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Résumeé de these

Les semi-conducteurs conventionnels tels que I’arséniure de silicium et d’indium gallium
(InGaAs) ont rencontré un goulot d’étranglement dans 1’électronique et la photonique mod-
ernes en termes de couverture spectrale, de basse résolution et de non-transparence [Huo18].
En effet, malgré le niveau de technologie mature des dispositifs a base de silicium, ces
derniers rencontrent des limitations fondamentales. Par exemple, les capteurs d’image a base
de la technologie métal oxyde sémiconducteur (MOS) sont limités par les bruits et I'efficacité
quantique dans le visible (bande interdite indirecte de 1,1 eV) tandis que les photodiodes
infrarouges (IR) InGaAs (0,5 eV a 0,73 eV) en plus du bruit et des problemes d’efficacité
sont limités par les procédés de fabrication dus aux complexes techniques de croissance par
épitaxie dans des conditions de vide poussé. De plus, ces détecteurs de silicium sont opaques
car une région optiquement active avec une assez grande épaisseur de 'ordre du micron
est nécessaire pour absorber efficacement la lumiere. Cela rend donc ces détecteurs non
compatible pour les applications dans I’électronique et optoélectronique flexible, portable et
transparente. Les nouveaux matériaux émergents de faible dimension appelé nanomatériaux
peuvent contourner tous ces probléemes en profitant de leur flexibilité mécanique, leurs
propriétés électroniques et optiques intéressantes, ainsi que leur production a grande échelle
et leur facile intégration dans les dispositifs.

Ces dernieres années, les nanomatériaux (c’est-a-dire les matériaux dont I'une des dimensions
est inférieure a la centaine de nanometres) ont suscité un intérét croissant pour la recherche
dans le domaine électronique et optoélectronique. Il s’agit notamment des matériaux
bi-dimensionels ou 2D (graphene, dichalcogénure de métaux de transition (DMTs), ...), des
matériaux 1D (nanofils, nanotubes, ...) et des matériaux 0D (nanoparticules, nanocristaux,
molécules, ...) avec une, deux et trois dimensions inférieures a 100 nm respectivement.
Leurs petites dimensions permettent de faire émerger de nouvelles propriétés inaccessibles
dans les matériaux massifs, ceci principalement a cause du confinement quantique aux
petits échelles. La prédominance des effets quantiques a 1’échelle nanométrique a ainsi
ouvert de nombreux domaines de recherche fondamentale dont la nanoélectronique et la
spintronique ainsi que l'optoélectronique [Radisavljevicl3, Seneor07, Lhuillier17, Huo18].
Lorsque la taille du semi-conducteur est inférieure a la taille d’une paire électron-trou, ou
exciton, des propriétés de confinement quantique apparaissent. Les propriétés optiques,
optoélectroniques ainsi que les propriétés de transport deviennent alors dépendantes de
la taille. Tandis que les matériaux 2D semi-conducteurs (DMTs qui sont des matériaux
en feuilles et flexibles) présentent une transition de bande interdite indirecte a directe de
la multi-couche a la monocouche, les propriétés optiques et électriques des nanocristaux
colloidaux quant a eux peuvent étre ajustées en changeant leurs tailles et formes au cours
de leur synthese en solution par rapport aux complexes techniques épitaxiales et colteuses
de la technologie existante. Ainsi, les matériaux 2D et les nanocristaux sont considérés
comme des candidats prometteurs pour la nouvelle génération d’appareils a faible cott et de

faible puissance en raison de leurs propriétés électroniques et optiques flexibles, petites et
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remarquables.

Lorsqu’on implémente les nanomateriaux semi-conducteurs dans les dispositifs, la mod-
ulation de leur densité de porteurs est essentielle pour adapter leurs propriétés électriques
et leurs fonctions, ceci avec de nouveaux phénomeénes physiques devant se produire a un
niveau de dopage plus élevé. En effet, lors de leur mise en ceuvre dans des transistors a
effet de champ (FET), des phototransistors ou des photodiodes, ’énergie de barriere pour les
porteurs aux interfaces métal/semi-conducteur (contacts Schottky) est un phénomene uni-
versel qui limite les performances du dispositif. Réduire ces barriéres énergétiques en régime
dopage élevé, ou I'utilisation d’électrodes en graphene pour otenirr des contacts modulables
devient évident pour améliorer la performance de ces dispositifs. De maniere générale, deux
stratégies principales ont été utilisées jusqu’a présent pour doper des nanomatériaux: les
diélectriques conventionnels (typiquement la couche de silice sur une tranche de silicium) et
les électrolytes (liquide ionique, gel ionique, ...). Dans la premiére approche, le diélectrique
a l'avantage d’étre simple a mettre en ceuvre mais nécessite une tension de fonctionnement
élevée et est limité par une éventuelle fuite électrique, puis la densité de porteurs accumulée
maximale est limitée & de 10'2 cm~2. La deuxiéme méthode est d’un intérét extréme lorsque
les densités de surface plus grande (> 10'3 cm™2) sont ciblées [Lhuillier14, Zanettinil5a].
En effet, avec I'électrolyte, la capacité de grille est pilotée par le rapport de la constante
diélectrique divisé par 1’épaisseur de la double couche ionique. Cette derniere d’épaisseur de
l'ordre de 1 nm, permet d’atteindre une grande capacité a faible tension de polarisation pour
le dispositif, mais encore plus important est la possibilité de réaliser une injection de charge
massive dans les nanomatériaux. D’un autre coté, 1’électrolyte nécessite une température
relativement élevée pour fonctionner. Une telle contrainte n'est pas compatible avec un
matériau infrarouge qui nécessite généralement un fonctionnement a basse température. Un
autre inconvénient de la technologie de grille d’électrolyte est que ce dernier recouvre le
matériau, c’est donc un obstacle pour une excitation optique directe supérieure car il peut ab-
sorber ou diffuser la lumiere et empécher son utilisation pour les appareils optoélectroniques
et les études optiques. Des alternatives au diélectrique et a I’électrolyte ont été proposées
et reposent sur le polymere ferroélectrique et plus récemment sur l'utilisation de verres
ioniques. Le groupe de Shukla sur les matériaux 2D en utilisant des verres classiques tels
que le borosilicate et le verre sodocalcique. Le verre est d’abord chauffé a haute température
pour donner aux ions une certaine mobilité, et un grand champ électrique est appliqué
sur le substrat pour les faire bouger. Les verres conventionnels nécessitent cependant une
température de fonctionnement autour de 500 K, ce qui est incompatible avec la plupart des
nanomatériaux tels que les NCs, les molécules ou polymeres, pour lesquels les températures
de fusion sont bien inférieures. C’est notamment le cas pour les chalcogénures de plomb et
de mercure couramment utilisés dans l'infrarouge, dont les températures de synthese sont de
l'ordre de 80 a 150 °C. Récemment, le groupe de Cui a exploré l'utilisation du verre ionique
LaF; pour induire un effet de grille dans un feuillet de MoS, [Wul8]. Le LaF; est a l'origine

utilisé pour les optiques infrarouges et présente une forte transparence dans l'infrarouge
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moyen, ce qui est promettant pour la conception des phototransistors avec une excitation en
face arriere. De plus, les mobilités ioniques restent suffisamment élevées pour induire un
effet de grille pour des températures jusqu’a 180 K, contournant le besoin d’un grand champ
électrique et d’une température élevée imposée par les verres en borosilicate et sodocalcique.
Cependant, il n’y a pas de rapport a ce jour sur l'utilisation du verre ionique LaF3 pour doper
les nanocristaux et pour la photodétection sur les nanocristaux, les matériaux 2D et leur

hétérostructures.

C’est dans ce cadre que s’inscrivent mes travaux de these. Mon projet de these vise
a développer et étudier des approches alternatives pour induire un dopage élevé pour la
photodétection a basse température dans les matériaux 2D, les nanocristaux colloidaux (NCs)
et leurs hétérostructures. J’ai utilisé un substrat de trifluorure de lanthane LaF; en verre
ionique comme grille solide pour obtenir un régime de dopage élevé dans les nanomatériaux

avec des densités de charge supérieures 103 cm=2

(non accessible avec un diélectrique
conventionnel telque le SiO, et a des températures de fonctionnement entre 160 K et 260
K impossible pour des grilles électrolytiques. Cela a permis de moduler et de réduire les
barrieres énergétiques aux contacts Schottky pour des injections ou des extractions efficaces
d’électrons et/ou de trous générés par la lumiere aux électrodes, ainsi d’améliorer les
performances des phototransistors a base de tellure de mercure (HgTe) et de diséléniure
de molibdéne (MoSe;). La possibilité de fabriquer des électrodes de grapheéne a grande
échelle, ceci avec une transparence au champ électrique vertical combinées avec une grille
en verre ionique a haute capacité nous ont permis de concevoir et d’étudier une nouvelle

configuration de photo-détecteurs infrarouges 2D/0D avec de propriétés intéressantes.

Ces travaux ont été réalisé en étroite collaboration avec le groupe d’Emmanuel Lhuillier
a I'Institut des Nano-Sciences de Paris (INSP) qui a une grande expertise sur la synthese
des NCs et ou j’ai fait plusieurs sessions de mesures et toutes les mesures optoélectroniques
pendant ma these.

Ce résumé est organisé en 3 parties.

Dans la premiere partie, j'introduis le substrat de verre ionique LaFj3 en tant que grille
solide a haute capacité pour étudier les propriétés de transport et de photo-transport des
nanocristaux. Pour la premiere fois, nous sondons la dynamique de la photoréponse de
nanocristaux de HgTe a bande interdite étroite en dopage élevé régime utilisant la technolo-
gie du verre ionique.

La partie 2 est dédiée a ’étude des propriétés de transport et de photo-transport des
matériaux 2D en régime de dopage élevé. Nous étendons la technique de gating au MoSe,,
MoS,, WSe; et au WS,. Puis, nous utilisons ’adressabilité optique directe du substrat verre
ionique pour étudier le mécanisme de photo-transport et de recombinaison des porteurs
dans des FET a base de feuillet de MoSe,.
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Enfin, je présente la réalisation et l’étude de phototransistors tres originaux basés sur
I'utilisation d’un canal en nano-cristaux de HgTe combiné a des électrodes en graphene.
L'utilisation d’électrodes de graphene sélectives en porteurs combinée a la haute capacité du
verre ionique permet de mettre en oeuvre une nouvelle architecture d’hétérojonction 2D-0D

qui sont reconfigurables et peuvent étre réglés de la configuration p-p’ ou n-n” a une diode

p-n.

1: FET et Photo-FET de nanocristaux colloidaux en régime de fort dopage en utilisant

le verre ionique LaF;

Au-dela de leur luminescence dans le visible, les nanocristaux colloidaux (NCs) ont
suscité l'intérét pour le design des dispositifs optoélectroniques et en particulier pour les
capteurs infrarouges (IR) en raison de leur traitement facile des solutions et de leurs excel-
lentes performances [Hafiz19, Lhuillier17]. Tandis que les chalcogénures de plomb ont attiré
beaucoup d’attention pour la conception de cellules solaires collectant dans le proche in-
frarouge (NIR) (800 nm a 1um), les chalcogénures de mercure en particulier les nanocristaux
de HgTe a bande interdite étroite [Livachel9, Killileal9, Kershaw13, Keuleyan11] suscitent
actuellement un vif intérét pour la conception de capteurs infrarouges de hautes perfor-
mances dans le SWIR (1 a 1,7 um) et MWIR (3 a 5 pm) [Lul9, Livachel8b, Lhuillier17].
Les développements récents incluent des photodiodes a haute détection pour l’imagerie
thermique [Ackermanl18]. L'intégration du matériau actif HgTe dans les FET a permis de
construire des phototransistors efficaces dans MWIR [Lhuillier13]. De tres hautes responsiv-
ité au-dessus de 100 mA/W et une détectivité élevée au-dessus de 10!° Jones dans le SWIR
ont été signalés sur les phototransistors d’HgTe a température ambiante [Chen17]. Dans les
phototransistors en général, la grille ne sert pas a sonder les porteurs majoritaires du film
mais plutdt a réduire le courant d’obscurité et amener la couche mince dans un point de
fonctionnement qui maximise le rapport signal sur bruit.

Dans cette partie de mon travail, j’étudie le verre ionique LaF3 comme substrat pour induire

un effet de grille en configuration arriére dans les nanocristaux.

Substrat en verre ionique de LaF; pour de dopage élevé

Le trifluorure de lanthane LaFj cristallise dans une structure hexagonale avec le groupe
d’espace P63/mcm. C’est un conducteur ionique a 1’état solide, il est transparent avec une
conduction d’ions fluorure [Schoonman80, Solomon]. a cause les vacances des ions fluorures
déja existantes dans le cristal, ces derniers, de petite masse (F~) peuvent se déplacer en par
saut a travers le réseau cristallin tandis que les ions lanthanes restent immobiles en raison de
leur grande taille et masse (voir Fig.2.2.(a)) [Hoff97]. Le LaF; est un isolant électrique (bande
interdite électrique de 4,9 eV) et a une bonne stabilité mécanique, il peut ainsi étre utilisé a
la fois comme substrat et comme diélectrique de grille solide compatible avec les procédés de

fabrication de dispositifs a base de silicium. Pour comprendre le mécanisme de charge dans
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Figure 1 — (a) Structure cristalline de LaF3, adapté de [Wul8]. (b) Schéma d’un substrat de LaF3 pris en
sandwich par des électrodes métalliques.

2 avec des

le substrat, nous avons pris en sandwich 1 mm d’épaisseur de substrat de 25 mm
contacts Ti/Au (50nm) (Métal/LaF3;/Métal) et nous avons réalisé des mesures spectroscopies
d’'impédance électrochimique (EIS). Lorsqu’une polarisation externe est appliquée, les ions
fluorures négatifs se déplacent vers 1’électrode positive tandis que les lacunes de fluorure
positives s’accumulent au niveau de I’électrode négative et forment une double couche élec-
trique (EDL) aux interfaces a 1’équilibre comme le montre la figure 2.2. (b).

