shown in the left panel.

The combination of temperature and gate voltage dependence is exhibited in Figure IV.8. For
lower gate voltage, i.e. weaker doping level, both 13, diverge below 6 K likely because the poten-
tial profile becomes highly non-linear. The tuning of the interface resistance through the dopant
concentration hence needs careful analysis and the gFP method may not be suitable for too low
carrier density. In addition, values below 10 K are doubtful (for both doping level) because the
applied source-drain voltage (Vsp = —100 mV) is not in the linear part if the output curve (an-
nex B). We should therefore take with some care the difference between source and drain
interfaces deduced in this section. From now, we will consider the average of the two values as
the quantity of interest, as it is an experimental outcome that we found reproducibly, and less
sensitive to series circuit resistance corrections.

The scale of transistors studied until now is far too large for spin detection. Indeed, the chan-
nel length has to be shorter than the spin diffusion length (~200 nm) in order to detect spins.
Thus, the downscaling of EGOFETs to the 100 nm-size is required.
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The previous results are encouraging, confirmed by their record low value of interface re-
sistance of metal-organic interfaces. However, spin injection over tens of micrometers is
unrealistic as the spin of electrons is kept only over some tens or few hundreds nanometers in
organic materials. Therefore, we studied how the interface resistance evolves when downscal-
ing the device, in the same EGOFET structure, going down to channel lengths matching the
requirement of spintronics. However, at the nanometer-scale, short channel effects introduced
in chapter | become an issue for applications.

107 E
— -3
e 10 i GoldmT
é ] Vg = -2V
o 104] —Ve=-3V |
10”4 3
1 10 100

Temperature (K)

Figure IV.8 Specific contact resistivity of mT versus temperature for two doping lev-
els measured on the same sample.

To our knowledge, only one article presents nano-scale organic transistors without severe
short-channel effects®. Herlogsson et al. achieved high transverse electric field using electrolyte
gating that recovers the saturation of output curves. However, their Iy, /Iy s ratio was limited
to 25. This work was actually an important starting point in our group. Unfortunately, the con-
tact resistance was not described in their article.

Channel lengths of 80 nm < L < 600 nm were then patterned by shadow-edge evaporation
or focused ion beam cutting as explained in annex A, with typical width of 40 um. Transistor
performances, reported in annex B, are very close to mT, with no signs of short-channel effects.
The IOn/IOff ratio remains large, exceeding 10>, and the output curves saturate. This is already
an achievement on its own, as short-channel issues was often pointed out even for micrometer-

|19,20

long channel™*°, and we obtained data clearly improving the poor IOn/IOff ratio reported by

Herlogsson and co-workers.
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Figure IV.9 Specific contact resistivity of mT and nT (left) and related transfer lengths
(right) versus the temperature.

Figure IV.9 presents the specific contact resistivity of nT (L = 80 nm) compared to mT, and
their respective transfer lengths. The main outcome is the spectacular decrease of the specific
contact resistivity by 2 — 3 orders of magnitude by downscaling transistors to the nanometer-
scale, becoming the lowest reported to our knowledge. Values ranging from 107 Q.cm? to
1076 Q. cm? are very reproducible on nTs, over several samples and for various channel widths
(Figure IV.10). Moreover, the Ly extracted from nTis roughly 100 nm at 1,5 K and slightly larger
than 200 nm at 200 K. As expected from 73, the transfer length is very short compared to the
mT and the literature. The contrast between the Ly on large- and nano-scale transistors shows
also that the crowding effect is mainly a matter of precision gain for mTs, as the channel elon-
gated by only ~10 %, but is of paramount importance for nTs as the effective channel length is
in the end much longer than the nominal channel length L. The lowest transfer length measured
during the project was ~40 nm at 200 K, that already doubled the charges journey in the or-
ganic channel in our nTs.

3,5x107 1
— -7 J
e 3,0x10
Q
©]
< 2,5x107 1
Gold nT
2,0x107 1 W'=20um
=W =80 um
1 10 100

Temperature (K)

Figure IV.10 Specific contact resistivities of 20 pm- and 80 um-width nTs on the
same chip (L = 80 nm). The difference is negligible.
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It is worth noting that the particularly low specific contact resistivity remains a rather robust
claim versus the possible unknow conductivity of the polymer. Indeed, the assumption of equal
conductivity of mTs and nTs is questionable as there is no real proof that the polymer transport
charges with the same efficiency on both scales. For example, based on the sample from Figure
IV.9, if we multiply the conductivity by 10, 7, remains around 6 x 10™° Q.cm?. On the other
hand, if we suppose that the nT specific interface resistance is the same as the one found on
large scale devices, let’s say of 107> Q.cm?, the conductivity should then be multiplied by a
factor ~15, reaching values > 6000 S.cm™!. As the lowest 7}, values are found for the highest
conductivities (see Figure 1V.19), the hypothesis of 1, not changing with the device length scale,
while the conductivity is enhanced when downsizing, results in remarkably high conductivity
values. This trend in Figure 1V.19 makes this hypothesis unlikely.

The spin diffusion length expected around 200 nm given from the beginning of this report
was in fact demonstrated for the pBTTT by Watanabe and co-workers®. Using a trilayer structure
of NigoFe,o/pBTTT/Pt, they injected spin current in the polymer by spin pumping through ferro-
magnetic resonance of the NigoFe,o magnetic layer. Reaching the platinum layer, the spin current
converts into an electric field orthogonal to both the current and the spin polarization due to
the spin-orbit coupling (inverse spin Hall effect). The spin polarization coming out of the pBTTT
is thus directly related to the potential difference measured on the Pt layer. Moreover, the very
recent work of Wang et al. pointed out a possible longer [s¢ for highly doped pBTTT that may
exceed 1 um’.

The transfer length exhibited on nano-scale EGOFETSs in addition to their low 13, and their high
conductivity make our devices excellent candidates for spin injection and detection as 13, /1y has
reasonable values (Figure IV.11). Reporting the values of 13, on the expected MR that consider
the crowding effect (from the simulation of chapter Ill), an MR signal should be possible. How-
ever, these very interesting results apply for gold. The electrical properties must now be tested
on magnetic electrodes for spin-valves fabrication.
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Figure IV.11 The plots on the left presents the 1, /1y ratio for the nT when the
crowding effect is included or not. On the right is shown again the calculation of the
MR amplitude by adding the transfer length (see chapter lll). The yellow region
points out the area in which the latter sample would be among the temperature
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variation. The grey area underneath is the range of usual 1, /1y measured on the
same structure since our group is interested in.

To go further towards spin-based transistors, the gold electrodes were change to cobalt elec-
trodes. The choice of cobalt results from its work function very similar to gold (difference of
0,1 eV), its high spin-polarization (~35 %) and, to a less extent, our experience in fabricating
cobalt thin film of good quality. The fabrication process and basics electrical characterization are
shown in annexes A and B.
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Figure IV.12 Comparison of the average contact resistance with the channel re-

sistance, without considering crowding effect (left) and when taking it into account
(right).

The dependence of channel and total contact resistance on the gate voltage is illustrated in
Figure IV.12. Again, the impact of the current crowding is pointed out. The device is not contact
limited, the crowding being included or not. We generally observed that the conductivity signif-
icantly reduced for cobalt electrodes when compared to gold, with an approximate factor
10 reduction. We attribute this to the differences in samples preparation. Indeed, as no UV-
ozone cleaning can be performed on cobalt, the surface of the substrate may suffer of impurities
or bad wettability of the polymer solution during the spin-coating (annex A). Moreover, the acid

glycolic treatment performed to etch the cobalt oxide could also be responsible for poor con-
ductivity.

Organic materials are well known for their bad reproducibility. Thus, in order to verify that
the difference between gold and cobalt is not coming from a more or less ordered polymer on
different chips, we also fabricated heterogeneous mTs with one electrode made of gold and the
other of cobalt, with the same treatment than the cobalt samples. By separating source from
drain resistance, we recover values close to the previous ones with respect to the material (Fig-
ure IV.13). The figure depicted two different gate sweeps, by changing the source-drain
polarization (once the cobalt is the source and once the drain) on the sample with the maximum

121



Interface resistance of EGOFETSs

conductivity. The extracted specific contact resistivities are indeed robust against source and
drain exchange. The gold 73, is more than one order of magnitude below the cobalt one, for
almost the same conductivity (400 S.cm™* versus 500 S.cm™1).
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Figure IV.13 Specific contact resistivities of source and drain on a heterogeneous mT
versus the gate voltage. Two sweeps are shown for different source-drain polariza-
tion. The conductivities are slightly different, around 500 S.cm™! for the transfer
curve reaching V; = —3,3 Vand 400 S.cm™! for the other at their respective high-
est doping level. It may explain the small shift of ry,.

The maximum gate voltage is slightly different because it is usually easier to dope the poly-
mer a second time. The organic channel reorganizes upon the penetration of ions and keeps
some memory after the un-doping procedure that facilitates further doping process. The second
V; ramp, the cobalt being the source, was stopped at the appearance of negative transconduct-
ance (with source-drain current decreasing when increasing further the gate voltage, not
shown), indicative of the maximum doping achievable.
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Figure IV.14 Specific contact resistivity (left) and related transfer lengths (right) ver-
sus the temperature. 1, of mT and nT are compared on the left panel. The nT specific

122



Magnetic electrodes for spin injection

contact resistivity is well below the mT one, but it is much larger than in the case of
gold electrodes; Ly is thus longer.

The specific contact resistivity of mT and nT during a temperature ramp is shown in Figure
IV.14. The 1y, values are much larger than in the previous sample made of gold electrodes. Both
mTs and nT 73, are roughly three orders of magnitude larger over the whole temperature range
for cobalt than for gold. Moreover, the behaviour while cooling is different, with the specific
contact resistivity while diminishing the temperature. It follows thermally activated processes,
which is expected from the difference of energy between the Fermi energy of the metal and the
HOMO of the polymer (Figure 1V.2). The conductivity drops exponentially as it was the case in
previous gold samples as demonstrated in the annex B. The transfer lengths are longer com-
pared to gold-based devices as a result of the larger 13, that is not enough counterbalanced by

the reduction of conductivity (L = m). Such elongation of the nT by ~1 um is critical for
spin injection/detection as the effective channel length becomes much longer than the spin dif-
fusion length. Thus, achieving spin information transfer, when the average distance between
injection and detection points exceed 2 microns, is unlikely, with the related spin-valve signal
expected to be very small.

In fact, the rise of L1 is more detrimental for spin signal than the increase of R W asit results
in @ much larger 3, in addition to a severe drop of the MR. Finally, the ratio 1}, /7y related to the
previous sample is no more suitable for efficient spin injection when the injection area is clearly
defined (Figure IV.15). 1}, /1y behaves the same way than the transfer length, as L dominates
the device.

In conclusion, the preliminary analysis of gold-pBTTT interface was highly motivating for the
realization of organic spin-valves. EGOFETs with an appropriate effective channel length (L +
2L+ < 200 nm) were fabricated exhibiting outstanding specific contact resistivity 100 times
smaller than the lowest reported in the literature. However, for FM electrodes, 13, increases sig-
nificantly that implies a huge elongation of the effective channel length such that L + 2L >
1§ Therefore, the current crowding critically limits the spin-dependent properties in EGOFETSs
as well as in majority OFET structures.
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Figure 1V.15 The plots on the left presents the 13 /1y ratio for the nT when the
crowding effect is included or not. On the right is shown again the calculation of the
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MR amplitude by adding the transfer length (see chapter Ill). The blue region on the
right highlights the typical values obtained on sample with cobalt.

13, is sensitive to L, that can be varies if the conductivity hypothesis is changed (see discus-
sion in previous section). Better confidence in our small 3, values can be gained by avoiding
crowding. This is also essential for spintronics, and in particular for our estimate of r, /ry. If 1,
is underestimated, namely the crowding length is larger, this relates to a better conductivity,
and therefore a smaller ry. The ratio 1, /1y is therefore highly sensitive to the conductivity value
hypothesis when analysing our results. Therefore, the best way around this issue, and the best
check for or ultra-small 13, findings, is to design EGOFETs exempt of crowding. One possibility is
to diminish the size of the source and drain electrodes, with an injection/detection area limited
by the electrode’s sizes. This involves challenging fabrication of sub-100 nm size electrodes, in
addition to severe issues of series resistance due to the small electrodes, making possible non-
uniform applied voltages on source and drain contacts. A more attractive alternative is to cover
the source-drain electrodes with an insulating layer, leaving only their side capable of injecting
and detecting carriers. We found impractical to use lift-off lithography techniques for making
meal-insulator electrodes (necessity of two separate evaporation chambers, difficulties in lifting
the rather thick dielectric). We therefore patterned metal electrodes making a continuous elec-
trode for defining the source and drains, initially shorted. After covering the whole sample with
Si02, focused ion beam (FIB) was used to cut the metal-SiO; structure and create the nano-gaps
(see annex A). In the end, only the cut in the metallic wires can inject and detect the current
(Figure 1V.16). This method was performed on gold leads. In addition, it provides the freedom
to vary the channel length as the cut area can be set when milling. This is an advantage to sam-
ples fabricated by the shadow-edge technique that exhibits nTs on a chip having all the same
separation.

Electrolyte
| D Gate

Figure IV.16 Staggered structure for the suppression of the crowding effect. The SiO,
layer covers the whole top surface of source and drain. The injection and detection
areas are pointed out with the dark red lines.

The possibility to analyse the contact resistance versus the channel length is very interesting
in order to understand the origin of the drop of R with the downscaling of the device. There-
fore, nanogaps in the range of ~70 nm to ~300 nm are etched, while keeping the mT of 20 um.
As multiple temperature ramps may damage the polymer, the conductivity on mT is always
probed together with the electric properties of each nT, as only 2 transistors can be measured
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for a given temperature sweep because of the limited number of connections. As shown in Fig-
ure 1V.17, the conductivity is quite well reproducible under repeated temperature sweeps.
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Figure 1V.17 Specific contact resistivity (left) and conductivity (right) versus the tem-
perature for various nT lengths. The three curves of conductivity where measured
through 4-point measurements on mT on the same chip than nTs, with the colour
coding indicating the temperature sweep corresponding to the measured nT.

As the crowding effect is prohibited, 13, keeps it original definition: r, = R.Wh. The specific
interface resistances extracted on these devices are 10 times larger to the previous gold-base
nTs but remains lower than mTs. The results confirm the small value of 13, that was inferred from
the previous section on gold nTs and the importance considering crowding effects when analys-
ing the value of 13, of our nano-scale lateral EGOFETs. It emphasizes also that the contact
resistance could be tuned via the geometry of samples, by letting or not the top surface in touch
with the channel, or either limiting the allowed transfer length with an insulator. However, the
specific contact resistivity doesn’t significantly change with the channel length and indicate that
a broader range of investigated channel lengths should be used to explain the difference be-
tween mTs and nTs contact resistance.

Figure IV.18 exhibits the calculated 7, /1y ratios which are of the same order of magnitude
than the ones extracted in section 1V.2.4. However, the slope is inverted, 13, /1y becoming here
larger when cooling down the sample. The lack of transfer length may be the reason, as it tends
to dominate the evaluation of 13, and decreases with the temperature.

The latter outcomes give robustness to the crowding effect as interface resistance reducer
due to the increase of area for injecting and detecting carriers. it however elongates too much
the effective channel length for the injection and detection of spins. Nevertheless, by suppress-
ing the current crowding, it may be possible to keep a reasonable 1, on gold, but the cobalt
specific contact resistivity, reported here 100 to 1000 times larger, will likely remain an issue.
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Figure IV.18 Ratio 1, /1y for the three different lengths versus the temperature
when no current crowding is allowed.

As a summarizing figure of this chapter, the interface resistance of EGOFETs with gold and
cobalt electrodes at micrometre and nanometre scales are depicted in Figure 1V.19 for most of
the samples measured during the thesis, plus few from previous work in the group: filled square
in the nT panel, IIDDT-based EGOFETs? (triangle) and transistors made of nickel electrodes in
pink®. 7y is plotted versus the conductivity of the device, and it tends clearly to diminish with
increasing conductivity. It confirms also a similar variation of gold and cobalt junctions on both
scales, with a systematic larger value for cobalt than gold. The grey dashed line is mainly a guide
for the eye from the initial definition of L (1, = L%/ch), for a sample having a transfer length
of 1 um and 200 nm respectively for mTs and nTs. It translates into 1, = co~! where ¢(mT) =
5x 1073 cm and c(nT) = 2 X 10~% cm. We note that the majority of highly conductive gold-
nTs is below the grey line, meaning that Ly is shorter than 200 nm. The very nice matching of
samples with silicon oxide limiting the transfer length (half-filled symbols) with the grey line
indicates that the method to account for the current crowding in the calculation of 13, on sample
needing it, is relevant.

Cobalt contact resistances are sparser and larger than their gold counterpart and the trend
is not that clear, with however the nTs specific contact resistivity smaller than the mTs ones. It
is also very interesting to see that samples made with nickel electrodes covered with graphene
RTA places in between the cobalt and gold 73,. The specific interface resistance of samples less
doped (encircled in red and green) are also added to the graph and is surprisingly not out of
range despite the probable poor linearity of the potential drop along the channel.

apoly[1,1’-bis(4-decyltetradecyl)-6-methyl-6’-(5’-methyl-[2,2’-bithiophen]-5-yl)-[3,3’biindolinylidene]-
2,2’-dione] (IIDDT-C3) is an isoindigo-based conjugated polymer with electric properties close to pBTTT
and more stable in air?.

PNickel is covered with graphene on one sample, grown with the rapid thermal annealing (RTA)
method?%23,
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Figure 1V.19 Specific contact resistivity at 200 K versus the conductivity for nTs and
mTs, with gold and cobalt electrodes and with or without an SiO; layer on top. For
comparison, samples with nickel and nickel covered by graphene RTA electrodes are
added (pink square), as well as EGOFETs with IIDDT instead of pBTTT (triangle). Black
squares are value of previous work in the group on similar devices than presented
in this thesis. The value of Braga et al. is also depicted.

An important point that would need further investigation concerns the values of gold-based
mT in the top right corner of the corresponding panel. The grey dots were measured on sample
where cobalt electrodes were also present on the chip and hence endure the same dipping in
glycolic acid. It seems that the acid affects significatively the interface of gold and may also ex-
plain the generally higher 1, on cobalt electrodes. The other value in the same corner (also in
grey) comes from a previous work where the pad resistances were not subtracted from the in-
terface resistance, being likely the reason of the large 13, reported.

In the next chapter, an external magnetic field is applied on samples perpendicular and par-
allel to the current flow. For the sample made of gold electrodes, it will provide insight into the
transport properties of the polymer, in particular for revealing possible transition to metallic-
like behaviour. Investigating the magnetoresistance properties of the interface resistance, to
our knowledge not reported in the literature, is also key for understanding how the total re-
sistance changes under magnetic field. For cobalt electrodes, the magnetic field will switch the
magnetization of the thin ferromagnetic layer to possibly reveal for spin-valve signal.
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Chapter V

he application of an external magnetic field to conductive materials is a way to gain bet-

ter insight its charge transport mechanisms. We therefore investigated the variation of
resistance of electrolyte-gated organic field-effect transistors (EGOFETs) under magnetic field
and detail how it can reveal the occurrence of metallic-type transport. In addition, we analyse
the specific magnetoresistivity of interfaces to estimate in which extend it impacts the total
magnetoresistance of the sample. Furthermore, in the case of cobalt-based EGOFETSs, the mag-
netic field experienced by the conducting polymer also involves the stray field created by the
ferromagnetic electrodes, also dependent on the applied external field. We discuss how it can
result in a magnetoresistance signal and analyse it in the light of the influence of the crowding
effect.

Investigation of the variation of resistivity of materials upon application of an external mag-
netic field provides information about the transport mechanisms. In chapter Il, we already
discussed the anisotropy of the magnetoresistance (MR) and the breaking of the weak localiza-
tion. The former leads to a different MR behaviour depending if the magnetic field is parallel or
perpendicular to the current flow, and the latter refers to a decrease of the resistivity in diffusive
materials because of the decoherence of self-closing paths due to the field normal to the con-
ductive plane. We have to emphasize that measurements are time consuming (commonly
reaching three weeks per sample), essentially because of the needed room-temperature very
slow gating or ungating process, and the required temperature sweeps when measuring the
samples under different conditions. Because of the non-uniformity of organic thin film and the
expected weak MR signals, results are often noisy and lack reproducibility. The need to change
the magnetic field orientation require either a cryogenic sample rotation setup that limits the
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EGOFETs in a magnetic field

size of the sample under study, or heating/cooling procedure that is time consuming and might
impact the reproducibility of the experiments. In the following, we restrict the presented data
where stable and reproducible behaviours were observed, and comparisons relies as much as
possible between measurements on EGOFETs on the same chip.
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Figure V.1 Magnetoresistivity of gold- (top) and cobalt-based (bottom) mT, in the
parallel (left) and perpendicular (right) configurations. Curves are vertically shifted
for clarity. Missing curves (3 K in perpendicular configuration and 1,5 K, 3 K and
5 K for the cobalt sample in parallel) were excluded because too noisy for interpre-
tations. The resistivity on the cobalt transistor is one order of magnitude larger
compared to the gold device (pc, ® 1004,~0,13 Q.cm).