L’EIS est une technique précieuse qui a été utilisée par de nombreuses institutions pendant
plus d’un siécle a des fins telles que l’analyse de la corrosion, adsorption propriétés des
molécules (phénomene interfacial) et aussi utilisé pour suivre le fonctionnement des batteries
et des piles a combustible [Warburg99, Nernst94, Gomadam05, He09, Mohsen12]. La méth-
ode implique l'application d’une petite perturbation (une faible tension sinusoidale ou une
superposition de tension sinusoidale) au niveau des électrodes et analyser le courant résul-
tant dans le domaine fréquentiel. Ainsi, lors de 'application d’une petite tension alternative
V (jw) par un potentiostat interfacé avec le logiciel d’analyse de controle NOVA comme nous
I’avons fait dans ce travail, a partir de sa réponse de mesure I (jw), l'impédance opérationnelle

est définie comme le rapport entre la tension complexe et le courant [Randviirl3]:

- ‘1/((]'1;0)) - |1||‘:L:qe3)((?c(u]ta-)l—t)6) =121 exp(j0) = 27+ 2" )
ou Z est 'impédance, j le nombre complexe, 6 la phase entre le courant et la tension et
w la fréquence. Les données extraites du logiciel peuvent étre presentées soient dans le
diagramme de Nyquist ou la partie imaginaire Z” est representée en fonction de la partie
réelle Z’, ou dans le diagramme de Bode avec une lecture directe de I'impédance et phase
en fonction de la fréquence. On observe une tendance générale sur les courbes de Bode
(voir 2. (a) et (b)). Trois régions peuvent clairement étre identifiées sur les 2. (a): Une pente
a haute fréquence, un plateau et une autre plateau a plus basses Nous avons modélisé le
systeme par deux circuits RC en série, I’'un pour le substrat massif et I’autre pour la double

couche électrique dans lequel la résistance double couche est en série avec 'impédance de
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Figure 2 — Courbes de Bodes d 10 mV AC. (a) |Z| en fonction de la fréquence. (b) Phase en fonction de
la fréquence. (c) Circuit équivalent du systéme. (d) A 260 K: Fit de |Z| en fonction de la fréquence en
verte, donnée expérimentale en rouge. (e) A 260 K: Fit de la phase en fonction de la fréquence en verte,
donnée expérimentale en rouge. (f) Carte expérimentale de température-fréquence en fonction de la phase. 3:
comportement du sustrat massif, 2: migration des ions, 1: double couche électrique. (g) Capacité en fonction
de la fréquence a differentes températures.

Warburg, ce dernier permet d’avoir les effets diffusifs du systéme donc prend en compte la
migration des ions dans le substrat (2. (a). On a observé un tres bon accord entre les données
expérimentales et les simulations avec nos trois régions (2. (d) et (e)). On a également carac-
térisé la dépendance de la phase en fonction de la temperature et la frequence en fonction
de la phase. Pour chaque température en fonction du début et la fin du plateau, on a pu
délimiter les 3 régions. Il en ressort de cette carte pour avoir une capacité double couche
électrique, on doit étre a faible fréquence pour permettre aux ions atteindre la surface et
a des temperatures pas tres élévé pour limiter la fuite mais suffisante pour permettre la
mobilité des ions. Enfin nous effectuer les mesures lock-in de la capacité en fontion de la
fréquence a Paris, comme observé sur la 2. (g) , on a le méme cormportement que les mesures
de spectroscopie d’'impédance avec les trois régimes et on arrive bien a quantifié la capacité
dans le régime qui nous intéresse i.e a basses fréquences. On arrive a obtenir des capacités
atteignant le micro Farad, nécessaire pour induire des dopages électrostatiques élevés dans

les nanomatériaux.
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Phototransistor de nanocristaux d’HgTe en régime de fort dopage
Apres avoir montré que le substrat de LaF; peut étre utilisé pour induire des dopages élevés,
dans cette partie nous comparons les performances obtenues avec une grille diélectrique
conventionnelle a travers le SiO, et avec un électrolyte. Nous démontrons que non seulement
la transconductance dans l'obscurité peut étre controlée avec la grille des verres ioniques
mais aussi la photoréponse.

Des nanocristaux de HgTe avec une absorption dans l'infrarouge (énergie de bande
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Figure 3 — Schéma du transistor a base nanocristaux d’HgTe a grille arriére lorsque Vgs > 0 sur: (a) SiO,. (b)
LaFs5. (c) Schéma du transistor d base HgTe a grille supérieure avec I’ electrolyte LiClOy4. (d) Photocourant
mesuré sous une excitation de 4 mW avec une longueur d’onde de 1,55 um en fonction de la tension de grille
de LaF5 a 200 K. (e) Courbes de transconductance obtenues pour les nanocristaux de HgTe avec différentes
techniques de dopage: SiO, et LaF; sont mesurées a 200 K, celle de I’électrolyte est mesurée a 300 K. (f)
Rapports On/Off normalisés par le rapport d la température la plus élevée des courbes de transfert mesurées d
différentes températures pour différentes techniques de dopage. (g) Capacité de la grille mesurée a 300 K sous
un signal AC de 300 mV pour différentes configurations de grilles. (h) Temps de réponses a 1 kHz mesurés a
200 K pour différentes tensions de grille de LaF3 sous une excitation de 4 mW a 1,55 Atm.

d’environ 500 meV ~ 4000 cm™! ou 2,5 pym) ont été synthétisés par nos collaborateurs a
I'INSP en utilisant une suspension colloidale en solution. Nous avons par la suite processé
des échantillons pour chacune des trois techniques de grille (diélectrique SiO,, verre ionique
LaFj, électrolyte) en utilisant les lithographies optique et électronique, et fait une étude

comparative des performances de chaque technique, voir Fig. 3 (a), (b) et (c).
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Il ressort de cette étude que la grille en verre ionique LaF3; permet d’obtenir un dopage
élevé dans les NC HgTe de I'ordre de 10'3 charges.cm™2 impossible avec une grille de SiO,, et
peut étre utiliser dans une fenétre de température inaccessible avec des électrolytes (260 K a
180 K) a cause des gels électrolytiques en dessous de 260 K. Le verre ionique fonctionne dans
une petite plage de tension de grille 10 fois plus faible que pour SiO, et 2-3 fois plus grand
que pour l’électrolyte (Fig. 3 (e)), ceci sans possibilité de claquage de grille comme parfois
observé avec une grille SiO,. Les mesures de spectroscopies d’'impédance nous ont permis
d’identifier a basse fréquence un dopage électrostatique dans avec les grille SiO, et LaF;,
tandis dans I’électrolyte un dopage électrochimique est possible pouvant induire des défauts
dans les nanocristaux (Fig. 3 (g)). En plus, la capacité du verre ionique et de I’électrolyte
augmente fortement et atteint 1 yF.cm™2 avec LaF3 a 300 K. En appliquant 5 V de tension
de grille avec le LaF3, cela correspond a une densité de surfacique de 3x10'® charges.cm™2.
Notre verre ionique LaF3 a été également implémenté avec success dans des transistors a
base NCs de PbS et les NCs de pérovskites hybrides.

Pour finir, nous avons testé le potentiel de cette grille pour controéler également le courant
photogénéré. En excitant le transistor avec une diode laser pulsée fonctionnant a 1,55 ym,
nous avons effectué des mesures de photocourant. La tension de grille influe fortement sur
le photocourant et la dynamique de la photoréponse, voir Fig. 3 (d) et (h). Une modulation
d’un facteur 4 peut étre observée. Ainsi la grille peut donc étre utiliser pour amener le
systeme dans son minimum de conductance ou le rapport signal sur bruit est de 100. La
réponse temporelle (temps d’activation et de désactivation) de notre phototransistor est plus
rapide lorsque la polarisation de grille correspond au minimum de conductance de la courbe
de transconductance sans illumination. Une modulation d’un facteur 6 de la dynamique

peut étre induite avec la grille ionique LaF; (Fig. 3 (h)).

2: Phototransistor de matériaux lamellaires 2D a grille de verre ionique LaF;

Dans cette deuxieme partie, l'utilisation du verre ionique LaF; comme grille a haute
capacité est explorée pour développer un phototransistor a base de MoSe, fonctionnant avec
une concentration de porteurs élevée jusqu’a 5x10'% cm~2. Quelques feuillets de MoSe, ont
été mécaniquement exfoliés a partir d’un cristal massif et transférés sur un substrat LaF;.
La transparence optique du substrat LaF; permet une identification simple des feuillets par
contraste optique. Nous avons fait les mesures Raman et la microscopie a force atomique
pour trouver 1’épaisseur du feuillet d’environ 3 nm correspondant a 3-4 monocouches, puis
nous avons utilisé la lithographie par faisceau électronique pour fabriquer les électrodes sur
le feuillet. Une image du dispositif est montrée a la Fig. 3 (a). Une fois ’échantillon inséré

dans le cryostat, nous avons effectué les mesures de transport et phototransport.
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La transconductance du transistor présente une caractéristique de type n qui est co-
hérente avec les transistors obtenus dans la littérature basée sur MoSe, utilisant le SiO,
comme diélectrique [Mouafol7], voir la Fig. 3 (b). Dans notre systeme, l’effet de champ
est conservé méme pour un fonctionnement en dessous de la température ambiante, ceci
avec une modulation maximale de courant pour une température autour de 200 K. A cette
température, la modulation de courant Iy /Iorr dépasse 4 a 5 ordres de grandeur, avec une
mobilité électronique de 15 cm?.V~1.s7!, Cette valeur est trés similaire a celle rapportée pour
la multicouche de MoSe; avec de la silice [Mouafol7]. Nous avons étendu la grille de LaF3
sur d’autres matériaux 2D et avons démontré un transport par les électrons dans le MoS,
et le WS, tandis qu’un transport par les trous a été observé dans le WSe,. Dans ce dernier
nous avons fait une caractérisation détaillée des contacts Schottky a l'interface WSe,/Ti-Au
en fonction de la grille de LaFs.

Nous avons par la suite sondé les propriétés optoélectroniques du FET a base de MoSe,.
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Figure 4 — Schéma du transistor d base MoSe, sur LaF3 avec une image SEM des électrodes (b) Courbes de
transconductance d 200 K sous une tension source-drain de 1V. En insertion la courbe a U'échelle logarith-
mique. (c) Amplitude du photocourant mesuré sous une excitation de 12 nW avec une longueur d’onde de
405 nm d’un laser chopper a 100 Hz a differentes tension de grille a 180 K. (d) Responsivité du systéme en
fonction de la tension de grille a 180 K. (e) Amplitude du photocourant mesuré a differentes puissances du
laser a 180 K a 2V de grille. (f) Photocourant en fonction de la puissance du laser 180 K. pour -2V et 2V
de grille. Fit en loi de puissance. Les schémas en insertion illustrent le mécanisme de relaxation associé a
chaque courbe (le processus bimoléculaire est représenté par la fleche bleue et le processus monomoléculaire
par la fleche rouge).
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Sous illumination du transistor avec un laser bleu a 405 nm (dont 1’énergie est supérieure a
I’énergie de la bande interdite du MoSe;), nous observons un photocourant dont 'amplitude
peut étre fortement modulée par la grille (Fig. 3 (c)). Typiquement, la responsivité du film
atteint 50 mA/W a 0 V de grille et augmente d’un facteur 4 sous une forte tension de grille
positive dépassant 0,2 A/W, Fig. 3 (d). Les temps de réponse de montée et de descente
(respectivement toy et topp) extraites des caractéristiques de photocourant sous polarisation
de grille négative sont proches de 200 us et 600 us respectivement. Ceci est 2 ordres de
grandeur plus rapide que les réponses temporelles précédemment observées sur les MoSe,
exfoliés et CVD habituels [Abderrahmanel4, Jungl5, Dail9, Xial4], 50 fois plus rapides
que les dispositifs avec le MoSe, encapsulé [Kuferl6a], et plus 10 fois plus petit que le
phototransistor MoSe; le plus rapide obtenu jusqu’a présent [Leel8].

Nous avons également étudié les mécanismes de recombinaison des porteurs en utilisant
la dépendance a la puissance de la photoréponse. Lorsque la puissance incidente augmente,
le photocourant augmente avec une loi de puissance qui est accordable par la grille, voir
Fig. 3 (e) et (f). Ainsi nous avons montré que dans notre systéme, sous injection d’électrons
(tension de grille positive), on remplit tous les états de pieges peu profond en dessous de la
bande de conduction et on assiste a un processus bimoléculaire sous illumination dans lequel
on observe une recombinaison directe des trous de la bande de valence avec les électrons de
la bande de conduction (Fig. 3 (f), fleche bleue). En revanche, sous injection de trous (tension
de grille négative), le niveau de Fermi est amené plus profondément dans la bande interdite
et on assiste a un processus monomoléculaire sous illumination dans lequel les centres de
recombinaison se remplissent et peuvent agir comme les états de piege (Fig. 3 (f), fleche

rouge).

3: Jonction p-n reconfigurable a base d’hétérostructure 2D/0D graphéne/HgTe pour la

détection dans ’infrarouge

Dans cette troisiéme partie, nous exploitons d’une part les avantages clés du grapheéne:
sa tres faible absorption d’environ 2% dans l'infrarouge (1 < 5 ym), la possibilité de mod-
uler son niveau de Fermi au-dessus et en dessous du point de Dirac permettant ainsi la
conception d’électrodes a dopage sélectif (d’électrons ou de trous) et enfin sa transparence
au champ électrique vertical induit par la grille inférieure. Puis d’autre part la forte ab-
sorption infrarouge de nanocristaux d’HgTe avec des mobilités de porteurs élevées (> 1
cm?V~1s7!) pour fabriquer une hétérostructure graphéne/HgTe. Il faut que les hétérostruc-
tures 2D/0D ont déja été démontré par le passer avec des responsivités élevées au détriment
des temps de réponses faibles, en raison du transport s’effectuant seulement dans le matériau
2D [Konstantatos12, Kufer15]. Ici, nous visons plutot a concevoir un dispositif ou le trans-
port se produit dans un réseau de NC, tout en absorbant plus fortement la lumiere incidente.