We first explored the magnetic response of the previously presented electrolyte-gated or-
ganic field-effect transistors (EGOFETSs) to search for the metallic-like diffusive transport of the
most doped channel, more specifically those where indications of metallicity occurred through
the conductivity plateau while cooling the sample to 1,5 K (annex B). The applied field (H) is
swept from —7 T to +7 T, in both parallel, H is colinear to the current, and perpendicular, H is
orthogonal to the current and the substrate, configurations. Note that the perpendicular con-
figuration is orthogonal to the current, but also to the substrate plane. Despite the non-linearity
of the output curve, measurements were performed at a bias voltage of Vg, = —100 mV like
the previous studies. Some measurements have also been carried out sourcing current (Igp =
—200 pA), in the linear regime of the output curve, but no relevant difference was observed in
MR properties. In the following, we will analyse the variation of the resistivity (p) of the channel
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Magnetotransport

deduced from 4-probe measurements, referred to magnetoresistivity (Mp) to avoid confusion
with the change of contact and sample resistances in the next section. The magnetoresistivity in
percent is defined as:

_p(H) = p(0)

Mp = x 100
P p(0)

(V.1)

Figure V.1 shows the magnetoresistivity of EGOFETs with gold and cobalt electrodes on the
same chip, for the magnetic field parallel and perpendicular to the current. The main outcome
is the opposite variation of the resistivity in the perpendicular versus parallel configuration, with
a positive Mp when HI 7, and a transition from negative to positive Mp when H1 J below 5 K.
We emphasize that the deviations form a parabolic shape (dips in the data of typically 0,2 %
amplitude) observed around +500 mT, particularly apparent in the parallel case, comes likely
from a change of range of the superconducting magnet power supply, and are categorized as
experimental artefacts. We found that the signal became noisy around the liquid helium tem-
perature, possibly related to the excess of liquid helium in the sample space, and therefore
possibly another experimental artefact.
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Figure V.2 Variation of conductivity of the organic channel versus vH and H? (in-
sets) in the parallel (left) and perpendicular (right) configurations at different
temperatures. The straight lines exhibit the linear behaviours.

In the parallel case, the amplitude of the variation is large at 1,5 K for the gold-based EGOFET
reaching +22 % at +7 T and goes almost down to 0 % at 20 K. Unfortunately, the sample broke
for the three last measurements on the EGOFET made of cobalt and the Mp at 1,5 K could not
be determined. The increase of the resistivity at 1,5 K is assigned to electron-electron interac-
tions, highlighted by the reduction of electron-phonon scattering probability by cooling the
sample. The magnetic field splits the spin-up and spin-down bands by +gugH (Zeeman effect),
where g is the Landé factor considered equal to 2 and pp the Bohr magneton, and the variation
of conductivity at fixed temperature is then2:
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H? gugH < kgT

Ac(H) <

(V.2)

To verify the hypothesis of electron-electron interactions responsible for the rise of resistiv-
ity, we analysed the variation of conductivity versus H? and vH (Figure V.2). Indeed, for the

three lowest temperatures, in the parallel situation, Ac is linear with vH at high field and linear
with H? at low field. It is worth noting that “high” and “low” fields refer to the comparison with
the thermal energy. For example, at 1,5 K, gugH overpasses the thermal energy around 1,1 T,
consistent with the onset of the drop of Ac. Electron-electron interactions and related positive
MR were already exhibited for doped polyaniline® and poly(3,4-ethylenedioxythiophene)* below
4,2 K.

As the origin of the increase of resistivity when H Il  can be attributed to the Zeeman split-
ting, it happens also in the perpendicular situation. However, as depicted in Figure V.1, p tends
to decrease until 7 K, and then, from 5 K, a mixing of negative and positive Mp appears, at low
and high field respectively. The negative magnetoresistivity in the perpendicular situation is
likely due to disruption of the weak localization, introduced in chapter Il. By suppressing the
constructive interference of clockwise and anticlockwise path along a self-closing trajectory, car-
riers become less localized that reduces the resistivity. This effect is more pronounced at low
temperature when the probability to scatter inelastically on phonons becomes small enough
such that carriers are able to travel along the self-closed path coherently, and less important for
high resistive materials as scattering events are more probable. In our sample, variations of re-
sistivity due to weak localization extinguishment were no more observed above ~30 K.

The absence of negative Mp in the parallel configuration as well as its occurrence in a limited
range of temperature support the weak localization disruption as origin of the reduction of re-
sistivity. In addition, the model of Hikami-Larkin-Nagaoka suggests Ag « +/H at high field and
Ao « H? at low field>®. Analysing Figure V.2 (right panel), we find indeed a linear variation of
Ao with the square root of the field. The observation of weak localization is a second signature
of metallic-like transport. Further support for this transport mechanisms is given in annex D that
describes the occurrence of a Hall voltage detected in the maximum doped EGOFETSs structures.

Cooling down to 1,5 K, the magnetoresistivity changes drastically (Figure V.1) with a positive
Mp for high fields superposed to the weak localization disruption for lower fields (H < 3 T). The
increase of the resistivity is due to the electron-electron interactions as in the parallel case with
a reduced amplitude due to the contribution of the weak localization. Again Figure V.2 confirm

the carrier-carrier interactions at 1,5 K with Ag o< —/H for large magnetic field.

Weak localization were also independently reported in pBTTT doped by solid state diffusion
in a wide range of temperature (35 — 290 K)’, as well as previously observed on chemically
doped poly(p-phenylenevinylene)®. In the former work, the variation of conductance (AG) they
exhibited is very small (AG~40 — 600 nS within their temperature range), about three orders
of magnitude lower than presented in our sample at 20 K (AG~400 puS). The weak localization
signal at higher temperature would then possibly be hidden in the larger noise of our measure-
ments, estimated of few pS.
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To explore further the issue of interface resistance in organic electronics and particularly or-
ganic spintronics, we studied the change of specific contact resistivity (M1},) and compared it to
Mp and the modulation of the total sample resistance (M Rggmpie) On both millimetre-scale (mT)
and nanometer-scale (nT) EGOFETs, with gold and cobalt electrodes. We are not aware of pre-
vious MR studies on contact resistance in organic transistors. The change of the contact
resistance (MR.) is also analysed to emphasize again the importance of the current crowding
effect. As usually RéT is proportional to R, considering or not the transfer length would not
change the MR amplitude of the contact resistance. However, M1, takes into account the trans-
fer length and is therefore expected to behave differently than MR . Taking advantage of the 4-
probe method, the source and drain 13, are decoupled for the mTs. As highlighted in the previous
chapter, we subtracted the pads resistance for more accurate determination of Rggmpie and
both interface terms R and 13,.

Figure V.3 and Figure V.4 show the four different magnetoresistances for gold- and cobalt-
based millimeter-scale EGOFETs respectively at 1,5 K and in the parallel and perpendicular
cases. Focusing first on the gold sample, we observed a similar variation of M Rggmp1e and Mp
in each configuration with the parabola shape when the magnetic field is parallel to the sample
and the mixing or positive and negative slopes in the perpendicular case, which mirrors the
properties of Mp discussed in the previous section.

In the parallel case, the modulation of the contact resistances is also close to Mp, with a
roughly halved amplitude. The drain resistance is however more linear versus the external field
and exhibits an abrupt increase at very low field (|uoH| < 30 mT), also significantly present on
the drain Mr;,, and very slightly in M Rggmpe pOssibly arising from organic magnetoresistance
(OMAR)2. It is worth noting this is not found for the bulk conductivity of the sample, for which
OMAR s usually reported in the literature. Both source (M1, ) and drain (M1, p) specific contact
resistivity behave very differently from R: M7y, ;, reaches a plateau while M1, ¢ becomes nega-
tive at high field, and their amplitude is reduced. Indeed, as the resistivity rises, the transfer
length (L7) decreases according to equation 111.1, and therefore reduces 1, and counterbalances
the increase of R.
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Figure V.3 Modulation of sample resistance, resistivity, contact resistance and spe-
cific contact resistivity versus the applied magnetic field of the millimeter-scale
EGOFET with gold electrodes. The parallel configuration is depicted on the left and
the perpendicular case on the right. The grey areas in the perpendicular situation
point out the domination of the electron-electron interactions against the weak lo-
calization. Indicated numbers give the initial value of each property at zero-field,
very close in both orientations.

Equation 1.6, tells us that Rggmpie X /TP if Ly is larger than the thickness of electrodes.
However, even if the condition is fulfilled (Lt = 3 — 4 um), MRgqmpie # / M1}, - Mp but sur-

prisingly MRsqmpie = / MR - Mp for both parallel and perpendicular cases. Note that because
of the square dependence of 1, on R (equation IV.4), M1, is not simply the average of M7, ¢
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and Mr, p, while itis valid for MR. The proper average 13, has been used for the previous check-
ing of the square root law. The deviation from equation IIl.6 may originate from the limitation
of the crowding effect. Indeed, we defined a window in the protecting SiO, layer, leaving only
3 um free over the electrodes. It is plausible than the device would require longer transfer length
if it were possible, supported by the calculated L exceeding the allowed 3 pm. It involves then
an error on 13, as we account for longer Ly than physically possible. However, by imposing L =
3 um for the calculation of both 73, ¢ and 73, p, no significative shape change was observed with
only a reduction of Mr, ¢ amplitude by roughly a factor two. In addition, investigation of the
contact resistance versus channel resistance values considering the crowding effect carried out

that we don’t reach the equality Ré,Tl = ZRéT, suggesting again restricted transfer length.

The last interesting outcome of Figure V.3 is the change of behaviour of both R and 13, in
the same time than the negative to positive slope transition of MRggp1e and Mp. The source
magnetoresistance slope changes its sign concomitantly to MRggmp1e and Mp, while the drain
one turns from a plateau to a linear increase when electron-electron interactions dominate the
MR signal. Interestingly, 73, p is symmetric to its corresponding contact resistance going from a
linear rise to a plateau at high filed, while the drain R shows a plateau at low field and then
increases linearly.

Focusing now on EGOFETs with cobalt electrodes (Figure V.4), the MRs for all contributions
to the sample resistance are quite similar. We emphasize that results of both orientations were
not measured on the same sample because of reproducibility issues, explaining the significative
different values. The parabolic increase of resistances in the parallel case is reproduced also on
the interface properties of the device, and amplitude of the four different MRs are equal. The
shapes of the MRs curves are also similar when the magnetic field is perpendicular to the sample
and show little difference form the parallel case. Furthermore, in addition to the previous MR
effect showed on gold-based EGOFET, an hysteresis is observed within +3 T. We attribute this
hysteresis to the stray field effect due to the magnetization of the cobalt electrodes. We recall
here that the effective field experience by the carriers is the sum of the one created by the
solenoid magnet, of amplitude corresponding to the x-axis of the plots, added to the field cre-
ated by the magnetic electrodes. Indeed, in between magnetic wires, the magnetic lines are
opposite to the external field direction, that diminishes locally its strength (Figure V.5). In con-
trast, the local magnetic field is enhanced by around 20% near the top surfaces of the electrodes.
The analysis of the data in Figure V.4 is further complicated by a MR which appears as a super-
position of the double-minimum structure of Figure V.3 and the contribution of the cobalt stray
field. This effect will likely be more important on nTs because of the very short channel, but it
may explain also why the hysteresis extend to larger field then the one of bar cobalt (+1,8 T),
as a portion of the channel feels a reduced effective magnetic field. The simulation showed in
Figure V.5 for a nT exhibit a lowering of almost 1 T in the channel, close to electrodes, compared
to the external magnetic field.
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Figure V.4 Modulation of sample resistance, resistivity, contact resistance and spe-
cific contact resistivity versus the applied magnetic field of the millimeter-scale
EGOFET with cobalt electrodes. The parallel configuration is depicted on the left and
the perpendicular case on the right, with the magnetization curves of the cobalt in
the corresponding orientation of the field as inset in the M Rggmpe plots. The results
of both orientations came from different sample, explaining the variation of values
at zero-field.

However, as shown in the insets of the Figure V.4, cobalt electrodes have a coercive field

close to 0 and the magnetization curve of the insets cannot be used to explain the hysteresis
behaviour. The non-reproducibility of the back and forth magnetic field possibly takes its origin
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in a different magnetization property of the bulk cobalt electrodes compared to their interface
because of the interaction with the polymer molecules (spinterface, see section 11.2.3).

200

—-150 -100 -50 0 50 100 150

L (nm)

Figure V.5 Effective magnetic field around two cobalt electrodes separated by
80 nm in an external magnetic field of 2 T pointing up. Lines are isovalues of the
total magnetic field B = po(Heyt + Mz) where p is the vacuum permeability and
M the magnetization of the cobalt electrodes.

One should also have in mind that the weak localization should also be present here in per-
pendicular case, which results into a very complex system with various contribution to the MR,
difficult to decouple. To check that the hysteresis is not an artefact, we also investigated an
heterogenous mT with one electrode made of gold and the other of cobalt. By looking at the
variation of the specific contact resistivity on each electrode, we recover the hysteresis loop on
the cobalt contact only, being the source or the drain electrode (Figure V.6). We also note here
different M1, amplitudes, as if the injection electrode is more sensitive to the magnetic field.

As we aim to inject, transport and detect spins in hybrid devices, the channel length must be
shorter than the spin diffusion length. Therefore, we explore also the effect of the external mag-
netic field on nT with gold and cobalt electrodes depicted in Figure V.7 and Figure V.8.

The gold nT exhibit surprisingly large negative M Rgqpmp,e in the parallel case with a non-neg-
ligible value of 12 % at £7 T ,while Mp , measured on the nearby mT device, is positive. By
analysing the interface properties, we pointed out a significative variation of 1, whose (absolute)
amplitude exceeds Mp and dominates the total MR of the device. However, M Rgqpp;e is still
not proportional to \/m and Ré,Tl * ZRéT likely because of the very short L (~100 nm)
making the conditions Ly > h and Ly > h, L not fulfilled.
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Figure V.6 Specific contact magnetoresistivity versus the external field applied per-
pendicularly to the substrate on an heterogenous mT. The left panel shows the
variation of M1, ¢ and Mr;, , when the gold electrode is the source and the cobalt
is the drain. The right panel presents the same measure by inverting both elec-
trodes. The resistivity is almost the same for both measurements. The resistivity is
the same in both cases (p~4,3 X 1072 Q. cm).

The perpendicular case is not depicted because all MRs are negligible (< 1 %) and MRs in
the negative field is too noisy for interpretations. As the definitions of perpendicular and parallel
orientations are questionable, any outcome would be very doubtful.

For cobalt nT (Figure V.8), we observe a reasonable channel/contact resistances equality due
to micrometer-scale transfer lengths, translating into very similar M Rgq 1. and MR as 4R =
Rsampie- This sample was voluntary not fully covered with SiO; to let the transfer length being
as long as needed, but we still evaporated an insulating layer to avoid shortcuts and define
properly the width of the channel. In this favourable condition where L is much longer than h
and L we confirm our model of chapter Ill and MRgqmpie = \/W for both parallel and
perpendicular cases. A hysteresis seems also present when the magnetic field is perpendicular
to the sample, but the noise and the shifting of MRs at zero-field after the magnetic ramp makes
difficult the analysis of the data.
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Interface versus bulk magnetoresistance
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Figure V.7 Modulation of sample resistance, resistivity, contact resistance and spe-
cific contact resistivity versus a parallel magnetic field of the nanometer-scale
EGOFET with gold electrodes. Different grey levels are used to emphasize that Mp
(light grey) comes from a nearby mT and allows the determination of MR and Mry,.
Only MRggmpie is @ pure value of nT. The resistivity is around 4,3 X 1072 Q.cm.

In summary, in this chapter we observed weak localization in highly doped pBTTT, that is an
important evidence of diffusive transport. We also pointed out an eventual lower effective mag-
netic field in nano-scale devices with magnetic electrodes that must be considered when
analysing the magnetoresistance for magnetic field in the range of the coercive field of wires.
Investigation of the specific contact magnetoresistivity, not reported in the literature to our
knowledge, unfortunately doesn’t lead to a clear picture of the impact of the contact resistance
on the total sample resistance upon application of a magnetic field within the current crowding
framework. Nevertheless, when conditions are optimal (cobalt nT), i.e. when Ly is not limited
by the geometry of the sample and the channel resistance equilibrates the contact resistance

(Réfl = ZRéT) we were able to confirm the model developed in the chapter IIl. For more robust
validation, more data are needed with a better reproducibility of properties between the two
orientations.
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Chapter V. EGOFETSs in a magnetic field

Cobalt nT
Parallel T=15K Perpendicular
3 : 2 :
Rsampie(0) = 4762 Q Rsampie Rsample(0) = 1465 Q
8 4]
£
R
s
0
14 p(0) = 6,8x 1073 Q.cm 81 p(0) =1,9% 102 Q.cm
12 p
10 &7
g 8 & 4]
g ° s
4] 21
24
0 01
3 2
Rc(0) = 1188 Q R, Rc(0) = 358
g g
CEU IU
s s
0.
4 11
Tp
2 0-
0
£ 2 Sy
s 4 s N
-6 Ly(0) = 14 um 4. Ly(0) = 1,5 um
-8 7,(0) = 6,7 x 1073 Q. cm? <] 7,(0) = 2,2 x 1072 Q. cm?
-104 : | :
7 0 7 7 0 7

142

Magnetic field (T)

Magnetic field (T)

Figure V.8 Modulation of sample resistance, resistivity, contact resistance and spe-
cific contact resistivity versus the applied magnetic field of the nanometer-scale
EGOFET with cobalt electrodes. The parallel configuration is depicted on the left and
the perpendicular case on the right. The resistivity drops by turning the sample from
parallel to perpendicular (pyj~3p,~6,9 x 1073 Q. cm).
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he ultimate goal of this project was the realization of organic spin-valves. In order to

achieve injection, transport and detection of spins, we reminded the two key conditions
to fulfil: the spin diffusion length must be significantly larger than the channel length for the
conservation of the spin information; and the contact resistance needs to obey Fert & Jaffres’
rules for efficient spin injection and detection®.

The first condition could be solved by working on vertical geometry where the organic
channel could easily reach length down to few nanometers. However, as it was highlighted in
the second chapter, vertical structures lead possibly to wrong measurements because of
eventual shortcuts hard to unravel. Therefore, lateral geometry is preferred, but the
fabrication of suitable channel length is not that easy. Indeed, the expected spin diffusion
length of organic materials is only of several tens of nanometers, requiring sub-100 nm planar
devices. In the same time, working on highly conductive organic material is also key as a longer
spin diffusion length is expected for higher conductivities, where band-like transport starts to
appear.

The second condition implies that the specific contact resistivity (r,) should be close to the
spin impedance of the non-magnetic organic spacer (ry). If 7, < 7y, no spin injection occurs,
i.e. the purely diffusive spin current generated at the interface flow back in the injection
electrode and does not enter the semiconductor spacer. If 13 is too large compared to ry, the
spin detection is compromised and spins take too much time to escape from the spacer. This
last condition appears the most challenging for organic-inorganic interfaces, known to exhibit
very high contact resistances, orders of magnitude larger than the higher limit of Fert and
Jaffrés’ conditions for efficient spin injection and detection.

To overcome these difficulties, we focused our efforts on lateral electrolyte-gated organic
field-effect transistors (EGOFETs). The pBTTT used as active polymer is known for its high
mobility and accordingly, a rather long spin diffusion length (Is¢) of 200 nm is expected?. To
further increase its transport capability, the EGOFET geometry generates electrochemical
doping that enhances significantly the pBTTT conductivity, observed among the highest
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reported in the literature3. Signs of metallicity were also pointed out, with occurrence of
conductivity plateau and weak localization at low temperature, in combination with Hall
voltage detection. The findings highlight the emergence of diffusive transport, with an
estimate of the mobility of the doped pBTTT possibly reaching 20 cm?.V~1.s™1, among the
largest reported in the literature for polymers.

In addition, probably because of the injection of ions of the electrolyte, the contact
resistance (R.) is several orders of magnitude smaller than those found on more classical
organic field-effect transistors (OFETs), a key finding providing hopes to solve the second
outlined issue. It was even more motivating to further investigate EGOFET devices as we found
further reduction of the interface resistance by downscaling the system to sub-100 nm size.

In this work, we focused on the specific contact resistivity 73, , the area-normalization of the
contact resistance R, which is the physical quantity intrinsic to the materials defining the
interface and is the relevant quantity for spin injection and detection modelling. We
emphasized the generally underestimated active area for injecting and collecting carriers.
Current crowding that occurs in lateral stacked geometry devices makes the top surface of
electrodes contribute to charge injection and collection, over the so-called transfer length (L)
distance. The effective area participating to transport could hence be much larger than the
edge of electrodes and impacts significantly the calculation of r3,. By considering properly the
interfaces, we systematically calculated the transfer length and confirmed an ultralow specific
contact resistivity, especially in the case of nano-scale channels, reaching values three orders
of magnitude lower than reported in the literature for EGOFETs* and at least five orders of
magnitude lower than in best OFETs” for gold electrodes. Using magnetic cobalt wires, 13, rises
significantly but remains within the window of values needed for observing a non-negligible
spin valve effect.