En effet, I'introduction d’électrodes de graphéne combinées au dopage élevé du verre ionique
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permet de reconfigurer sélectivement les NC de HgTe et les électrodes de graphéne entre les

électrons (n) et les trous (p) dopés afin de concevoir une jonction p-n 2D/0D qui s’étend dans

les nanocristaux, avec un champ électrique induit qui aide a la dissociation des charges.
Nous avons fabriqué les électrodes interdigitées de graphene en utilisant de la lithogra-
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Figure 5 — Schéma du transistor a grille de LaF3, les électrodes de drain et de source sont constituées
d’électrodes de grapheéne interdigitées et le canal est constitué d’'un réseau de NC HgTe. (b) Carte 2D de
Vasymétrie de la courbe IV, quantifiée par le rapport du courant sous une polarisation donnée et du courant
sous la polarisation opposée, en fonction de la tension de canal entre les électrodes de source et de drain, et
la tension de grille Vgg. Les régions en rouge correspondent aux domaines existants pour une jonction p-n
au sein de I'hétérostructure graphéne/HgTe/graphéne. (c) Alignement de bande de I'hétérostructure dans la
configuration n-p’-p et la courbe I-V de rectification associée, dans la zone 11b de la partie b. (d) Alignement
de bande de la de I'hétérostructure dans la configuration n-n’-p’-n et la courbe I-V de rectification associée,
dans la zone Ila de la partie b. (e) Photocourant en fonction de la tension de grille de I’hétérostructure. (f)
Temps de réponse la jonction. (g) Photocourant sous 0V, lorsque la lumiére est chopée a 1 kHz, en fonction
de la tension de la grille. (h) Détectivité (rapport signal/bruit) de I’hétérostructure d 1 kHz et 4 220 K en
fonction de la tension de grille.

phie laser et une gravure physique du graphéne CVD précédament transferé sur les substrats
de LaFj3. Puis, nous avons déposé le méme ancre de NC d’HgTe utlisé a la section 1 afin
de fabriquer I’hétérostructure 2D/0D graphene/HgTe/graphéne, un schéma du dispositif est
présenté a la Fig. 5 (a). A 220 K, la carte d’asymétrie des courbes IV en fonction de la tension
de grille nous a permis d’identifier les régions ou les jonctions p-n sont formées avec un sig-

nal rectificatif élevé (zones en rouge Fig. 5 (b)). Il faut noter que dans notre systeme, c’est une
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combinaison de la haute capacité grille du LaF3, ’accordabilité de la polarité des porteurs de
charge des électrodes de graphéne (impossible dans le cas des électrodes métalliques) et des
NC HgTe et enfin le faible écrantage du graphene au champ électrique qui rendent possible
I'observation de la jonction p-n. Nous démontrons que dans cette configuration spécifique,
le rapport signal sur bruit pour la détection infrarouge peut étre amélioré de deux ordres de
grandeur et que le fonctionnement photovoltaique peut étre atteint, voir Fig. 5 (g). La détec-
tivité atteint 10° Jones alors que le dispositif n’absorbe que 8% de la lumiére incidente (Fig.
5 (h)). De plus, notre dédecteur a un temps de réponse rapide (<10 us, Fig. 5 (f)), ce qui le
rend compatible avec des applications dans le domaine de 'optoélectronique. Cette reponse
rapide contraste fortement la réponse lente couramment observée dans les hétérostructures
de dimensions mixtes 2D/0D, ou des gains de photoconduction plus importants se font au

prix d’une réponse plus lente [Konstantatos12].
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Introduction

onventional semiconductors such as silicon- and indium gallium arsenide (InGaAs)

have encountered a bottleneck in modern electronics and photonics in terms of

spectral coverage, low resolution and non-transparency [Huo18]. Indeed, despite

the mature technology level of silicon based devices, the latter suffers from fundamental lim-
itations. For instance, complementary metal oxide semiconductor (CMOS) image sensors are
limited by noises and quantum efficiency in the visible (indirect band gap of 1.1 eV) while In-
GaAs infrared (IR) photodiodes (0.5 eV to 0.73 eV) in addition to noise and efficiency issues
suffer from large fabrication issues due to complex epitaxy growth techniques under high
vacuum conditions. Moreover, an optically active region with rather large thickness in the
order of microns required to absorb light efficiently, makes silicon detectors opaque, thus not
compatible for applications in flexible, wearable and transparent electronics and optoelec-
tronics. New emerging low dimensional materials (nanomaterials) however can circumvent
all these issues benefitting from their mechanical flexibility, efficient electronic and optical

properties, as well as their large scale production and wafer-integration.

Nanomaterials have attracted increasing research interests for electronic and optoelec-
tronic devices in recent years. These include two-dimensional or 2D materials (graphene,
transition metal dichalcogenides (TMDCs),...), 1D materials (nanowires, nanotubes,...) and
0D materials (nanoparticles, nanocrystals,...) where respectively one, two and three di-
mensions remain below 100 nm. Their low dimensions allow to rise new properties
not accessible in bulk materials mostly because of quantum confinement at small scales.
The prominence of quantum effects at nanometer scale thus opened numerous funda-
mental research fields including nanoelectronics and spintronics as well as optoelectron-
ics [Radisavljevicl3, Seneor07, Lhuillier17, Huo18].

When implementing semiconducting nanomaterials in devices, the modulation of their
carrier densities is essential to adapt their electrical properties and functions, with new
physical phenomena expected to occur at a higher doping level. Indeed, during their im-
plementation in field effect transistors, phototransistors or photodiodes, the energy barrier

for the carriers at the metal/semiconductor interfaces (Schottky contacts) is an universal
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phenomenon limiting the device performances. Reduce these energy barriers in high doping
regime, or the use of graphene electrodes to modulate these Schottky contacts becomes

interesting to improve the device performances. It is in this context that my thesis work falls.

My thesis projet aims to develop and study alternative approaches to induce high doping
for the photodetection at low temperature in 2D materials, colloidal nanocrystals and their
heterostructures. I used ionic glass lanthanum trifluoride (LaF;) substrate as solid gating
to induce a high doping regime in those nanomaterials with charge densities higher than
10'3 cm~? at low gate voltage not accessible with a conventional dielectric, in an operating
temperature from 160 K to 260 K not possible for electrolytic gating. This gating technique
allows to modulate and reduce the energy barriers height at Schottky contacts for efficient
injections or extractions of photogenerated carriers, then to improve the performance of
phototransistors based on mercury telluride (HgTe) nanocrystals and molibdenum diselenide
(MoSe;). The possibility of manufacturing graphene electrodes on a large scale also makes
possible to design and study a new configuration of 2D/0D infrared photo-detectors based

on graphene-HgTe heterostucture with remarkable properties.

This work has been done and planed in close collaboration with the group of Emmanuel
Lhuillier at Institut des Nanosciences de Paris (INSP, Sorbonne Université) which has great
expertise on IR-nanocrystals systems. During the collaboration with several measurement
campaigns at INSP, I brought all the process and technology on LaF; and the know how of
2D materials and Charlie Gréboval (PhD student in the team), his expertise on NCs and opto-
electronic measurements. I am grateful to Emmanuel Lhuillier’s team for the nice interaction
and collaboration on the different projects I explored with them during my PhD. I thank es-
pecially Charlie Gréboval, with who I mostly worked during the measurement campaigns I
did at INSP, and interacted also for other collaborative projects of our two teams. I thank
them for NCs synthesis, their set-ups and their availability to welcome me several times in

their laboratory for all the optical measurements.

This thesis manuscript is organized in five chapters.
The first chapter is dedicated to the state of the art of nanomaterials involved in this thesis,
from the structural and electronic properties of graphene, TMDCs and colloidal nanocrystals
to their implementation into devices. I also address the transport processes taking place in

those nanomaterials.

In the second chapter, I introduce ionic glass substrate LaF3 as high capacitance solid
gating to study transport and photo-transport properties of nanocrystals. For the first time,
we probe the photoresponse dynamics of narrow-bandgap HgTe nanocrystals in high doping

regime using ionic glass technology.

The third chapter is dedicated to study of the transport and photo-transport properties
of 2D materials in high doping regime. We extend the gating technique on MoS,, MoSe,,
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WS, and WSe, flakes. We present the investigation of the Schottky junctions at Metal/WSe,
interfaces with Ti/Au contacts using ionic glass gating using a back-to-back model from the
thermionic emission theory. We observed that the Ti/WSe, interface energy barrier height is
efficiently reduced by the gate. Finally, we use the direct optical adressability of ionic glass
substrate to investigate the photo-transport and carrier recombination mechanism in MoSe,
FET.

In the fourth chapter, I report on an infrared photodetector combining the properties of
these two classes of nanomaterials to demonstrate the reconfigurable 2D-0D graphene-HgTe
heterojunction. The use of carrier selective graphene electrodes combined with high capac-
itance gating of ionic glass allow to implement a new architecture of 2D-0D heterojunction
that are reconfigurable and can be tuned from the p-p’ or n-n’ configuration to a p-n diode.
The p-n junction expands throughout the device, with a built-in electric field that assists

charge dissociation in order to improve device performances.

Finally, I resume the main results obtained in this work and I outline some important

perspectives to explore in the continuity of my thesis.
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Chapterl

Context and state of the art

he performance of a device is not only related to its architecture and proccessing but also

to the properties of materials involved which are strongly correlated to their structures.

While material properties such as band gap governs the optical range sensitivity, the de-
vice design has strong impact on the carriers injection and detection mechanisms which govern the
performances of the device. This chapter presents properties of materials explored in this thesis and
some important device and technological parameters that will also be adressed. I start by presenting
the basic properties of 2D materials (graphene, transition metal dichalcogenides (TMDCs)), col-
loidal nanocrystals (CNCs) and mixed-dimensional van der Waals heterostructures (MD-vdW-h).
I particularly focus on their intrinsic nanoelectronic and optoelectronic properties related to this
work which mostly depend on the size and the thickness of the nanomaterials [Jariwalal6, Liul6b].
Then, I introduce the gating techniques used so far to tune their charge carrier densities, and finally

I recall some figures of merit for photodetection.
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1.1 2D materials (Graphene and TMDCs)

1.1.1 Graphene

Crystal structure and band structure

Graphene is one of the first and famous example of 2D materials so far experimentally iso-
lated and characterized in 2004 by Novoselov and Geim [Novoselov04, Geim09]. Compare
to quantum wells, there are atomically thin layer materials of a few nanometers. It is the
thinnest material ever reported. Graphene is a sheet of graphite consisting of a single layer of
carbon atoms in honeycomb lattice structure as shown in Fig.1.1(a), where each carbon atom
is covalently bonded with three orther carbon atoms. Thanks to sp? hybridization between
one s and two p orbitals in xy-plane which gives up to a trigonal structure with 120° between
them. Then, graphene lattice can be seen as two trigonal sublattices with atoms A (purple
filled circles at 60°, 180° and 300°) and atoms B (red filled circles at 0°, 120° and 240°) or one
triangular lattice with a basis of two atoms A and B with a=0.142 nm the distance between
two neighboring atoms A and B (Fig.1.1(a)). Therefore, the basic vectors of the primitive unit

cell are given by:
a :%(3,\/5) and azzg(s,—\/?) (1.1)

Also, the three vectors connecting an atom B to its nearest neighbors A are given by:
51 =;(1,«/§) ; 52=g(1,—\/§) and &3 =—a(1,0) (1.2)

Given a;b; = 2m0;j, (6;j = 1if i =j; 0if i # j, the reciprocal basis vectors in (Fig.1.1(b)) are:

(b)

Figure 1.1 — (a) Honeycomb lattice structure of Gr composed of a triangular lattice with a basis of two
inequivalent carbon atoms, A and B. ay and a, are the primitive unit vectors. The vectors 61, 6, and 03
connect an atom B to its three nearest neighbors A. Electron can hope from a given carbon atom to one of
its three nearest neighbor with a hopping parameter t. (b) The first Brillouin zone. by and b, are the basis
vectors of the reciprocal lattice. High symmetry points are indicated with black dots and labeled.

b, = i—Z(l,\@) and by = é—Z(L—«B) (1.3)
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The first Brillouin zone (FBZ) of graphene is hexagonal and has four high symmetry points
I', M, K and K’ (Fig.1.1(b)). Particularly, the two points K and K’ called Dirac points are not
equivalent and their positions in momentun space are given by the vectors K = 23—7;(1, \%) and
K’ = g_g(l,_%) [Mouafo19].

To describe the electronic properties of grahene, it is sufficient to consider only out of plane
7 and 1¢* electronic bands at low energy [Fuchs08]. The first precise description of the 7 and
7" bands in graphite has been proposed by Warrace in 1947 [Wallace47] using a tight-band
model. This approach has so far been adapted to describe the 7w bonding and r* antibonding

bands in graphene [Charlier07, Cresti08]. Using the tight-binding Hamiltonien in the calcu-

E/t

Figure 1.2 — Graphene’s electronic dispersion relation calculated using a first nearest neighbor tight-binding
model. The valence and conduction bands touch each other at the six corners of the FBZ. A zoom close to the
K and K’ points shows the Dirac cone. Adapted from[Peres07].

lation of energy bands in graphene, the electronic dispersion relation of 7(—) and 7*(+) bands
can be described as [Wallace47]:

E,(k)=+t\/3+ f(k)—t f (k) (1.4)

f(k)= 2cos(\/§kya)+4cos(§kya)cos(%kxa), (1.5)

where k(ky, ky) is the electron wave vector, t ~ 2.8 eV the nearest neighbor (A-B) hopping
energy and t = —0.1eV [Reich02, Deacon07] is the next nearest-neighbor hopping energy.
Fig.1.2 (a) shows the dispersion relation using the first nearest neigbor approximation. At
low energy limit (|E(E)| < t), one can write K=K+ x, with || < |K| ~ 1/a (or |x|a < 1). Then,
in the first order approximation, the dispersion relation is linear with « (Eq.1.6).