Further study of the current crowding effect provides us a very simple relationship between
the total sample resistance (Rsgmpie) With 1, and its resistivity (p) that follows a square root

law such that Rsgmpie oc\/@. This equation, never specified in the literature (to our
knowledge) holds true as long as L is larger than the thickness of the electrodes, condition
most of the time verified both in this project and in the literature. It arises because of the
modulation of the effective channel length that writes L.ss = L + 2Lz, where L is the physical
distance between the electrodes. Therefore, if the resistivity of the channel increases for

instance, L,y diminishes because the transfer length reduces as Ly « /13, /p.

The variation of the distance travelled by charge and spin carriers is also key for a spin-valve
signal. Indeed, even though the physical spacing between spin injection and detection
electrodes is patterned shorter than [s¢, the crowding effect possibly elongates the effective
channel such thatin the end L¢r > lsf. The simulation we performed points out an important
decrease of the magnetoresistance (MR) because of the transfer length. Indeed, the longer the
carrier path in the non-magnetic spacer, the higher the probability to lose the spin information
before detection. The more accurate determination of the specific contact resistivity helps also
to better estimate the amplitude of the MR signal as it shows a maximum value for 1, ~ry with
1, 13, and accounts the spin asymmetry. The results of the modified Fert and Jaffres” model
we proposed are relatively pessimistic for the realization of lateral organic spin-valve where
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current crowding occurs, as even with the very low specific contact resistivity of our samples,
the expected MR do not exceed the percent range. For the purpose of avoiding crowding
effects, we then grew an insulator on top of electrodes, and used focused-ion beam cutting to
define short lateral distance between electrodes. We found that such samples exhibited
similar r,, values, adding confidence to our implementation of the crowding model.

Finally, we took advantages of the 4-probe geometry of our millimeter-scale EGOFETs to
explore the source and drain specific contact magnetoresistivities (Mr, s and M1, ) as well as
their deduced average values for nanometer-scale devices. The underlying physics is still
unclear, but we observed Mr, s and Mr, , possibly independent of the orientation of the
magnetic field versus the sample, and confirmation of our square root equation of the total
resistance in suitable conditions. We highlighted also the problem to define the perpendicular
and parallel configurations as the current injected from the top surface of electrodes because
of the crowding effect is perpendicular to the current flow within the channel. Moreover, in
the case of magnetic wires, the extra stray field from the electrodes leads to non-uniform
magnetic field, stronger over magnetized electrodes and weaker in the channel. The
interpretation of data is therefore difficult and need deeper analysis.

For further work on lateral organic spin-valves, we believe that limit the transfer length the
shorter possible is the most relevant geometry, as it implies no decrease of the MR signal
through L. Controlling the allowed transfer length, by patterning thin electrodes for example,
may also be useful to optimize device properties. EGOFETs seems nevertheless a required
geometry as they exhibit very low specific contact resistivities and high conductivity, and
properties are tunable through the doping level, the temperature and the device scale.

More robust confirmation of the relation Rgsgmpie % /Tpp is necessary for eventual novel
applications based on the crowding effect. As figure of merit, we imagined various systems in
which we could vary the interface resistance and decouple it from the resistivity:

e Functionalization of gold electrodes with photo-switching molecules: for example,
azobenzene molecules are optically switchable from trans to cis conformation that
modulates the interface resistance®. Preliminary study was performed but more
work is needed for conclusion mainly because the geometry is different (top-gated
OFET) and the insolation leads also to parasitic photocurrent that needs to be
subtracted.

e Spin-crossover materials: spin transition materials are interesting alternatives to
photo-switching molecules. Their change from high spin to low spin state can be
triggered by light, pressure or temperature. If we use them to cover the (Au) metal
electrodes, one can imagine to modulate the interface resistance when the state of
the spin transition molecules changes. We are currently testing nano-particles and
thin film spin-crossover systems are currently processed.

The current crowding effect may also shine light on previous results of the literature. Let
assume that electrodes of an OFET are made of a ferromagnetic bilayer, separated by a spin-
dependent tunnelling junction (Figure 1.1). As most of the current is expected to come from
the top surface of electrodes because of crowding effect, a significant portion of carriers has to
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cross the tunnel barrier. It translates into an interface resistance dependent on the relative
orientation of the ferromagnetic materials, possibly looking like a spin-valve signal. As
Rsampie % /TP in the picture of the current crowding effect, the total resistance of the
sample would also behave like a spin-valve in a magnetic field (Figure 1.1). The latter system
could possibly apply to LSMO electrodes, having an interface showing different properties than
the bulk, and showing a large variation upon application of a magnetic field. The formation of
spinterface could also be in the same framework, therefore the crowding effect may explain
some of MR detection reported in the literature without the need of a model of spin
injection/detection.

R

WiN it

[
»

H

Figure 1.1 Top: hypothetic sample with ferromagnetic bilayers as electrodes where
the transfer length is long. Bottom: resistance of the depicted sample in a magnetic
field originating from the variation of the contact resistance between the two
magnetic layers.

The transfer length could also be used to activate device functionalities by the elongation of
the channel. Figure 1.2 for example presents electrodes that are partially ferromagnetic. By
increasing the transfer length, through resistivity increase, the magnetic part of electrodes
activates and spins could be injected. However, as we exhibited difficult spin
injection/detection in this project, and the contribution of the current away from edges being
weak, the realization of such device would be challenging. It gives nevertheless an idea of
possible systems taking advantage of current crowding.

.

Figure 1.2 Example of an OFET with heterogenous electrodes.

Our results, discussions and modelling make very unlikely to success of organic
semiconductors as spacers for spin valve effects. We however think that lateral structures,
with controlled and variable effective length under externa stimuli, could open new
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possibilities for devices design and intertwined properties between neighbour cells in more
complicated planar structures. The issue of current crowding has been largely downplayed in
the community of hybrid and organic electronics and could interestingly be taken advantage

of.
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Annex A

he following chapter is dedicated to the fabrication process of the samples realized dur-
ing the thesis. Electrodes patterning, polymer deposition and ion gel preparation are
explained for the electrolyte-gated organic field-effect transistors fabrication.

The substrate we are using is p-doped silicon wafer covered with 500 nm thick silicon oxide
(Si0,). This widespread substrate is suitable for organic electronics as the roughness is sub-na-
nometric and it lets the possibility to perform bottom-gate measurements. The design of
electrodes is depicted in Figure A.1a. To achieve such geometry, two steps are needed: the first
for the micrometer-scale transistor (mT), the gate electrode (not shown) and one side of nano-
scale transistors (nTs), and the second for the other side of nTs. In order to make channel length
shorter than 100 nm we choose the shadow-edge method? that is much easier than electronic
lithography and is very efficient.

The first lithography step is realized using reversed AZ5214 resist with laser lithography as it
will be the case for main electrode patterning. The inversion process helps for the lift-off thanks
to the inward trapezoid shape of the resist after development. It avoids extra-material deposi-
tion and let a direct access to the resist during the lift-off in acetone. Once the pattern is drawn
on the resist, 6 nm of adhesion titanium layer (deposition rate 0,1 nm.s™?!) followed by 54 nm
of gold (deposition rate 0,2 nm.s ™) are evaporated in an electron-beam evaporator. The sam-
ple is then immerged in remover AZ at 60 °C for 2 to 4 hours. Ultrasonic bath is avoided as much
as feasible to keep the edges of electrodes as sharp as possible. It is anyway important for the
interface study but even more here as we will use the first layer as “shadow mask” for the next
step of nTs.
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Resist

I
Metal evaporation

Figure A.1 a) Optical microscope image of a typical sample. Insets show electronic
microscope image of one nano-gap (top) and a picture of 4-probe electrodes (bot-
tom). The two steps are slightly visible on nTs, the right side being darker than the
left side gold electrodes, corresponding to different thicknesses. b) Developed resist
after the second step lithography. The grey area is the substrate and the pink the
remaining resist. c) Schematic sample during the evaporation. The sample is tilted
to 8 = 65° with respect to the sublimated atoms beam.

The geometry of mT is designed to perform 4-probe measurements to determine precisely
the conductivity of the polymer channel. It allows also the source and drain contact resistances
with the gated-4-probe (gFP) method (see chapter 1). The high aspect ratio (W /L = 50) is a way
to ensure that the main part of the current flows in between the two electrodes without channel
enlargement (point effect).

The second step consists in adding the missing side of nTs. To create gaps of tens of nanome-
ter, the electrodes already present hide a part of the substrate by shadowing the metallic source
during evaporation, following the so-called shadow-edge method (Figure A.1b). The length of
the gap (L) depends on the height of the first layer (h;) and the angle between the substrate
and the beam of evaporated material (8) such as:

L=h;tan@

The height of the second electrode (h,) is also reduced compare to the nominal metal deposition
(ho):

h, = hgcos @
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Electrodes patterning

In other word, to get 38 nm-high electrodes (as second step) with a gap of 80 nm, the second
evaporation is set to 10 nm of titanium and 80 nm of gold with an angle of 65°. Usually, the
lithography is here positive using the resist AZ1505. The nTs shape is then fully dependent on
the sharpness and the cleanliness of the first layer. After the lift-off, eventual shortcuts are al-
ways checked by measuring the resistance from one side of nTs to the other. Electronic imaging
is also performed on one sample in a batch to have a look on the edges of nTs.

The design chosen for nTs is optimized for pseudo-4-probe measurements. As the realization
of 4-probe electrodes within a sub-100 nm channel is at best challenging, we use this double
“U-shape” in order to eliminate the major part of the wires and gold pads resistance. The pBTTT
in our EGOFET geometry reaches high conductivity such as the channel resistance becomes of
the order of even lower than the metallic leads. It is therefore mandatory to supress this para-
sitic resistance, done here by the probing of the potential the closest possible to the organic
channel as explain in chapter IV.

Finally, a protecting SiO; layer is generally added to well define the current path and avoid
any shortcut through the forthcoming high conductive polymer. Thanks to the high alignment
resolution of the laser lithography, the window without oxide lets only 3 um free over the elec-
trodes. This step was a big issue for several months because the silicon oxide layer didn’t stick
on gold whatever the precautions taken for the lithography and lift-off. Even water was able to
infiltrate in between the gold and the SiO; layer. We suspect a higher concentration of carbon
in the gold source than usual, as this issue was solved after a new batch of gold in the evaporator,
and strange white marks appear on the “bad” gold electrodes afterwards.