3t
E.(x) = +hvg x|, with vg = 2_; ~10%ms . (1.6)

Here, vp denotes the Fermi velocity. This linear dispersion relation of graphene is reminiscent
of the solution of Dirac’s equation for relativistic particles E = +4/p2¢c*2 + m*2¢** which in the

limit of ultra relativistic particles (m — 0) yields a simple linear expression E = +pc” in anal-
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ogy with Eq.(1.6) for ¢* = g—%t and p = h|x| [Peres07, Avouris10, Das Sarmall, Castro Neto07].

For this reason, K and K’ are called “Dirac points” in the vicinity of which electrons in

graphene are considered to be massless. At these particular points, the upper unoccupied

cone (conduction band (CB) 7t*(+)) and the lower filled cone (valence band (VB) 7t(—)) touch

each other and make graphene a semimetal. A zoom in Fig. 1.2 shows the famous ‘Dirac
2E

cones’. Indeed, the density of state is proportional to the energy as g(E) = o) and for this

reason graphene has low available states at low energies.

Properties of graphene

Graphene is the strongest known material with a Young modulus ~ 1 x 10° Pa. Indeed,
graphene is harder than diamond yet more elastic than rubber, tougher than steel yet lighter
than aluminium. Graphene has a high thermal conductivity and a transparency of more
than 97 %. So, graphene can be used as a transparent conductor electrode to replace in-
dium tin oxide (ITO) and fluorine tin oxide (FTO) in photovoltaic and photoelectric devices
which are limited not only by their transparency in infrared because of the plasmonic ab-
sorption [Garciall, Qul9] but also by their contact resistances as it has been demonstrated
in touch screen panel device [Bael0]. Graphene absorbs only 2.3 % of light in the wide range of
the electromagnetic spectrum from far infrared to ultraviolet range with two main contributions:
interband transitions in undoped graphene and intraband transitions for doped graphene
[Froehlicher16]. Moreover the absence of the band gap in graphene makes it not efficient as
light emitter because of very fast efficient non-radiative carrier relaxation [Mak12b, Nair(08].
So graphene is a good candidate to design electrodes in nano and opto electronic devices

as we used in this work.

Concerning the electronic propeties of grahene, it reveals to be a promising material for
devices as it can be used as charge carrier selective electrode. Many studies have been done
both theoretically and experimentally [Chenl15]. Theoretically, the charge carrier mobility
can reached 2x10° cm?2V~1s7! however this value considerably decreases with the substrate
and the presence of charge impurities. Experimentally, measurements demonstrated 10000 —
15000 cm?V~1s7! on Si/SiO, substrate and 6 x 10* cm?V~!s~! on hexagonal boron nitride
substrate [Morozov08, Dean10]. Controlling the doping in graphene (i.e change the position
of the Fermi energy Er) has been done both chemically and physically. The latter made use
of electrostatic doping in field effect transistor (FET) geometry. Fig.1.3(a) shows FET similar
with a parallel plate capacitor where one electrode is the gate and the other one is replaced by
graphene [Froehlicher16]. Applying a transverse field (gating) through an external potential
V induces charge carriers (either electrons or holes depending on the sign of V') at the surface
with the density n = %, C being the specific capacitance. Fig.1.3(c) shows the ambipolar
transport in graphene and the Dirac point neutrality (where the electron density equals to the hole
density) at Vpiyac = OV for ideal undoped graphene. This Dirac point can change depending of
the substrate, defects, inducing additional charges in graphene. Applying a negative voltage with
respect to the Dirac point shifts down the Fermi energy to the lower cone, and conduction occurs

through holes. Contrary, when a positive bias with respect to the Dirac point is applied, Ep moves
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to the upper cone and we have electron’s conduction.

The density of charge carrier in graphene is linked to the Fermi energy Eg by [Ashcroft76]

(a) (b) V (c)
9
—_ CG
gate g
td — Co *
graphene
T

Figure 1.3 — (a) Schematic cross-section of a parallel plate capacitor composed of a single layer graphene and
a metallic electrode separated by a dielectric of thickness d. (b) Equivalent electrical circuit. (c) Graphene’s
electrical resistivity p as a function of gate voltage Vq in a FET. The insets show the conical low-energy
dispersion with changing V,. Adapted from Ref. [Li08, Geim07].

e = ff(E)g(E)dE and = f[l ~F(E)g(E)E, (1.7)
0 0

where n, and nj, are the electron and hole density, respectively, and f(E) = [1 + exp((E —
Ep)/kgT)]™! is the Fermi-Dirac distribution at a temperature T. Because of the electron-hole
symmetry, it is more convenient to define only one density n counted positively for the elec-

trons and negatively for holes. At T =0,

Ep = sgn (n)hvgnt|n|, (1.8)

where sgn is the sign function. In practice, finite temperature effects only induce a very
minor correction to this simple scaling [Lil1b], therefore we will use this expression at any

temperature.

In a graphene FET, due to the two-dimensional (2D) nature of the electron as studied in 2D
electron gases (2DEGs) in quantum wells or inversion layers , the capacitance C is not simply
equal to the geometrical capacitance Cg of the parallel plate capacitor but to this capacitance
in series with the quantum capacitance Cq [Luryi88] (Fig. 1.3(b)). This capacitance comes
from the fact that, contrary to the metallic gate electrode which can be viewed as a reservoir
of electrons, injection in the graphene layer leads to a change of E, it also comes from the

limited number of available states around the Dirac point at low energy. Xia et al [Xia09a]
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have been measured for the first time the quantum capacitance of graphene using ionic liquid
gating. Successively other groups by means of electrolytes gating [Yel1] and high dielectric

constant insulators [Xull]. The quantum capacitance in graphene is given by
2 2
Inl= -
hvp\/%

Eg), 1.9
() (1.9
where g(Eg) is the density of states at the Fermi level. It is important to note that, this ca-

Cq = sgn(n)

pacitance starts to play a role in the systems where high charge densities are involved. In

addition, the contribution of Cy dominates at low Ep while C; dominates at high Eg.

Transport mechanism in graphene

In graphene based devices, depending of the effective channel length with respect to the
carrier (usually electron) mean free path described as the average length that the electron can
travel freely i.e before a collision, two transport regimes can be discriminated: the ballistic

and the diffusive transports.

Ballistic transport regime : The perfect regularity of the crystallography structure of
graphene consolidated by the strong sp? chemical bonds provides the ideal conditions for
carriers to propagate with a large mean free path and negligible scattering deflecting their
trajectories in pristine graphene. This favors a ballistic type of transport mechanism in
graphene particularly at low carrier density. In ballistic regime, carriers propagate at con-
stant velocity vp between two consecutive collisions with a mean free path reaching a mi-
crometer [Mayorov11]. Scattering are negligible when the effective channel length is com-
parable to the mean free path (quite often the case in GFETs) and the conductivity increases
linearly with n close to the Dirac points. Already in their pioneering contribution, Novoselov
et al. reported carriers mean free path of 0.4 ym for graphene on SiO, [Novoselov04]. Later,
the encapsulation of graphene in hexagonal boronitride (hBN) allowed to reduce scattering
and to achieve a mean free path superior to 3 ym at low temperature [Mayorov11]. One char-
acteristic of graphene is its non zero minimum conductivity with a high resistance at Dirac
point (Fig.1.3 (c)). This follows theoretical predictions that in the ballistic regime, although
the carrier density vanishes at the vicinity of the Dirac point, the conductivity of Gr con-
verges to ballistic conductance minimum limit of G,;;,, = 42—2;1 (4 stands for valley and spin

degeneracy) [Castro Neto09, Das Sarmall].

Diffusive transport regime : When the scattering of carriers becomes important, the trans-
port in graphene changes from ballistic to diffusive mechanism. This happens when the ef-
fective channel length exceeds the mean free path or when the density of impurities becomes
important [Das Sarmall]. Theoretical development based of the general Boltzmann trans-
port theory in semiclassical regime demonstrated the conductivity of graphene in presence
of scattering to be given by [Castro Neto09, Das Sarmall].

a—ﬁ (Ep)T(EF) (1.10)
= P\LF F .
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Where 7 is the transport scattering time of carriers.

In diffusive regime, the transport mechanism in graphene is essentially explained by long
and short range scattering [Mouafol9]. The long range scattering consists of randomly
distributed Coulomb impurities such as local gate potential fluctuation of the substrate
and intentional or unintentional charged impurities doping. The short range scattering
comprises of neutral point defects or C atom vacancies, phonon scattering due to lattice
vibration and finally e-e interaction at very high doping regime. At low density of carriers
and in presence of charged impurities scattering, the transport scattering time 7 is propor-
tional to the square root of carrier density (t o v/n) and Eq.1.10 yields the usually observed
linear dependency with o o« n. As n increases, charged impurities scattering sources are
progressively screened by the 2DEGs. Thus, short range scattering become dominating (at
high Vg) limiting the mobility of graphene. Consequently, its conductivity undergoes a
sublinear behavior [Chen08, Das Sarmall]. The total conductivity (or resistivity) can be
written as a sum of two contributing terms : o = o7 + 05 where the long range scattering term

o is proportional to n and the short range term o5 independent of n [Morozov08, Chen08].

Optoelectronic applications

The remarquable properties of graphene already presented, especially the wide absorption
spectra, the high charge mobility and carrier selectivity, make graphene interesting for opto
and nano electronic applications. For optoelectronics, graphene photodetectors allow ultra-
fast charge carrier dynamic enabling the conversion of incident photon into current with
multi-gigahertz bandwidth [Xia09b, Mueller10]. In addition, graphene is suitable for ap-
plications in optical communications [Pospischill3, Gan13] and long-wavelength detection
[Vicarellil2]. An example of a graphene-based photodetector is shown Fig. 1.4(a), it con-
sists of a lateral p-n junction created by doping differently two regions of graphene electro-
statically. The built-in electric field in the junction separates the photogenerated electron-
hole pair giving rise to a photocurrent with an important contribution at the electrodes, see

Fig. 1.4(b). However, the semimetal nature of graphene limits the performances of graphene
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Figure 1.4 — (a) Three-dimensional schematic view of double-gated (back and top) device used to demonstrate
the photo-thermionic effect. By applying appropriate biases to the top (Vpg) and back (V) gates, two
differently doped regions (1 and 2) are created. (b) Photocurrent map of the corresponding device. White
lines mark location of gold contact and gate electrodes. A hot spot at the p-n junction is observed. Figures
extracted from Ref. [Gabor11].
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based photodetector because of high dark current allowing small On/Off ratio, then a lot of
noise and high power consumption. The idea was to move to layered semiconductors where
the presence of the band gap and their layered nature make them interesting for nanoelec-

tronic and optoelectronic applications as we will see in the next section.

1.1.2 Semiconducting transition metal dichalcogenides

Transition metal dichalcogenide (TMDC) refers to a large family of materials of chemical
formula MX, where M is a transition metal element from group IV to X of the periodic ta-
ble of chemical element [Chhowallal3, Wangl2, Ajayanl6, Lil7] and X is a chalcogen el-
ement of group XVI (S, Se, Te) [Chhowallal3]. As graphene, they are layered materials
with a strong intra-layer covalent bonds between atoms, dangling-bond free lattice and a
weak van der Waals inter-layer coupling. This makes possible the isolation of one or few
layers from the bulk crystal by mechanical and liquid phase exfoliation, it can also facili-
tate their synthesis by chemical vapor deposition (CVD). Contrary to graphene which has
only one atomic plane of carbon in monolayer, a monolayer TMDC consists of 3 atomic
plans of X-M-X with a transition metal atomic plan M sandwiched between two chalcogen
atomic plans X. The large possibility of combination of transition metal atoms with chalco-
gen atoms in MX, stoichiometry, gives rise to a large variety of TMDCs with diverse elec-
tronic structures and completely different electrical properties. One distinguishes insula-
tors, semiconductors [Wangl2, Chhowallal3], metals, semimetals and superconductors
[Yangl7, Ajayanl6, Lil7]. These electronic properties are essentially controlled by the oc-
cupation rate of the non-bonding d orbitals of M atoms by electrons [Schmidt15]. This elec-
tronic occupation rate of the non-bonding d orbitals of M atoms differs in TMDCs depending
on the group of the transition metal and determines the spatial coordination geometry of the
later and hence the crystal structure of TMDCs to which their electronic structures are closely
related.

Crystal structure, band structure, and properties of semiconducting TMDCs

The transition metal’s coordination can be either trigonal prismatic or octahedral result-
ing to a variety of polymorph and polytype phases. The three frequently encounter poly-
morphs are the hexagonal phase (2H), the trigonal phase (1T) and the rhombohedral phase
(3R) [Chhowallal3] with respectively two, one and three X-M-X layers required to form the
primitive cell. To distinguish from few layers or bulk, the nomenclature adopts the nota-
tion (1H) when referring to a monolayer TMDC in hexagonal polymorphic phase. Metallic
TMDCs composed of group IV and V such as TaS, and TiS, are thermodynamically stable in
1T phase contrary to their semiconductor counterpart such as MoS,, MoSe, and WS, stable
in 2H phase [Chhowallal3, Kapperal4b, Lil7]. The 1T metastable metallic phase in MoS,,
MoSe, and WS, requires a relatively high activation energy of approximately 1 eV to relax
back into the semiconducting 2H phase [Voiry13, Kapperal4a]. Furthermore, engineering the
occupation of the non-bounding d-orbital of the M atom by chemical or electrostatic doping
enables to induce a transition from the stable 2H phase to the metastable 1T phase which has

important applications in nanoelectronic for contact resistance engineering [Kapperal4al].
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(c)

Figure 1.5 — Transition metal atom coordination for (a) trigonal prismatic (H) and (b) octahedral (T) poly-
morph. The blue and orange spheres represent the transition metal and chalcogen atoms respectively. Top
and side views of (c) 2Ha, (d) 2Hc and (e) 1T bulk polytypes. The primitive cells are highlighted by black
rhombuses in the top views and red dashed squares in the side views. The primitive cells of 2H and 1T poly-
types contain six and three atoms respectively. The stacking orders are indicated in brackets. Adapted from
Ref. [Ribeiro-Soares14, Mouafol9].

(a) (®) (c)

Figure 1.6 — (a) Top view of 2Hc TMDCs. aq and a, are the in-plane primitive unit vectors. (b) Correspond-
ing first Brillouin zone. by and b, are the in-plane reciprocal primitive unit vectors. The main four points
are labeled: T, K, K’ and M. (c) Three-dimensional first Brillouin zone of bulk 2Hc TMDCs. In addition to
the four points depicted in (b), there is a fifth point labeled A. Adapted from [Froehlicher16].

Regarding their geometrical organization, atoms in each of the three monoatomic layers

constituting a monolayer MX, TMDCs have a triangular organization comparable to the Gr
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sublattices. Only the vertical intra-layer arrangement differentiates the (1H) and more gener-
ally the (2H) polymorphic phase to the (1T) polymorphic phase (Fig.1.5 (a,b)). The hexagonal
1H polymorph results from a trigonal prismatic coordination of the transition metal atoms
M with its six chalcogen nearest neighbors half distributed in the top and bottom chalcogen
plan where chalcogen atoms of the top and bottom layer are vertically aligned along the z-axis
(Fig.1.5 (a)). The 2H TMDC:s (thickness superior to one MX; layer of trigonal prismatic poly-
morph) exist in two forms with different stacking symmetries [Ribeiro-Soares14] reported as
2Ha and 2Hc (Fig.1.5 (c,d)). The 2Ha polytype reported for group V based TMDCs such as
Nb(S,Se), and Ta(S,Se),, in which all the transition metal atoms align in the z-direction as
shown in Fig.1.5 (c). The 2Hc polytype stable including molybdenum and tungsten based-
TMDCs ( Mo(S,Se), and W(S,Se),) corresponds to the sequence where each transition metal
atom is vertically aligned with the two chalcogen atoms of the subsequent layer (Fig.1.5 (d)), it
is the one we use in this work. The 1T polymorph or octahedral phase results from octahedral
coordination of the metal atoms with its six nearest chalcogens of the two chalcogen layers
still organized as in the 1H polymorph but rotated with respect to each other relatively to a
vertical axis containing the transition metal atoms. Hence, the chalcogen atoms of both layer
are not anymore aligned along the z-axis (Fig.1.5 (b)). Consequence of the trigonal atomic
organization, the Bravais lattice as well as the subsequent FBZ are hexagonal with the basis
vectors (aq,a;) and (bq, by) respectively (Fig.1.6(a, b)). It results two set of inequivalent points
K and K’ located at the vertexes of FBZ with a direct consequence of introducing a double
valley degeneracy. The FBZ has four high symmetry points I', M, K and K’ (Fig.1.6(b)). For
bulk TMDCs, the FBZ becomes hexagonal prismatic with an additional high symmetry point
(A) located on the same vertical with the I point at half high of bulk FBZ [Mouafo19].

The electronic structure of TMDCs mostly depends on the number of layer. The latter plays an
important role on both quantum confinement' and the screening of the Coulomb interaction in the
materials. This relates to a change of the hybridization of p,-obitals on chalcogen atoms and d-
orbitals on transition metal atoms, which mainly affects the conduction band at I'. Molybde-
num and tungsten-based TMDCs are semiconductors with optical bandgaps in the range 1 -
2 eV (Fig.1.7 (b)) making them very attractive for visible and near-infrared applications, but
also for fundamental studies. Indeed, they provide a unique platform to investigate the evolu-
tion of the physical properties from three-dimensional bulk to quasi two-dimensional mono-
layer systems. From their bulk indirect gap band, they undergo a transition to a direct bandgap in
monolayer [Schmidt]15] with an increase of the bandgap, thanks to quantum confinement. Fig.1.7
(a) shows an example of the transition for MoS, (from 1.2 eV to 1.8 eV). This transition was
first observed experimentally by Mak et al. [Mak10]. The indirect-to-direct band gap tran-
sition induces an important enhancement of the photoluminescence (PL) in monolayers of
Mo(S,Se), and W(S,Se), whereas only a weak emission is observed in their multilayer counter-

part [Chhowallal3] (Fig.1.7 (d) for monolayer MoS,) since the interband transition required

!Quantum confinement is a phenomenon that occurs in semiconductors when at least one of its dimensions
becomes smaller than the Bohr exciton radius, which is the average distance between the electron and the hole
generated after absorption of a photon
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Figure 1.7 — Band structure of semiconductor TMDCs. (a) The band structure of bulk, four layers (4L),
bilayer (2L) and monolayer (1L) MoS, presenting an indirect to direct band gap transition. Adapted
from[Splendiani10]. (b) Electromagnetic spectrum of 2D materials. (c) Top view of hexagonal structure
of 2H MoS,. (d) Photoluminescent of suspended monolayer and bilayer MoS,. Adapted from [Mak10].

and additional momentum. The position of the peak in PL spectra gives the energy to absorb
or emit a photon called the optical bandgap. The group symmetry of TMDCs also changes
with their thicknesses [Ribeiro-Soares14]. The inversion symmetry present in bulk or in odd
number of layer thick samples is broken in monolayer or even number of few layers thick
Mo(S,Se), and W(S,Se), [Chhowallal3, Yangl7, Zengl3, Zhangl4, Zengl12]. In monolayer
MoS, for example, such inversion symmetry breaking combines with strong spin-orbit cou-
pling (SOC) produces an out-of-plane valley dependent electron spin polarization at K and K’
points. First principle calculations and photoluminescent experiments with left/right circu-
lar polarized light revealed such a spin valley polarization to be up to +30% and —-30% at 10 K
for spin up (K) and spin down (K’) respectively [Zeng12, Mak12a]. All these properties, make

SC-TMDC:s interesting for flexible electronics, optoelectronics, spintronics and valleytronics.

Transport mechanism in SC-TMDCs: hopping process

In disordered systems consisting of randomly distributed localized charge impurities such as
SC-TMDC:s, the conduction is essentially driven by hopping [Shklovskii84]. In such systems,

each localized charged impurity induces a set of discrete states within the gap of the semicon-
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ductor. More than one electrons can occupied the discrete localized states of a single impu-
rity and the Coulomb interaction between these on-site electrons is non negligible given their
proximity. A simple description of such systems is based on the Mott model [Shklovskii84].
It assumes an ideal system consisting of an ensemble of impurities with the same Coulomb
interaction potential U(#;) regularly distributed on impurities sublattice embedded in the
main lattice of the matrix material. The impurities sublattice parameter is assumed to be b,.
When considering the entire impurity lattice, the individual discrete energy levels merge into
impurities bands (Fig.1.8 (a)). Assuming 2 electrons per site and U, the average on-site e-e
interaction energy, the properties of the system evolve with the distance b, between neigh-
boring impurities. When b, is very large, the individual discrete states are very localized.
It results two distinct narrow bands separated by a forbidden gap of width U (Fig.1.8 (a)).
The material is in an insolating state. However, when b, decreases, the impurities bands start
spreading, reducing thus the gap. It exists a critical value of b, below which the band overlap
and the material undergoes a transition toward metallic state (Fig.1.8 (a)). It is the Mott tran-
sition [Shklovskii84].

The model can be complexified to make it closer to the reality by assuming a random dis-
tribution of impurities potential (i.e. disorder). For simplicity, the random distribution of
impurities potential energy ¢; are assumed to remain within an interval i% around an aver-
age value. In this condition, the properties of the system depend on the parameter J_r% with
I representing the overlap integral of impurities states. For large values of i% (i.e. for small
overlap integral), the impurities states are very localized, the system is in an insolating state.
When i% decreases, the states are delocalized within the insolating gap. It exists a critical
value at which the delocalization recovers the entire forbidden gap (Fig.1.8 (a)) resulting to

the Anderson type of transition of the system toward metallic state.

It is important to remark that Mott and Anderson transitions show both localization of
charge carrier but their origins are fundamentally different: for Mott transition it comes from

electron-electron interactions while for Anderson transition it results from disorder.

In semiconductors, the conduction mechanism strongly depends on the carrier density
i.e. the position of the Fermi energy. From the insulating state with Ep located within the
gap, modulating the carriers density enables realizing partial inversion layer with the Fermi
level surrounded by randomly distributed localized states due to the “oscillatory” structure
of the conduction band edges (Fig.1.8 (d), right panel)?. This makes SC-TMDCs FET and
more historically CMOS devices such as MOSFET suitable systems to study Mott-Anderson
metal-to-insulator transition. From its position close to the conduction band edges where Ep
is surrounded by random localized states, a continuous doping progressively moves higher
the Er and the surrounding states become more and more delocalized [Schmidt15] (Fig.1.8
(d), right panel). Further doping takes Ep deep in the conduction band leading to insulator
to metal transition [Shklovskii84, Schmidt15].

2This means that the localized states are not exclusively from extrinsic origin and may result from the intrinsic
band configuration of the material Fig.1.8 (d).
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Figure 1.8 — Transport mechanism in semiconductors: the case of SC-TMDCs . (a) Energy band of impurities.
(b) Schematic of doping induced percolating conductive channels resulting to MIT as the electron density
increase (from top to bottom). The circles denote isolated carrier puddles. (c) Conductivity dependency with
the carrier density. The arrow highlights the critical point for MIT. (b-c) Adapted from [Chenl5]. (d) The
right schematic represents the energy band modulation in MoS, by doping and the corresponding transport
mechanism. At the left, the corresponding T dependency of the resistivity for progressive doping (from top
to bottom). One observes a transition from the insulating state (decrease of the resistivity) at low doping
regime to a metallic state (increase of the resistivity) at intermediate doping regime to a superconductive
state (the resistivity vanishes at low T) at high doping regime. Adapted from [Schmidt15]. (e) Conductivity
dependence of MoSe, with both doping and T. The transition takes at the vicinity of quantum conductance.
Adapted from [Chamlagainl4]. (f) Scaling analysis of the renormalized conductivity of ReS, demonstrating
metallic and insulating branches. Adapted from [Pradhanl5a].

Numerous of contributions have investigated both temperature and carrier density de-
pendency of conductivity (or resistivity) of SC-TMDCs [Schmidtl5, Pradhanl5a, Chenl5,
Chamlagain14] (Fig.1.8 (b-f)). At low density, the Fermi energy lies within the gap and
SC-TMDCs are in insulating state with no carriers contributing to the transport (Fig.1.8
(b)) [Chen15]. For n-type SC-TMDCs, positive Vg brings their Fermi energy to the conduction
band edges (Fig.1.8 (d)) where it is effectively surrounded by random distributed states. De-
pending on the delocalization extention of such states, low temperature transport can be un-
derstood in the framework of percolation theory. In this theory, the sublattice of the random
states is modeled as a network of random resistances. When the states are strongly localized

(i.e. Ep in the gap) the conductance is given by ¢ o exp(-¢), & = ECk_TEF [Shklovskii84]. In

this strongly localized regime, with Ec — Ep > kT, £ below a critical value &, the resistance
of the system goes to infinity (o — 0) (Fig.1.8 (c)). In contrast, above &, a percolating hoping
channel is established in the resistance network (Fig.1.8 (b)). As & progressively increases
more percolating parallel channels emerge in the material and the conductance obeys to the
power law [Shklovskii84, Chenl5] (Fig.1.8 (b)).

o(f)ac(E-&)* , a>0 (1.11)
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This behavior usually observed in MOSFET devices with & = n (n being the charge density)
has been observed in monolayer MoS,, with n, ~ 3.2 x 10!> cm™ and the percolation
component a ~ 1.7 in the Eq. 1.11 (Fig.1.8.(c)) [Chen15].

For & > &, + 1 the total resistance of the material becomes limited by the most resistive
channels and the conductance takes the expression o o opexp(&;) and does not increase
anymore with new percolating channels. In low temperature regime, the tunneling (hop-
ping) probability between the neighboring states of the randomly distributed impurity states
around the Fermi level is much smaller than the tunneling probability between the only
few more distant states with energies close to Er. The transport is thus mediated by hop-
ping with a length determined by the balance between the distance to the more favorable
states and the energy levels of the closer states. This is known as variable range hopping
(VRH). The conductivity increases with temperature following the general formula expressed
in Eq.1.12 [Schmidt15] (Fig.1.8 (c)).

O(T)ocooexp[—(%)l/(d“)] (1.12)

Where 0y is the conductivity limit for an infinite temperature and d is the dimension of the
system (= 2 for monolayer layers SC-TMDCs). T is the limiting temperature which helps to
quantify the disorder.

At high temperature regime, the hopping probability between the state becomes similar and
the conduction is driven by thermally activated nearest neighbor hoping (NNH) [Schmidt15].
The T dependency of the conductivity becomes:

o (T) e ayexpl—( %) (1.13)

With E, the activation energy. From this hopping regime, further doping moved the Fermi
energy deep in the conduction band and SC-TMDs undergo a transition to a metallic regime

characterized by the decrease of conductivity with increasing T [Schmidt15, Yang17] (Fig.1.8
(c)).