For cobalt electrodes, the later process remains globally the same, except than the lift-off
must be in acetone because the hot remover AZ dissolves the cobalt with an insidious efficiency.
The cobalt layer doesn’t need any adhesion material underneath, thus the first and second step
are simply 60 nm and 90 nm (with 65° tilting) of cobalt respectively. However, the larger grain
size of cobalt and the general worse layer (regarding the roughness or the edges cleanness) leads
to poorly define nTs with zig-zag shape edges and frequent shortcuts (Figure A.2). For this rea-
son, we decided to use focused ion beam (FIB) for the fabrication of nTs. One step lithography
was then enough as we basically pattern shortcuts that are then cut with FIB. For comparison,
gold nTs was also done to ensure no difference between shadow-edge and FIB techniques. The
FIB gaps are much proper (Figure A.2), but the depth of the etching is hard to determine that
involves a possible underestimation in the thickness of the thin film. As shown in chapter IV, FIB
cutting provides also the freedom to change the channel length of nTs on the same substrate —
impossible with shadow-edge method — that is particularly relevant to understand the scaling of
EGOFETSs. The FIB cutting has been performed in Institut de Science et d'Ingénierie Supramolécu-
laires (ISIS) by Eloise Devaux within the electronic microscope enclosure equipped with gallium
ion beam.
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Gold Cobalt

Shadow-edge

evaporation -

FIB cuting

Figure A.2 Electron microscope image of gold and cobalt nano-gaps fabricate
through the shadow-edge method and FIB cutting. Cobalt gaps are generally less
sharp than gold, likely due to larger grain size. The white line represent 200 nm
according to the scale of the image.

In all cases, mTs refer to large-scale transistors with channel length L = 20 pm and width
W =1 mm unless stated otherwise and nTs refer to nano-scale transistors with L = 80 —
500 nm and W = 20 — 80 um whatever the way they are processed.

A.2. PBTTT deposition

The polymer is spin-coated on the samples in a N>-filled glove box to avoid any detrimental
interactions with water or oxygen from ambient air. If this condition is not fulfilled, it translates
generally into bad off-state of transistors, the encapsulate H,O molecules acting as charge traps
and O; oxidizing the polymer.

In order to ensure proper surface, gold-samples are first clean with acetone and isopropanol
and put in an UV-ozone cleaner for 30 min (5 min under UV light followed by 25 min in the
subsequent ozone environment). This treatment eliminates all organic compounds at the inter-
face and changes the surface potential to enhance the wettability of the polymer solution. Its
effect last only few minutes then the deposition must be done immediately. We didn’t perform
any further surface functionalization as we are interested by the metal-organic interface, that
would be affected by such treatment.

It is worth noting that UV-ozone is not suitable for cobalt electrode as it would strongly oxi-
dize the interface, therefor we skip this step. However, even without UV-ozone, cobalt is anyway
oxidized (to a less extent) that is strongly limiting the expected spin injection. We choose then
to follow the paper of Galbiati et al. to recover the bare cobalt by chemical etching?. They

154



Electrolyte gel

1 rela-

demonstrate that glycolic acid in ethanol dissolve cobalt oxide at a rate of 0,5 nm. min~
tively independent on the acid concentration, in glove box environment. We reproduce the
latter etching before the pBTTT spin-coating by immersing the cobalt-sample 10 min in such a

solution (1 mg. mL™1) and rinsing it with pure ethanol.

The pBTTT is dissolved in 1,2-dichlorobenzene with a concentration of 4 mg. mL™! by agitat-
ing and heating the solution at 150 °C for 30 min. Then, the polymer is spin-coated on the
prepared samples in two steps: 1000 RPM for 120 s followed by 2000 RPM during 60 s. The
layer is further dried on a hot plate 30 min at 150 °C that serves also as quick annealing of the
polymer thin film.

Finally, the contact pads far from the active region, the gate electrode and the back and edges
of the substrate are cleaned with solvent-wet cotton bud. It is especially important to avoid any
direct contact between the polymer and the gate electrode, otherwise the leakage current (from
source to gate electrode) would be dominant because the electric field from the gate voltage is
superior to the source-drain one.

From this moment, the samples need to be store in glove box (or under vacuum) to keep
reasonable transistor performances over time.

The final step of EGOFETSs fabrication is the addition of the electrolyte on top of the polymer.
We choose the “cut and stick” technique introduced by Lee and co-workers to add the top-gate
on our samples. The principle is to turn an ionic liquid into an ion gel, cut the gel to the appro-
priate size and drop it on the OFET. It is a very convenient method because we prepare large-
size ion gel at once that is used for several samples. This step is then very quick and easy to set
up and is suitable for different ionic compounds. The main issue of gel is its freezing during tem-
perature ramp (around 200 K) because it tends to flow away from the sample. It can then be
easily replaced but the underneath polymer channel may be damage by the pull-out of the elec-
trolyte.

The ion gal was prepared by dissolving the ionic liquid 1-butyl-3-methylimidazolium
([BMIM]*[PF¢]") and the polymer poly(vinylidene fluoridecohexafluoropropylene) (P(VDF-HFP))
in acetone. The ionic liquid afforded the ion for the doping and the polymer gels the ionic liquid.
The jellifying polymer is in pellet form and need to be firstly ground into powder for better dis-
solution in acetone. The weight ratio between P(VDF-HFP), [BMIM]*[PF¢]" and acetone is 1:4: 7.
The solution is then drop casted on a glass slide previously cleaned with acetone, ethanol and
isopropanol and putted in a plasma-oxygen cleaner for 20 min. Finally, the still liquid ion gel is
dried in a vacuum oven at 70 °C for 24 h. The thickness of the layer is roughly 500 pm.

The ion gel is simply cut with a razor blade and transferred onto the sample with a tweezer
in order to bridge the active polymer channel and the gate electrode (Figure A.3). The obtained
electrolyte is sensitive to humidity and has also to be kept in glove box. The EGOFET is then
ready for measurements.
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Figure A.3 Schematic of the final lateral EGOFET structure.
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Annex B

asic electrical characterisations of electrolyte-gated organic field effect transistors (EGO-

FETs), fabricated following the recipe from annex A, are presented in this second annex.
Output curves and transfer curves for different scales, doping levels and materials are investi-
gated to support the discussion of the core chapters. An estimation of the mobility and the
carrier density is also calculated, and conduction properties at low temperature for different
doping levels revealing the onset of insulator to metal transition is also presented.

At room temperature, samples are measured on a probe station inside a glove box. We per-
form output curves and transfer curves to study the quality of the electronic transport and
interfaces before more systematic temperature and magnetic field analysis in our cryostat. How-
ever, the figure of merit of a good organic channel is its mobility (¢), that is not accurately
available in our top-gate EGOFET devices. The easiest way to obtain u is the deduction from the
slope of the linear part of the transfer curve (see section I.5.1). In the case of EGOFETs, there is
a continuous transition from electrostatic to electrochemical doping (see chapter I) that hamper
the latter method. In addition, the leakage current is usually quite high in top-gate geometry,
then the extracted mobility is doubtful. To circumvent the problem, we prepare — at the same
time than our home-made sample — one commercial Fraunhofer substrate often used in the
organic electronic community for polymer characterization. We perform mobility measure-
ments on these purchased test substrates in bottom-gate geometry that are well known for their
excellent SiO; quality translating into very low leakage current (< 100 nA) even for voltage over-
passing 80 V (Figure B.1a). The typical mobility we get is around 0,05 cm?.V~1.s™1 (Figure
B.1b). The transport efficiency is relatively low compared to literature because we are not oper-
ating any surface functionalization such as octadecyltrichlorosilane (OTS) nor high temperature
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annealing (> 180 °K). Moreover, the reliability factor of Choi and co-workers?, introduced in
section 1.5.5, is around 0,5, meaning a possibly overestimation of 50 % of the effective mobility.
Nevertheless, the aim of this thesis is not to improve further the mobility, we need high conduc-
tivity (o) and we achieve it through the rise of carrier density (n) as ¢ = eny — where e is the
electric charge — by the electrochemical doping.

b) 12 ;

Average: ~5x10% cm?.Vv1s?

10+

Count
[e)]

0,00 0,05 0,10
Ve (V) Mobility (cm?.Vt.s?)

Figure B.1 a) Square root of —Igp versus Vi of pBTTT on Fraunhofer substrate at
Vsp = —60V. The inset shows the device geometry (picture from Fraunhofer’s
website) and the black line is the linear fitting to determine the slope and then the
mobility of carrier in the polymer. b) Histogram of the extracted mobility of a set of
31 transistors. The average value is around 5 X 1072 cm?.V~1.s71.

Transistors with gold electrodes was widely study in our group as well as in the literature.
Gold Fermi energy (see Figure IV.2) and chemical stability make it very suitable for our pBTTT-
EGOFETs.

Output curves are operated in order to determine the regime in which the transistor is work-
ing, according to the applied source-drain voltage. As explain in chapter |, we want it to run in
the linear regime such that the gated-4-probe (gFP, section 1.5.4) method is valid. From Figure
B.2, we observed linear output curves for V; = 2,5V until £400 mV for both mT and nT. At
lower doping levels, the output curves are non-linear in the selected Vsp range, saturation oc-
curring from Vsp~ 4+ 300 mV for V; = —2 V. In the experimental part, the applied Vg, will be
generally —100 mV: the value must be high enough to avoid the low source-drain voltage non-
linearity (generally below 20 mV), but also small enough to keep uniform doping within the
channel, i.e. to prevent mismatch with the gate electric field. The saturation of nT is also pre-
sented in Figure B.2, occurring at large source-drain voltage and reaching the milliampere range.
The negative sign keeps the source electrode as source of carrier as pBTTT is a p-type polymer.
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Figure B.2 Top: output curves for both EGOFET scales with gold electrodes, for var-
ious gate voltage from 0 V to —3 V with a step of 0,5 V. Bottom: saturation of the
nT at the maximum doping level.

The migration of ions is slow, therefore it is important to let the system reach equilibrium at
each gate voltage before performing the output curves. Accordingly, we first apply the chosen
gate voltage while monitoring Isp and I; versus time. When both currents stabilize, the output
curve measurement is performed. The stabilization is fast for low gate voltage as ions stay in the
electrolyte (tens of seconds) but lasts tens of minutes for the highest doping levels when ions
must penetrate inside the polymer.

Transfer curves are also performed on both mTs and nTs (Figure B.3a-b). In EGOFET devices,
the maximum gate voltage is around 3 V. If I/;; is too large, chemical reactions driven by the high
potential may occur, making the system unknown. As an indicator, negative transconductance
appears with the current significantly decreasing while V; continue to rise. The latter phenom-
enon generalizes on all electrolyte-gated organic materials but is not yet fully understood.
Different explanation are reported as bipolaron formation?, carrier-carrier interactions® or band
filling*. To hold V; in the appropriate range, we keep an eye on Ig;, during the sweeps. When it
saturates, we stop the increase of gate voltage and make it slowly come back to 0.