Examples of nanoelectronic and optoelectronic applications

In the wake of graphene, research in 2D materials has evolved into a major branch of con-
densed matter physics, motivated by a search for novel physical phenomena in reduced di-
mensionnality and device engineering. Indeed, the presence of bandgap in TMDCs make
them promising candidate for future transistor applications. SC-TMDCs have been inten-
sively studied since their discovery including in nanoelectronic and optoelctronic. Their im-
plementation in nanoelectronic devices has been made possible using either conventional
dielectrics [Radisavljevicll, Pradhan14, Yul6, Mouafol7] or electrolytes [Zhangl6, Yuan11]
to tune charge transport both in their 2D plane and their interface with metallic electrodes.

Dielectrics unveil electron transport in MoS,, MoSe, and WS, while hole transport has been
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demonstrated in WSe,. For instance, Kis et al. used hafnium oxide and silicon oxyde on
monolayer MoS, to demonstrate FET with On/Off ratio exceeding 108 and electron mobility
of 217cm?V 157! comparable with those achieved in silicon thin films [Gomez07]. Ambipo-
lar transport, induced superconductivity and lateral pn junction have also been demonstrated
in MoS, using electrolytes [Yel2, Zhangl3a]. Thanks to the high charge carrier densities ac-

cessible with electrolytes.

SC-TMDCs based photodetectors have also been studied [Pospischill4, Mak16]. More
generally, it consists of a channel of TMDC gate modulate or not, contacted by metallic con-
tacts through which the conductivity changes upon illumination due to the variation in mo-
bility or charge density or both. The mechanisms that give rise to photoconductivity in SC-
TMDCs-based transistors are carefully studied in Ref. [Furchil4]. The devices involve are
suitable for slow time response applications: Yin et al. [Yin11] provided the first demonstra-
tion of single layer MoS, phototransistor with 50 ms response time and a photoresponsivity of
7.5 mA/W. The second type of photodetector, based on WSe, is shown on Fig.1.9. It consists
of the split-gate electrodes coupled to two different regions of a WSe, monolayer. By biasing
one gate electrode with a negative voltage and the other with a positive voltage a lateral pn

junction is made. Depending of the sign of the two gate voltages, pn, np, pp or nn junctions
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Figure 1.9 — Lateral WSe2-photodiode. (a) Photocurrent as a function of the bias voltage under different
biasing conditions, the inset presents the three-dimensional schematic view of a WSe, devices with split-gate
electrodes. (b) Band diagrams of the junction at the same biases as in the photocurrent plot: the green line
corresponds to pn junction (top left) ,the blue line nn (top right), the red line pp (bottom left), and the orange
line np (bottom right). Figures extracted from Ref. [Pospischill4].

(Fig. 1.9(b)) can be obtained on the same device. Such devices exhibit the typical photodiode
characteristic as shown in Fig. 1.9(a) with a rectification behavior where the diode is achieved.
They can thus operate as photodetector or photovoltaic devices. It is noteworthy that these
devices suffer from the low light absorption because of their atomically thin thickness and
spectral selectivity in the visible regime due to the rather large band gap which limits their
performances. One way to overcome those limitations is to sensitize thin channel materials with
strongly light absorbing materials in MD-VAW-h, for instance thicker QDs or NCs film with strong

light absorption as we will study in this work. Before talking about heterostructures, in the next
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session we will focus of colloidal nanocrystals.

1.2 Colloidal nanocrystals

1.2.1 Important concepts

Colloidal nanocrystals (CNCs) are semiconducting NCs synthesized in solution with a diame-

ter of a few nanometer. The term NC refers to a crystalline nanoparticle. The nanometer-scale

Semiconductor B.ulk (C) Photon Wavelength (nm)
NC semiconductor 900 700 500 400
@_—__ (b .
Conduction
Band CdSe NC
| Diameter
Eg 3
Eg l < 20 nm

5 |

Valence 5_

Band 2

2

<

Colloidal 5
NC <

(e) 8
[

N §

"]

e

AN AN L=

15 20 2.5 3.0 35
7 i

- Photon Energy (eV)
P

Figure 1.10 — Electronic energy states of a semiconductor with: (a) discretization in nanocrystal and (b) con-
tinuum in bulk. (c) Absorption (top) and fluorescence (bottom) spectra of CdSe SC-CNC showing quantum
confinement and size tunability below his exciton Bohr diameter of ~ 9.6 nm. Adapted from [Smith10].
(d) Spherical colloidal nanocrystal surrounding by ligands. (e) CdSe CNCs of different size in solution,
illuminated by UV light (ONexdot).

of the crystal allows to confine spatially both electrons and holes in three dimensions, then
leads to interesting quantum effects [Talapin10, Kim15]: Optical and electrical properties of the
NCs can be tune by changing their size and shape during the synthesis as shown in Fig.1.10. So the
most important feature of the quantum confinement is the size-tunable optical band gap allowing to
tune the NC’s absorption throughout a large spectra wavelength range from visible to mid infrared.
The first observations of these effects were collected from optical measurements on the
semiconductor dots dispersed in glass matrices [Ekimov81] or aqueous semiconductor sols
[Brus86]. Untill the mid-1990s the major challenge was to synthesize dots of uniform, size-
tunable and isolable with tunable properties. Thanks to the hot injection technique in col-
loidal synthesis, introduced in 1993 by Murray, Norris and Bawendi to demonstrate the first
colloidal synthesis of Cd chalcogenide NCs [Murray93] which unveiled bright luminescence
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in the visible. The technique has the particularity to form highly monodisperse NCs which
is very important for NCs to have the same confinement at the same energy. It is low cost
with respect to expensive expitaxial growth achieved in ultra-high vacuum chamber and it
allows ligand exchanges in solution. From that, many synthesis have been done on NCs with
a wide spectra range of applications including photovoltaic [Carey15] and photodetection
[Livachel9, Saran16, Konstantatos10, Qianl1, Lil1a, Steckel03]. While CdS, ZnS, ZnSe, InP,
Si and Ge NCs have been used for visible applications, lead chalcogenides, cadnium mercury

chalcogenides and mecury chalcogenides NCs have shown prospects for IR applications.

Among these applications, low cost short-wave infrared (SWIR, 0.9 to 1.7 ym) and
mid-wave infrared (MWIR, 3 to 5 ym) photodetectors are raising more and more interests
[Lhuillier17, Lul9]. Mercury telluride (HgTe) appears as the most tunable material to ad-
dress these ranges of wavelength, thanks to the semimetal nature of the bulk material
[Lhuillier12, Allan12]. The latter allows to have narrow-band gap NCs due to quantum con-
finement. Fig.1.11 (a) shows the calculated band structure of HgTe bulk with zero gap at the
center of the Brillouin zone I' with a reversed band ordering compared to classical semicon-
ductors: the Iy band (usually a conduction band) is found deep below the first degenerated
valence bands whereas the first conduction band is a Iy band (which is usually a valence
band) [Livachel9]. As we said before, due to quantum confinement, decreasing the NC size
below its Bohr exciton diameter leads to the increasing of the band-bap. Bohr exciton diame-
ter of HgTe is about 80 nm, HgTe nanocrystals then feature low interband transition as shown
in Fig.1.11 (b) (1Sj, to 1Se) with size-tunable interband absorption from SWIR to MWIR(see
Figl.11 (c)). In this thesis, we will focus on HgTe NCs with band-edge around 4000 cm™!
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Figure 1.11 — HgTe Characteristics. (a) Calculated band structure of the gapless bulk HgTe (semi-metal)
from [Svanell]. (b) Low energy interband transition in HgTe NC between discrete electronic 1Sy state
and 1S, state (semiconductor) (b) Absorption spectra of HgTe NCs of 20 nn, 10nm and 5nm sizes display-
ing a size-tunable bandgap from SWIR to MWIR. "6k", "4k" and "2k" refer to the absorption band-edges
of the nanocrystals, respectively around 6000 cm™t, 4000 cm™ and 2000 cm™'. Figures Adapted from
Ref. [Livachel9].

(= 2.5 um) called "HgTe 4k", because they are currently generating strong interest for the
design of high-performance and low-cost infrared sensors with low power consumption in

MWIR. Thanks to their low cost, ease of fabrication, stability and integrability with existing
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technology.
1.2.2 Transport in nanocrystal arrays

In the previous section we introduced some important concepts about CNCs and their appli-
cations. In this section, we will be interested in the transport mechanisms of an assembly of
NCs densely packed films. To do so, let’s consider a film of nanocrystals randomly distributed

on a plane surface connected by two electrodes (source and drain), see Fig. 1.12 (a). NCs are

(b)

Figure 1.12 — Hopping transport in a nanocrystal film. (a) Scheme of a nanocrystal film deposited on gold
electrodes, connected to a bias source and to a current-meter. (b) Transport of an electron via multiple hopping
steps in a nanocrystal film. (c) Sketch of two neighbour nanocrystals, separated by long organic ligands. The
ligands constitute a barrier for a charge to hop from one nanocrystal to the other. The electron can either
tunnel through the barrier (plain arrow) or be thermally activated other the barrier (dashed arrow). Adapted
from Ref. [Livachel9].

separated from each other by a few nanometers because they are capped with long organic
ligands. As a result, they are poorly electrically coupled. In order to transport carriers from
one electrode to the other, a charge have to follow a percolation path through the film, i.e.
hopping from NC to NC as shown in Fig. 1.12 (b). Another way to understand this hopping
transport is to consider the wave-function extension of the ground states of a NC: the overlap
between the wave-functions of two neighbour crystals is weak (Fig. 1.12 (c)), so each hopping
step can be either a thermally activated transfer above the barrier, or a tunnel event through
the barrier formed by the medium separating two NCs (mostly composed of ligands).

In hopping transport in NC arrays, the key parameter driving the carriers mobility is the tun-
nel barrier between two sites (i.e. two nanocrystals). The transparency of the barrier using the

Wentzel, Kramers and Brillouin (WKB) approximation can be written as [Guyot-Sionnest12]:

2m*VB

Tirans = exp(—2z 72

) = exp(—Cz) (1.14)

Where z is the barrier length, Vp the barrier height and m" the effective mass of the carrier. C

describes the extension of the wave-function in the barrier. Using a diffusive model in three
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dimensions and using Einstein’s equations:

kgT 2
p=tel R (1.15)
e 6Thop
The mobility of a carrier can be expressed as:
eR?
=— 1.16
M 6 thopks T (1.16)

Where D is the diffusion coefficient associated to charge transport, R is the nanocrystal size,
kgT the thermal energy and 1y, is the hopping time. Each hopping step being a tunnel event,

the hopping time can be written as a function of the interdot barrier transparency:

2E
1/Thop = TaTtmnsexp(_Ea/kBT) (1.17)

With E, the activation energy of the hopping process which depends on the NC charging en-
ergy and the degree of disorder of the channel. It is of the order of 50 meV for semiconductor
nanocrystals film [Guyot-Sionnest12].

From Eq. 1.16 and 1.17, one can deduce the electronic mobility as:

eR?

U= Wexp(—Cz—Ea/kBT) (1.18)

To summarize, the transport in NCs films is controlled by the hopping events from one electrode
to the other. Depending on the electrodes spacing, there is between 10 (for ~ 100 nm spaced
electrodes) and a few thousands hopping steps (for ~ 10um electrodes). Thus, charge trans-
port is a diffusive process, with charges flowing through multiple percolation paths that are
susceptible to change with applied voltage, temperature and film chemistry such as ligands
exchange [Livachel9]. It is important to note that two main parameters compete for a car-
rier to choose its next site: the distance and the energy of the final state. Therefore it comes
out two channel for hopping, the NNH and the VRH. Both channels are always active, but
their relative contribution is tuned by temperature and density of states as introduced in the

section 1.12.

1.3 Mixed-dimensional van der Waals heterostructures

2D materials are dangling-bond free sheets with fully satured chemical bonds at the surface
which allow the integration of highly disparate materials, by van der Waals interactions with-
out any constraints of crystal lattice matching with new functionalities. So 2D materials can
be coupled to nanoparticles (0D), nanowires (1D), materials (2D) as well and crystalline bulks
or polymers (3D) to built 2D-nD (n =0, 1, 2, 3) mixed dimensional van der Waals heterostruc-
tures (MD-vdW-h) [Jariwalal6, Liul6b]. It is important to note that, in such MD-vdW-h, at least
one 2D material is involved, which offers the flexibility, semi-transparency for vertical field, better

scalability and low cost integrabilty compared with existing heterostructure in photovoltaic and
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Figure 1.13 — 2D-nD (n = 0, 1, 3) heterostructures consisting of the interaction of 2D material with
material of other dimensionality : 0D (Nanoparticles, dispersed molecules, fluorine Cgy), 1D (Nanowire
and nanotube), 3D (2D material interact with bulk substrate and other bulk materials). Adapted from
Ref [Liul6b, Jariwalal6].

LED industries [Casey12].

In general 2D-nD (n = 0, 1, 3) heterostructures are fabricated using conventional micro-
fabrication techniques where the 2D material is either mechanically exfoliated or grown us-
ing chemical vapor deposition (CVD) or epitaxial methods. Then the nanoobjects are de-
posited by drop-casting or spin-coating [Houdy06] (Fig. 1.13). On the other hand, 2D-2D
heterostructures are fabricated using much complex techniques such as direct assembly by
micromechanical stacking. This technique takes advantages of the weak van der Waals nature
of the interlayer interactions. Unfortunately, such a fabrication technique is not suitable for
large scale production, then only suitable for fundamental research. In what follows, I will
present some examples of MD-vdW-h.

The coupling of NCs (0D) with 2D materials to form 0D-2D MD-vdW-h geome-
try has been intensively investigated and revealed properties and functionalities that al-
ready lead to prospects even in our group for quantum electronics [Godell7], spintron-
ics [Mouafo18, Song19] and optoelectronics [Konstantatos12, Zhang19].