In EGOFETSs, huge hysteresis is very usual because of the slow motion of ions. The current at
the end of the transfer curve (when V; sets back to 0 V) remains relatively high because ions
need more time to come back in the electrolyte, despite slow gate voltage sweeping speed of
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either 1 mV.s™ ! oreven 0,5 mV.s™ L. The semi-log scale (black curves) helps to see the shoulder
in the current rise, around V; = —1V, assigned to the transition from electrostatic to electro-
chemical doping. The latter transition is also supported by the much smaller hysteresis when the
transfer curve is stopped at lower gate voltage as depicted in Figure B.4. When the gate voltage
stops to —1V, the back and forth currents are close to each other. If V/; reaches —1,5V, signs
of electrochemical doping appear with an S-shape current and a sort of “inertia” of I5p that
continue slightly to increase while the gate voltage is already returning to 0 V. Finally, from V; =
—2V, the hysteresis becomes very large.
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Figure B.3 a-b) Transfer curves of an mT (a) and an nT (b) in linear (blue) and loga-
rithmic scale (black). The insets in figure a) show the doping regime: electrostatic
(right) or electrochemical (left). ¢) Conductivity versus gate voltage corresponding
to the above transfer curve. The conductivity is extracted from 4-probe measure-
ments. d) Leakage current (I;) measured during the transfer curves of the mT (a)
and the nT (b).

To recover from the relatively high current at maximum applied gate voltage values (here
~107> A for the mT) down to its initial value prior to applying the gate voltage, an undoping
step is needed by putting V; to zero while keeping the source-drain voltage. The undoping lasts
between tens of minutes to whole night depending on the sample, relating for instance on the
electrolyte/gate electrode area versus the electrolyte/polymer interface area.

The usual polymer conductivity at maximum doping with gold leads is around 400 S.cm™?

and reaches sometimes higher values close to 600 S.cm™! (Figure B.3c). Such conductive sem-
iconductor polymer is not common, even for better process films with mobility one or two order
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of magnitude larger. Another important point to emphasize is the very similar transistor behav-
iour of nT compared to mT. No short-channel effects has been reported on our nano-scale
EGOFETs. The high capacitance from the electrolyte and the low Vs, seems to keep the trans-
verse electric field larger than the one between source and drain. This is already an important
result as it opens the door to nano-size device for organic electronics applications.

Finally, in order to ensure that the current is indeed flowing in the organic channel, the leak-
age source-gate current (I;) is checked (Figure B.3d). The leaking is always much larger in top-
gate than in bottom-gate geometry, but we manage to limit it at least one order of magnitude
lower than Isp. Samples showing too high leakage current are not further studied. It will not be
a major issue later on, as main experimental studies operated at low temperature. The cooling
suppresses the leakage current by freezing the electrolyte gel such that ions become nearly mo-
tionless.

a) 0,0 b) 0,0
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-4,0x107 1 -1,0x10°® -
< f <

- / % -1,5¢10°1
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Figure B.4 Transfer curve limited to a maximum gate voltage of =1V (a), —1,5 V (b)
and —2 V (c).

The source-gate current gives also information on the doping as this current is carried by the
dopant ions. By applying suddenly the maximum V, the leakage current exhibits a large peak
(negative as we apply a negative gate voltage) and relaxes with time (t) until it reaches a new
equilibrium (Figure B.5). By integrating I; over time —and subtracting the intrinsic leakage value
(Ioffset) — the carrier density (p) estimation is given by:

1
b= %J(IG - Ioffset)dt
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where h is the channel thickness and A is the coverage area of the electrolyte above the poly-
mer. Typical values we extracted are above 10?1 cm™3, corresponding to an astonishing number
of holes per monomer larger than 2, assuming a uniform doping in the whole pBTTT volume.
From the plot of Figure B.5 for example, the deduced density is ~4 X 10?2 cm™3. The area cho-
sen for the calculation considers the whole electrolyte/organic semiconductor area, thus it
should be the minimal density of dopants injected into the organic layer, that is already surpris-

ingly high.
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1010

012 3 456 7 8 9 10
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Figure B.5 Leakage current versus time when turning on the gate voltage abruptly
from zero (grey zone) to its maximum value. The area under the curve (blue) is
proportional to the number of ions entering the polymer.

In addition to the uncertainty on the area to consider for the determination of the carrier
density, the capacity formed by the staggered structure is not uniform because of the presence
of electrodes. It may therefore lead to non-uniform doping within the channel. Moreover, the
polymer is likely highly doped under the electrolyte, but the uncovered pBTTT may also be doped
by the diffusion of ions within the polymer. Finally, it is impossible to distinguish the portion of
ions entering in the polymer versus the ones staying inside the electrolyte, at the interface, that
participate also to I;. It may however be partially suppressed by the subtraction of I,ffger as
they are likely responsible for the increase of the relaxed leakage current.

The accurate knowledge of the carrier density is useful to determine the mobility of carrier
in the polymer, following ¢ = epu. In our case, considering the average conductivity of
400S.cm™!, the carrier concentration from Figure B.5 would translate into u =~
0,6 cm?.V~1.s71,

The output curves of EGOFETs with cobalt wire are very similar to the previous one on sam-
ples with gold (Figure B.6). The main difference is the lower intensities and a more important
gap betweenV; = =2 Vand V; = —2,5V, coming from a larger threshold voltage (Figure B.7a-
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b). For the highest doping levels, the curves become linear which is suitable for the gFP method
used in the chapter IV for contact resistances calculation.
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Figure B.6 Output curves for both EGOFET scales with cobalt electrodes, for various
gate voltage from 0 Vto —3 V with a step of 0,5 V.

Transfer curves are displayed in Figure B.7a-b. We observe again nice transistor behaviours
of both scales with high on/off ratio and significant current at maximum doping. The conductiv-
ity is however usually lower by a factor 10 (Figure B.7c) compared to samples with gold
electrodes, likely as a result of the lack of UV-ozone cleaning and alternative chemical treatment
before the polymer deposition as mentioned in annex A. Again, the leakage current is high but
remains at least one order of magnitude lower than Ig,. There is also no sign of short-channel
effects on nTs.

To further investigate EGOFETs, samples were inserted in a cryostat to cool them down to
1,5 K. The cryostat is an isolated liquid helium reservoir, with a variable temperature insert (VTI)
in which samples are introduced. The liquid *“He basis temperature is 4,2 K, and a needle valve
is available to blow helium gas to achieve 1,5 K.

It is important to remind that the ion gel freezes around 200 — 220 K. Therefore, doping is
no more possible when the temperature is below because ions cannot move anymore. As we
are interested in highly doped pBTTT, the doping process must be done at higher temperature
before cooling down. Within the enclosure of the VTI, a heater warms up the sample to 300 K.
The gate voltage is not continuously increased in this case. Rather, /;; is slowly incremented with
steps of —0,5 V (Figure B.8). At each level, the stabilization of Isp, and I; is awaited before rising
the gate voltage one step further. After each incrementation, a peak appears in the leakage
current, as ions are more and more pushed towards the polymer. In this way, we ensure the
maximal doping level of the polymer. The maximum V;; is know from the previous room tem-
perature characterization. The main drawback is the time duration that ranges from 8 h to 24 h.
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Figure B.7 a-b) Transfer curves of an mT(a) and an nT (b) in linear (blue) and loga-
rithmic scale (black). ¢) Conductivity versus gate voltage corresponding to the above
transfer curve. d) Leakage current (I;) measured during the transfer curves of the
mT (a) and the nT (b).

Once the desired doping level is obtained, the sample is slowly cooled down under constant
V; until the leakage current becomes negligible, sign of the freezing of the ion gel. From that
point, and as long as the sample is not heated above 200 K, the sample is safe regarding the
doping level. The doping procedure shown below belong to an mT with gold electrodes, but the
same behaviour is obtained for mTs and nTs made of gold and cobalt.

As already mentioned, the doping is reversible by stopping the gate voltage until the source-
drain current comes more or less back to its initial value of the undoped pBTTT. However, the
freezing of the ion gel makes it very fragile, and it usually breaks and detaches when heating up.
Then, the only way to study another doping level is to take out the sample, put another ion gel
and insert it again. This is often harmful to the channel because the organic channel had to spend
time again in the air. In addition, some polymer may be stick on the ion gel that was removed,
leading to an ill-define thin film. When this operation is done, current at the new doping level
with the new ion gel is compared to the current at the same V; with the former electrolyte. If
there is no matching, the sample is not further examined.
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Figure B.8 Doping procedure at 300 K. The two first steps stabilizes very fast (few
minutes). The following steps are much longer particularely from the moment ions
penetrate the pBTTT (|Vg| = 1,5 V).

Avery nice feature of pBTTT-based EGOFETs is the transition from bad conductor to the onset
of metallicity by tuning the gate voltage by a few volts only. Looking at the temperature depend-
ence of the conductivity for three doping level (corresponding to Vg = —1,5; —2; —3 V), aclear
changeover takes place (Figure B.9). The conductivity of the less doped channel decreases dras-
tically by cooling down the sample and was hardly measurable under 20 K. By decreasing V; by
only 0,5V, the organic channel keeps a reasonable transport capability until 1,5 K. However,
the slope of the curve indicates a faster decay the lower the temperature leading to a probably
negligible conductivity when the temperature tends to 0. Finally, on the highest doped polymer
(Vg = =3 V), the conductivity exhibits a plateau below 4 K that is a sign of metallic-like behav-
iour. This onset of metallicity was more in details considered by Zanettini et al. from our group,
on the same EGOFET structure®.
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Figure B.9 Conductivity from 4-probe measurements on mT for various doping lev-
els. A transition from insulator- (no conduction at 0 K) to metallic-like (finite
conductivity at 0 K) behaviour is observed.

Observing the sample resistances (Rsgmpie = Rcn + 2R¢) of mT and nT, they operate the
same way except for the lowest doping (Figure B.10). The resistance diverges for the long chan-
nel but saturated on nT. The quite different aspect ratio is likely the origin of the contrast.
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Figure B.10 Sample resistance of gold mT (left) and nT (right) for three doping levels.
Output curves were also performed on both scales and for the highest and lowest doping
levels (Figure B.11). Significative non-linearities appear only at 1,5 K on the mT while there are

already present at 50 K on the nT for both doping levels shown. The early non-Ohmic output
curves of nT suggests a notable interface barrier.
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Figure B.11 Output curves of gold mT (top) and nT (bottom) for the highest (left)
and lowest (right) doping level investigated.

In order to compare performances of transistors with gold and cobalt electrodes in the same
experimental conditions, both types were pattern on the same chip. mT and nT of both metals
are deposited with the same techniques than explained in annex A. The main discrepancy is the
number of fabrication steps, as two evaporations are required per nanogap per material. In this
way, we ensure the closest polymer morphology on both kinds of device and the most similar
doping of the channel.