For photodetection applications, 2D-0D heterostructures take advantages of high carrier mo-
bilties of 2D materials and strong tunable light absorption of quantum dots. Indeed, the
approach was first adopted using semiconductor quantum dots as sensitizers on graphene
FETs. Fig.1.14(a) shows graphene-PbS heterostructure where PbS QD sensitizers play a key
role and are used to convert photons into electric signals in the photodetector (by absorb-
ing photons and generating electron-hole pairs). Generally, the carrier with the lowest band
offset with respect to 2D materials is transferred in 2D materials while the other stays in
QDs. This charge separation is induced by an internal electric field that comes from the band

bending at graphene-QDs interface due to the work function mismatch between graphene
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Figure 1.14 — 2D-0D and 2D-1D vdW-hs. (a) Schematic of 2D-0D heterostructure based on graphene
and PbS quantum dots, (b) Energy level diagram of the graphene-QD interface: A built-in electric field
formed at the interface resulting from the transfer of electrons from QD to graphene as shown in the top
panel, illustrating the bands for Vgc=Vp. On photoexcitation of PbS QDs, electrons are trapped in the PbS
quantum dots while holes are transferred to the graphene under the built-in field, then shift down the Fermi
energy in the graphene (bottom panel). (c) Resistance as a function of back-gate voltage for the graphene-
QD structure for increasing illumination intensities provided by a collimated laser wavelength of 500 nm.
Increasing the illumination leads to a photogating effect that shifts the Dirac point to higher back-gate voltage.
This indicates hole photodoping of the graphene flake. Inset: two-dimensional plot of graphene resistance as
a function of optical power. Figures extracted from Ref. [Konstantatos12]. (d) Top: Schematic of 2D-1D
device. Bottom: Transfer curves displaying n-MoS, (blue), p-SWCNTs (red) and ambipolar transport in the
junction (green). (e) Top: Gate dependent band diagrams for the SWCNT/SL-MoS, (2D-1D) heterostructure
bias magnitude of 10 V, demonstrating n~p*, np, n*i or n*n junctions. Bottom: Gate dependent forward-
to-reverse current ratio showing an important rectification at high negative voltage where the junction n”p*
is formed. (f) Current in the n"p* in dark (black) with a clear signal rectification and under illumination
(red) showing an important current modulation with On/Off ratio exceed 103, the inset shows the time
dependent photoresponse of the p-n heterojunction showing fast rise and decay times of ~ 15us. Adapted
from [Jariwalal3].

and QDs. Indeed, when QDs are deposited on graphene, holes from graphene are trans-
ferred to the QD layer, forming a built-in electric field to equilibrate the Fermi levels. Upon
illumination, photogenerated-electrons are trapped in QDs and holes taking advantages of
the built-in field, are transferred in graphene (Fig.1.14(b)). Because of high carrier mobil-
ities of graphene, hole will circulate many times and will contribute several times for the
photocurrent during the lifetime of electron that remains trapped in QDs, this photogating

effect leads to very large photo gain with high responsivity exceeding 10’ AW ™!, five decades
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higher than the one obtained in graphene phototransistors and the highest value reported for
graphene-based photodetector [Konstantatos12]. The photogating effect can also be seen on
the graphene sheet resistance (Fig.1.14(c)), where one can observe shifts of the Dirac point to
higher back-gate voltage when increasing the illumination, then indicates hole doping of the
graphene flake. Plasmonic nanoantenas have also been coupled with graphene to enhance
the photoresponse using the field enhancement resulting from plasmon surface.

Although these graphene based heterostructures have a large responsivity, they suffer from
some key limitations such as the large dark current, and dramatically slow time response
[Tang19c]. To reduce the dark current, it was later proposed to replace the gap-less graphene
by SC-TMDCs [Lopez-Sanchez13, Kufer15, Yul7, Hul7, Huol7]. The responsivity of photo-
transistors has been improved to 880 and 10° AW~! in the device consisting of p-PbS QDs
decorating the surfaces of the monolayer and fewer-layers MoS, respectively [Kufer15]. By
spin-coating a layer of n-type PbS QDs on top of the channel of n-type monolayer WS, tran-
sistor, Yu et al. demonstrated a stable 2D-0D photodetector with a responsivity of 14 A.W~!
at 808 nm, a specific detectivity of 4x108 Jones and rise and decay time response of 153 and
226 ps respectively [Yul7]. In these 2D-0D heterostructures the coupling between the 2D material
and NCs occurs through a tunnel process and only the NCs in the very vicinity of the 2D material
are actually contributing to the photoconduction.

P-type semiconducting single-walled carbon nanotubes SWCNTs have been success-
fully deposited on the n-type MoS, monolayer to form vertical p-n heterojunction (2D-1D
vdW-h), see Fig.1.14(d), to work both as logic gate FET and photodiode [Jariwalal6]. The
atomically thin nature of MoS, monolayer makes it transparent to the vertical electric field,
then both the MoS,; layer and the CNT films can be modulated by the gate voltage, allowing
to figure out n™p™, np, n*i or n*n junctions (Fig.1.14(e)). In the n™p™ junction at high negative
voltage, SWCNT completely becomes p-doped (the Fermi energy is in the valence band) while
MoS, remains extrinsic n-doped (Fermi energy below but near the conduction band), the rec-
tification become important, the photogenerated excited carriers are quickly separed by the
built-in electric field, leading a photocurrent with On/Off ratio exceed 10° (Fig.1.14(f)) and
a fast responsivity less than 15 ps. Graphene-GaAs nanowires and graphene-ZnS nanowires
photodetectors have also been demonstrated with 71 pys and 120 ms time response respec-
tively [Gong18, Wul7].

2D-2D vdW-h have been intensively studied, it implies not only graphene-hBN het-
erostructures but also hBN-TMDC heterostructures, graphene-TMDC heterostructures and
TMDC-TMDC heterostructures. h-BN is an insulator, and is used to encapsulate graphene
and TMDCs in order to prevent them from extrinsic sources of scattering such as sub-
strate roughness or impurities and water molecules adsorbed during the sample pro-
cessing. This enables to achieve high mobilities reaching 200000 cm?V~!s~! in Gr FET
[Mayorov11]. Gr/h-BN heterostructures based vertical tunneling transistor have also been
reported [Wang16, Pisonil8]. By reducing the scattering effect using a h-BN substrate, a mo-
bility as high as 163 cm?V~!s~! was achieved for monolayer WS, FET [Igbal15]. PL emission
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Figure 1.15 — 2D-2D and 2D-3D vdW-hs. (a) Schematic of MoSe,-WSe, (2D-2D) heterostructure. (b)
Schematic band diagrams of the device, ¢ is the work function of the metal, x the electron affinity of the
flake, E¢ the Fermi energy and E4 the band gap (c) I-V curves measured with variable back-gate voltages
in dark showing a rectification at negative gate votages, the inset shows an optical image of the device. (d)
Photocurrent mapping of the heterostructure (scale bar: 10um). Adapted from [Xuel8]. (e) Schematic of
graphene-Cg( (2D-3D) heterostructure based on CVD-growth graphene transferred on Si/SiO, and evapo-
rated 280 nm film of Cgo. (f) Band energy diagram of a FET, representing the hole-doped graphene strip,
the molecular levels of Cgg and the work function of the drain electrode (Al, Cu). The same energy diagram
under (g) negative Vs and (h) positive Vg with grounded graphene film under negative Vg (solid) and
positive Vs (dashed), respectively. (i) I-V curve of graphene-Cg heterostructure at different gate voltages,
the gate allows to tune the interface and achieve a rectification behavior at negative voltages. Adapted from
[Paruil5].

of TMDCs is dominated by defects at low temperature, when encapsulating them with h-
BN, optical signatures become more cleaner with narrower peaks [Lorchat19]. In addition,
a repeating stack of 2D TMDC semiconductors/h-BN constitutes stable quantum well with
negligible leakage demonstrating efficient electron to photon conversion within the active
semiconductor TMDC layers when an electric field is applied perpendicular to the stack.
LEDs consisting of such heterostructures have shown quantum efficiency reaching 20% at
room temperature [Novoselov16] comparable to organic LED and state of the art GaAs based
quantum well LED.

In most of graphene-TMDC devices, graphene is used as tunable work function electrodes
and SC-TMDCs as photoactive material with strong light-matter interaction. Britnell et
al. [Britnell13] and Yu et al. [Yul3] have reported the first vdW-h photodetectors display-
ing a graphene-SC-TMDC-graphene structure. A bias between the two graphene electrodes
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is applied in order to separate and collect the photogenerated carriers in the TMDC. Note that
electrostatic doping of graphene layers can also create a buid-in electric field even without
applying a bias voltage. Furthermore, Massicotte et al. [Massicottel 6] have demonstrated an
intrinsic response time shorter than 10 ps in such devices.

TMDC-TMDC heterostructure has been demonstrated by Hailing et al., they have synthetized
a vertical MoSe,-WSe, heterojunction using sputtering-CVD method. They demonstrated
that not only WSe, and MoSe, can be gate modulated with hole and electron mobilities of
~ 2.2 and ~ 15.1cm?V 157! respectively, but also the rectifying I — V behavior of the pn junc-
tion [Hailing18]. To go further, Xue et al. studied optoelectronic properties of such junctions
(Fig.1.15(a-d)). They mechanically exfoliated from the bulk few layers p-WSe; and n-MoSe,
and stacked them in MoSe,-WSe; heterojunction on SiO,/Si substrate as shown in Fig.1.15(a).
They demonstrated a high-sensitivity MoSe,-WSe, p —n photodetector with a strong gate-
dependent photoresponse. Usually in such junctions, the responsivity is limited by the high
Schottky barrier at the contact regions and the insufficient band bending in the overlapping
region (see Fig.1.15(b)). So by applying a high negative gate volatage, they reduced the Schot-
tky barrier height at the metal-flake regions and achieved gate-modulated rectifying 1;-V
curves (Fig.1.15(c)) indicating the formation of the p —n junction at the MoSe,-WSe, inter-
face. Under a reverse bias, means applying a negative voltage on WSe, side, leads to increase
band bending at the heterojunction region, then leads to an increase of the built-in electric
field in the p —n junction, thus allows a fast separation of photo-generated carriers. In those
conditions, they found high sensivity photodetection suitable for telecommunication band

(wavelength of 1550 nm) with a responsivity of 127mAW~! at room temperature [Xuel8].

2D-3D heterostructures typically require growth or transfer of 2D material on the bulk
3D material. While CVD graphene has been growth on bulk germanium to form graphene-
gemanium heterostructure [Kazemil7], MoS,-GaN heterostructure has been made by epi-
taxial MoS, and bulk gallium nitride (GaN) [Ruzmetov16]. The latter demonstrated out
of plane electrical conduction, confirming the potential of direct synthetized of 2D-3D het-
erostructure for vertical flow current. On the other hand, 2D-3D heterostructure was per-
formed using bulk Parylene-C spincoated on CVD graphene. This graphene-Parylene-C
heterostructure shown good mechanical properties suitable for many active components in
MEMS technologies [Berger16]. A report on graphene-Cgq thin film FET and phototransis-
tor demonstrated a gate tunable interface energy barrier and a gate-modulated photocurrent
(Fig.1.15(e-i)) [Paruil5]. Indeed, a 280 nm thick of molecular semiconductor Cg4, has been
evaporated on CVD-growth graphene (initially transferred on Si/SiO, substrate which acts
as back gate) contacted by two metallic electrodes (D* and S used as source electrodes) to
build 2D-3D hetorostructure as shown in Fig.1.15(e). Then, the Cg( layer is contacted on
the top (D used as the drain electrode) to form a vertical FET with a graphene source elec-
trode. This geometry is important not only for the possible modulation of the Fermy level, the
corresponding work function and the low DOS of graphene which provides a tunable energy bar-
rier at graphene-Cg( interface but also the extend of the vertical electric field from the gate into
Ceo film, because of the low electric screening of monolayer graphene. Fig.1.15(f) shows the band
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energy diagram of a FET without contact, with the hole-doped graphene strip, the molecular
levels of Cg4p and the work function of the drain electrode (Al, Cu). Once the materials get
contacting, Fermi level alignments result in a band bending at both graphene-Cgy and Cgp-
Al interfaces. Applying a negative Vg (Fig.1.15(g)) shifts the Fermi level of the graphene
downwards, effectively increasing the graphene-Cgg junction energy barrier for electrons. In
this case, when the graphene-Cg, junction is under negative voltage Vs (solid line) electron
can easily move from top the contact to graphene troughthout the junction (forward diode
condition) while the junction under positive Vg (dotted line) leads to large energy barrier
for electron (reversed condition). In case of a positive Vg (Fig.1.15(h)), the graphene Fermi
level shifts upwards while more electrons will be induced in the first few monolayers of Cg.
This modifies the Cg4( energy levels alignment with respect to graphene and reduce the height
of the graphene-Cg junction, such that the electron transport will be much easier for both
negative and positive Vg, thus a reduction of the rectification. It is important to note that,
here the energy barrier modulation will only be at the graphene-Cg( junction whereas the
Cgo-metal junction at the top will act as the a fixed barrier without any change at differ-
ent Vg, because of the large DOS of metals which requires an exceedingly large amount
of induced charge to move their Fermi energy. Fig.1.15(i) shows I-V curves at different gate
voltage at room temperature with high rectification curves at high negative gate voltages. Il-
luminating the junction under the reversed condition leads to the photocurrent which is also
gate-modulated. These demonstrated the prospects of graphene as carrier selective transparent
electrodes for the vertical field. Similarly, Liu et al. have epitaxially grown small-molecule C8-
BTBT on top of graphene using a CVD approach and fabricated graphene-C8-BTBT hybrid
phototransistors with high photoresponsivity and photogain up to 10* AW~! and 102 respec-
tively, and a time response of 25 ms [Liul 6a], whereas under the same device concept, Chang
et al. demonstrated graphene-polymer semiconductor (PTB7) hybrid phototransistors with

responsivity exceeding 10* AW~! and the temporal response of 7.8 ms [Chang17].