Output curves of cobalt samples are again very similar to gold ones, with the appearance of
significative non-linearities only at 1,5 K for the mT and already at 50 K for the nT (Figure B.12).

Electrical properties of gold and cobalt mT and nT are summarized in Figure B.13. The chan-
nel resistance of all devices is depicted. Rj, of mT is deduced from 4-probe measurements and
the extracted conductivity is used to calculate the channel resistance of the nT. Therefore, on
the same material, both R.; are proportional. Focusing first on mT, the transport properties
exhibit an exponential decay over a wide range of temperature corresponding to activated car-
rier motion, but seems to reach a plateau at low temperature.
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Figure B.12 Output curves of cobalt mT (top) and nT (bottom) for the highest doping
level investigated.

The conductivity of nT being unknown, the sample resistance is also plotted. By comparison
of R¢p and Rsampie, the transistors seem indeed contact limited as Ry, is at least on order of
magnitude lower than Rggmpie- Even more annoying is the very high sample resistance versus
channel resistance of the cobalt-based nano-scale EGOFET that announces large contact re-
sistance.

The fabrication of EGOFETs with gold and cobalt electrodes with proper transistor character-
istics were demonstrated on micro- and nano-scale. The tuning of the doping level through the
voltage applied to the electrolyte is an easy tool to study the properties of charge transport in
an organic channel, from almost insulator to the onset of metallicity. The plateau of the conduc-
tivity, reached at very low temperature, is of particular interest for spin detection. However, the
preliminary results on devices with cobalt electrodes suggests a much poorer interface with
pBTTT that might severely hamper spin injection or detection. The contact resistance is more
thoroughly investigated in the chapter IV.
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Figure B.13 Right: channel resistance and conductivity of mT made of gold (top) and
cobalt (bottom) electrodes. Left: channel resistance and total resistance of nT made
of gold (top) and cobalt (bottom) electrodes.
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Annex C

he research of the optimal design of EGOFETSs for spin injection, detection and transport
leads to the search of optimal geometry design, for magnetism and charge transport. We
pointed out here the difficulty encountered in few structures.

To ensure the best reproducibility between micrometer- and nanometer-scale transistors,
we tried to pattern both scale on the same organic thin film. We designed an organic channel in
the 100 um-range and added couples of transverse electrodes, with 150 nm to 500 nm
distance between wires of a pair (Figure C.1b) through electronic lithography. These leads,
perpendicular to the current flow, aim to both measure the potential (for 4-probe
measurements) and inject and detect current at the nanometer-scale.

First, we chose a low aspect ratio (W =5 um and L = 100 um) to increase the intrinsic
resistance of the channel (aspect ratio of Figure C.1a). Preliminary results on such geometry
leads to spectacular conductivities reaching 100 000 S.cm™! at the highest doping level, 100
times larger than the higher reported in the literature. To understand this surprising transport
capability, we performed a simplified simulation on Comsol Multiphysics. It considers two gold
electrodes in contact with a large area conductive material having the typical conductivity of
pBTTT reported in this project, i.e. 400 S.cm™1. The analysis of the current density, depicted in
Figure C.1a, carried out a highly non-uniform distribution of the current, because of the so-called
point effect. At the edge of electrodes, charges accumulate and create a large local electric field
that leads to poorly know effective channel geometry.

173



Annex C Design issues for planar devices involving high-conductivity organics

; y ;s ; MA. m™2
a) 200 s
100+ 7
\% 0 5
=
—100 3
—200 : ) . > : n ; ' Eq
—200 —100 0 100 200
b) x (pm)
-_— g
| .
» . r—
. ]
| )

20 um

Figure C.1 a) Simulation of the current density in an organic channel with low aspect
ratio. The appearance of a large red dot on the edges of electrodes is due to the
point effect and changes the effective width of the channel. b) Electron microscope
image of the larger sample.

We therefore increase the width of the channel to 100 um to approach an aspect ratio of 1
(Figure C.1b). Results of the micrometer-scale device was then close to the one reported in
annex B. However, investigating the nanometer-scale EGOFETs, values were scattered and
extracted contact resistance often negative. Again, we performed a numerical computation on
Comsol Multiphysics that exhibited a drastic potential drop along the long and thin electrodes.
The current is in fact injected over the first few micrometers and the channel is hence extremely
non-uniform, involving a large uncertainty on extracted parameters.

C.2. Channel broadening

The classical design for spin-valve is depicted in the left panel of Figure C.2. In the previous
section we discussed the point effect that broads the channel in the case of thin electrodes.
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Channel broadening

However, it happens also when the aspect ratio is large as shown in the figure. On the right side
of electrodes, the current spreads out of the patterned transistors. It could be a negligible part
of the current, but we remind that the whole current passing in the positive x half surface of the
picture has to be integrated, and results into a significant portion of the total current. Here again,
it is a simplified situation where the contact resistance (and therefore current crowding) is not
considered. By adding these two effects, the price to pay to pass “out of the transistor” becomes
much lower that could translate into large uncertainty when inferring the properties.
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Figure C.2 Left: simulation of the current density in a spin-valve geometry. Right:
current density amplitude along the grey line of the left panel. The yellow region
represents the region in between electrodes. The current flow extends also away
from the electrode edges.

These geometrical issues, in addition to the eventual dominance of the pads resistance
versus the channel one, was not accurately predictable because of the poor reproducibility of
electric properties from sample to sample. Therefore, and because of the relatively bad
preliminary results, we didn’t focus further on spin-valve structures.
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Annex D

all effect investigation was carried out to indicate eventual diffusive band-like transport.

Ordinary Hall effect relies on the deflection of charges in an external magnetic field (ﬁ),
perpendicularly to the current flow and H because of the Lorentz force. In a simplified picture,
carriers in hopping transport regime should be only slightly sensitive to the Lorentz force as no
classical velocity can be defined. The Hall potential (V) is the transverse potential drop created
by the deflected delocalized charges and writes:

IH
Vy = RHT

where Ry is the Hall coefficient, I the current and h the thickness of the channel. The Hall coef-
ficient Ry relates to the density of free carrier (n) as:

where e is the elementary charge. In addition to point out delocalized transport, Hall measure-
ments allowed to calculate the density of charges, and then the intrinsic mobility as 0 = enyuy.

Hall effect in semiconductor polymer thin films was reported in several articles, but its am-
plitude is often lower than expected®3. The weak Hall signal is generally assigned to lack of
current uniformity and its disruption by the transverse electrodes. Nevertheless, significant Hall
voltage has been measured recently referring to delocalized transport in organic materials*™®.
The cited works of Wang et al. and Kang and co-workers are of particular interest for us as the
former investigates electrochemically doped polymer while the second explores the properties
of pBTTT.

In order to unravel if diffusive transport occurs in our EGOFET structure, we fabricated Hall
bar (Figure D.1a) and measured the transverse potential upon the application of an external
magnetic field, perpendicular to the organic thin film (V;,, < V). The amplitude of the field was
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swept from —7 T to 7 T, and Hall potential was indeed detected, in the microvolt range at 10 K
(Figure D.1b). It is worth noting that the row data presents an asymmetric parabolic shape likely
due to the detection of residual V., exhibiting a parabolic variation with the field because of
non-uniformity of the channel or no perfect alignment of Hall electrodes. Therefore, we sub-
tracted the symmetric contribution to the data to recover the Hall signal.

From the slope of Figure D.1b we extracted Ry~6 X 1078 m3.C™! leading to a carrier den-
sity of 1 X 102° cm™3. Then, knowing the conductivity (~450 S.cm™1), we estimate the Hall
mobility (uy) to ~25 cm?.V~1.s71 that is one order of magnitude larger than previously re-
ported in best doped pBTTT thin film®. However, the carrier concentration from Hall
measurement is not consistent with the one determined in the annex B through the leakage
current. With the latter method, the deduced carrier density is 40 times larger and the mobility
(1g)isthenaround 0,6 cm?.V~1. s~ at room temperature. The Hall signal being very noisy, that
could involve a significant uncertainty on Ry, the mobility would remain close to
20 cm?.V~1.s71 even by considering the smallest possible slope for the presented data. The
origin of weak Hall signal is also accredited to contact resistance in the literature, that should
not be a major issue as we pointed out in the previous chapters particularly low interface re-
sistance in our samples. Furthermore, the charges counting from the leakage current analysis is
likely overestimated, as only a part of carriers are indeed involved in the current transport.
Therefore, the mobility u; may be underestimated. In the end, it seems reasonable to assign
both methods as upper and lower limits of the effective mobility (uerr) and then
~1em? V7 hs™ < pppp < ~20cm? Vs

Hall voltage (uV)

Magnetic field (T)

Figure D.1 a) Hall bar geometry with the current flowing in the positive x-direction
and the magnetic field pointing up in the z-direction. The channel length is 400 pum,
its width is 150 um and the thickness is 25 nm. b) Hall voltage after the subtraction
of the symmetric contribution from V.. A clear linear dependence on the magnetic
field is observed.

The mobility in electrolyte-gated pBTTT remains hard to determine, but the Hall voltage de-
tection is already an important outcome as it is another sign of metallic-like transport in the
organic channel. These results are reported in the paper 7. More measurements, by reversing
the source-drain voltage for instance would be necessary to confirm this result.
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Résumeé

L’objet de cette thése est I'étude de l'interface entre les métaux et les matériaux organiques, avec
pour obijectif la réalisation de vannes de spin organiques. Pour ce faire, nous avons étudié des tran-
sistors organiques a effet de champ a grille électrolytique dans une structure planaire, et analysé leurs
propriétés de transport et d’interface sous I'application de différents stimuli (température, dopage,
champ magnétique...). Cette structure nous permet de nous rapprocher des conditions optimales pour
I'injection et la détection de spin, mais elle nous a amenés a revoir la définition standard de la propriété
intrinséque des interfaces. Nous avons mis en évidence une résistance spécifique de contact particu-
lierement faible qui décroit avec la miniaturisation des dispositifs, ainsi que la magnétorésistance des
résistances (specifiques) d’interface.

Mots clés : polymeére conjugué, électronique organique, spintronique organique, résistance d’interface.

Abstract

This thesis studies the interface between metals and organic materials, aiming the realization of or-
ganic spin-valves. To that end, we studied planar electrolyte-gated field-effect organic transistors and
analysed their transport and interface properties under the application of different stimuli (temperature,
doping, magnetic field...). This structure allowed us to approach the optimal conditions for spin injec-
tion and detection but led to redefine the standard intrinsic property of interfaces. We exhibited a very
low specific contact resistance, that decreases with the downscaling of the devices, and the magneto-
resistance of specific interface resistances.

Keywords: conjugated polymer, organic electronics, organic spintronics, interface resistance.