1.4 Post process doping of nanomaterials

The doping of nanomaterials at the device level is currently driven by two gating approaches
in FET geometry: either the use of conventional dielectric such as SiO, or electrolytes. This
allows to tune the carrier density in the nanomaterials by applying a perpendicular elec-
tric field, in order to get more insight about the transport feature (electrons transport or/and
holes transport) and to evaluate the carrier mobility. In FET geometry, a semiconductor nano-
material (either NCs or 2D materials) channel is contacted by two electrodes (source and
drain) to drive the current in the channel when applying bias V,;, a third electrode (gate)
used either in the bottom or on the top allows to control the doping when sweeping with
a voltage Vg, see Fig.1.16 (c) and Fig.1.17 (c). The linear part of the transconductance also
called the transfer curve (which describes the evolution of the channel conductance at fixed

bias Vg, as a function of gate voltage V, ) allows to deduce the carrier mobility as:

L dly
K= Cwvy dv,

(1.19)
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wher L and W are the length and the width of the channel respectively, C the specific ca-
pacitance of the dielectrics or electrolytes used. This capacitance is very important for the
performance of the device as we will describe in details for these two gating techniques in the

following sections.

1.4.1 Conventional dielectrics
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Figure 1.16 — Dielectric gating. (a) Random orientation of permanent dipoles when no bias is apllied. (b)
Dipole moment aligment with applying voltage (c) Schematic diagram of the dielectric gating device with
both back (5i0,) and top HfO, gates on 2D material. Adapted from [Zanettinil 5a].

Dielectrics are insulating materials (no free charges) with a dielectric permittivity €,. The
latter and the thickness of dielectric are impotant parameters for FET gating. Indeed, when
gating FETs with dielectrics (SiO,, HfO,, Al,O3, etc), the application of gate voltage produces
the polarization of the dielectric material by simply orienting the existing permanent dipoles
or inducing temporary dipole moments which disappear when the electric field is removed
[Zanettinil5a]. Figures 1.16(a) and (b) show the polarization of a parallel plate capacitor with
an insulating dielectric layer having permanent dipoles. The capacitance of such parallel-

plate capacitor and the accumulate charges at the surface are given by:

A \%
= 08 nd n:C— (1.20)

e

C

with €, the dielectric constant of the vacuum, A the capacitor plate area, d the dielectric
thickness, V the apllied voltage and e the elementary charge. The specific capacitance of
SiO, dielectric with a thickness ( from 200 to 300nm) is in the range of few nanofarad per
centimeter square (1-11.5 nF/cm?) and can accumulate 10!! to 102 charges/cm? while high
k-dielectrics (HfO,, ZrO,, Ta,Os, Al,03) can reached 0.1uF/cm? and charge densities of 10'3.
Dielectrics can be used for back and top gate devices (Fig.1.16 (c)), and allow fast sweep rate over
a broad range of temperatures (from room temperature to 1 K) but require a large operating bias,

then possible dielectric breakdown.
1.4.2 Electrolyte gating

Contrary to dielectrics, electrolytes (ion gels, electrolyte solutions, ionic liquids, polyelec-

trolytes, polymer elctrolytes) are ionic materials with free ionic charges which can move
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Figure 1.17 — Electrolyte gating. (a) Free ions in the electrolyte parallel plate capacitor when no
bias is apllied. (b) EDL formation at each interface at the equilibrium when applying a voltage.
From [Zanettinil 5a]. (c) Schematic diagram of electrolyte gating device on nanocrystal (top gate). Adapted
from [Lhuillier14].

when an electric field is applied, so they are ion conducting but electronically insulating
[Zanettinil5a]. Fig.1.17 (c) shows an illustration of electrolyte parallel plate capacitor. When
an external bias is applied, ions accumulate into the electrodes. While negative ions move
towards the positive electrode, positive ions migrate to the negative electrode and form at the
equilibrium electric double layers (EDL) with nanoscale thickness at the interfaces (Fig.1.17
(c)). This small thickness (in the range of nanometer) allows to have high specific capacitance
(in the order of uF/cm?), then to accumulate high charge carriers (10'% to 10'* charges/cm?)
at low bias, interesting to study fundamental propreties in materials. Iwasa’s group used elec-
trolyte gating to demonstrate superconductivity, lateral p-n and ambipolar transport in MoS,
[Yel2, Zhangl13b]. Due to the froozen of ions at low temperature not far from room temperature,
electrolytes are used at quasi-room temperature. Electrolytes are only used in top gate geometry
which prevent the top access either for optical studies or to detect molecules or gases. This geometry
also has a limitation to study or to control the interfaces between materials involved in vdW-h for

instance.

1.5 Figures of merit for photodetection

Photodetectors, also called photosensors are optoelectronic devices used to sense light or
other electromagnetic radiation through electronic processes. In other words, they are de-
vices which transform the light they absorb into a measurable quantity (generally an elec-
tric current or an electric voltage) by converting photons into electric charges. One distin-
guishes: photoconductors, photodiodes and phototransistors. So far, the developed photode-
tector technologies have covered the whole application spectrum that profoundly affects our
daily lives [Huo18]: X-rays for biomedical imaging [Lussanil5] ultraviolet for lithography
and living cell inspection [Bartels02, Zeskind07] visible light detection for digital camera and
video imaging [Fowler10] broad-range infrared detection for night vision, optical communi-
cations, atmospheric and quality inspection spectroscopy [Kallhammer06, Kim04, Kahn97,

Formisano04] among others. To evaluate and compare their performances for different ap-
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plications, figures of merit and standard terminologies are used. In this section, I recall the

mechanism of photodetection and I define important parameters used in this work.

1.5.1 Photoconductors

A photoconductor typically consists of a semiconducting material, single-crystalline, poly-
crystalline or amorphous, contacted by two electrodes to form a two probes electrical device.
Upon illumination with a light with photon energies (E,;=hv) higher than the optical band
gap energy of the semiconductor, the conductivity of the material changes Ao due to the

generation of electron-hole pairs resulting in carrier density variation An as:
Ao =quiAn (1.21)

where o is the conductivity, n the carrier density, q the elementary charge and p the mobility.

The increase of conduction leads to a photon current:

Pin

P.
Ly =AcEWd = qq(Em )(utE), and @;, = (1.22)
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T
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where E, W, d, 1, P;;,, T, ®;;, are electric field, channel width, depth of the absorption region,
quantum efficiency, incident power, life time and incident photon flux respectively. The re-
sponsivity of the detector, describes how the detector responds to the light by measuring the

output current per incoming optical power on the area WxL. It is expressed as [Kufer16b]:

R:Ip_h (E)(q_ﬂ):% (1.23)
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where G is the photoconduction gain given by:

utE T

¢= T - ;tmnsit (1.24)
with 7,,,i; the transit time of the photocarrier and L is the channel length.
In fact, the response of a detector to light depends primarily on the conversion efficiency of
photon flux into electron flux, known as the quantum efficiency. The latter typically takes
into account all kind of external losses such as reflection and scattering and is often called
external quantum efficiency (EQE). It is equal to the number of electron-hole pairs per sec-
ond generated and effectively participating to the photocurrent, divided by the number of
incident photons per second: EQE = I,,,/q®;,, a value between 0 and 100% unless an internal
gain mechanism is present.
The transit time 7;,,,s; = pE/L can be understood as a time taken by a photogenerated car-
rier to cross the channel from one electrode to another. If its lifetime 7 is longer than the
transit time, the photoconduction gain takes values above unity: one electron (respectively
hole) can loop around the polarization circuit several times before being recombined, hence
contributing several times to the photocurrent, thus leading to high gain and by the way high

responsivity. The common picture is that one of the carriers get trapped, allowing the other
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one to circulate as long as its counterpart is not available for recombination [Huo18]. High
gain values thus come at the price of a slow time response, since the recombination time 7
is large: this is called the gain/bandwidth trade-off [Wang17, Lhuillier15]. So the gain has
different origins: a large life time of photogenerated carriers (also referred to the trapping
time), a difference of mobility between electrons and holes when trappings are neglected and
finally a small transit time commonly observed in nanoscale devices with nanometer channel

length.

1.5.2 Photodiodes

A photodiode, or photovoltaic detector, relies on an heterojunction to absorb photons and
separate the photogenerated charges. The working principle is exactly the same as a solar
cell, but photodiodes are optimized for detection rather than power generation. In a photodi-
ode, an asymmetry is introduced in the device, either by forming a p-n junction due to oppo-
sitely doped semiconductors or a Schottky junction between a semiconductor and one of the
metal electrodes, or using split-gates on a semiconductor. The junction leads to charge carrier
separation after the excitation process and, electrons and holes drift in different directions to-
wards the electrodes driven by the built-in electric field at the interface allowing to strongly
suppress the dark current in the structure. The response time of diodes is determined by the
transit time of carriers to their corresponding electrode, leading to high-bandwidth opera-
tion in high carrier mobility semiconductors [Kuferl6a, Huol8]. Photodiodes are used either
in photovoltaic mode at zero bias or in the photoconductive mode under reverse bias. In
photovoltaic mode, the dark current is ultra-low with low power dissipation, improving the
detectivity of the detector at the prize of absolute small responsivity. Reverse-bias operation
however enhances the built-in electric field by reducing the junction capacitance, leading to

increase the speed of the diode. The responsivity of the diode is given by:

r=2_-10 (1.25)

Another typical figure of merit used to characterize the performance of a photodetector
is the specific detectivity D* which mostly depends on the noise of the device. Indeed, it is
known as the signal to noise ratio and, it shows the ability of the photodetector to discriminate
the current generated by the incoming photons from the dark current (noise). The latter
become important for small bandgap material where the thermal activation of carriers can
be easily achieved. There are three major noise sources in photodetectors: the Johnson noise,
the generation-recombination (G-R) noise, and low-frequency (1/f) noise [Kuferl6a, Huol8,
Livachel9].

The Johnson noise also called the thermal noise is related to the mobility fluctuation of
carriers due to thermal fluctuation and is dominant at high frequency range. For a semi-

conductor of resistance R operating in the electrical bandwidth Af at the temperature T, the

1.5 Figures of merit for photodetection 53



Johson noise is given by:

. 4k TA
ohnson = BTf (1-26)

Generation-recombination (G-R) noise is due to the carrier density fluctuations due to
spontaneous creation and annihilation of electron-hole pairs in the semiconductor. It is used
for mid-frequency range. For a photoconductor operated in the electrical bandwidth Af, this
noise depends on the average dark current I;,,4+ and on the gain of the detector G as:

iGR = V4q1durkAf (1'27)

At low frequency the predominant noise component is 1/f noise. As many photoconduc-
tors or phototransistors possess gain and relatively long time constants, the device bandwidth
is often limited to low frequency operation of kHz or less and therefore falls into the range of
low-frequency noise. The origin of 1/f noise is till not well understood and often assigned to
surface traps or to contact effects such as non-ohmic contacts. This noise is generally domi-
nant in NC-based devices [Livachel9]. Taking into account the noise current density S;, the

1/f noise can be express as:
iN = SIVASf (1.28)

The noise equivalent power (NEP) is the signal power where the signal-to-noise ratio is unity,

usually expressed like:

iy Si/A
NEP:%: IR f (1.29)

Given that, and considering the area A of the photosensitive region, one can expressed the

VAAf RVA
NEP S

detectivity D* as:

D* =

(1.30)

It is important to note that the detectivity D” still depends on certain measurement conditions
such as bias voltage, temperature and modulation frequency, which have to be specified for

comparison with other systems.
1.5.3 Phototransistors

Phototransistors are light-sensitive transistors. Just like regular transistors, phototransistors
can be both bipolar or unipolar. With ordinary bipolar transistors (NPN or PNP), an emitter-
collector geometry is used, the basic semiconductor material is designed to be sensitive to the
light and acts as current amplifier [Kufer16a]. In this work the focus lies on unipolar transis-
tors, which operated as standard FETs. Indeed, the device configuration is similar to lateral
photoconductors with a metal-semiconductor architecture forming the source and drain elec-
trodes. While photodiodes and photoconductors are two terminal devices, an additional third
electrode, the gate contact, is present in phototransistors. The gate electrode allows to tune
carrier density in the semiconductor channel by a thin dielectric film or electrolytes. So, un-

der dark conditions the applied gate voltage changes the carrier density inside the channel,
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hence controlling the electrical conductivity between source and drain. Under illumination
the channel conductance can additionally be altered by changing the carrier density after ab-
sorption of light, as it is the case in photoconductors. The two features combined make this
type of phototransistor, also referred to as photo-FET, a promising system for high signal to-
noise ratio photodetection. The gate voltage can be used to electronically switch off the dark
conductivity and then minimizing noise or can be used to study the carrier dynamics of the

device.

1.6 Conclusion

We have investigated the structural, electronic and optical properties of 2D materials
(graphene and TMDCs) and nanocrystals. While properties of 2D material sheets depend
on their thickness, nanocrystal properties depend on their size which can be controlled dur-
ing the colloidal synthesis. High carrier mobilities of graphene and low light absorption make
graphene a good candidate for transparent electrode design. Contrary to gapless graphene,
TMDCs are semiconducting materials exhibiting a direct to indirect band gap transition when
exfoliated down to a single layer. They have intrinsic doping for electrons or/and holes trans-
port suitables for nanoelectronics, optoelectronics and spintronics. On the other hand, NCs
have strong tunable light absorption from infrared to visible making them useful for pho-
todetection applications in this spectral range. Free dangling bonds at the 2D materials sur-
face make possible coupling with any kind of materials as demonstrated in MD-vdW-h. It is
important to remark that all the studies made in MD-vdW-h have been perfomed in the low
doping regime using conventional dielectric and, there is to date no reports highlighting the

study of NCs in high doping regime using solid gating.
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Chapte r2

Nanocrystal FET and phototransistor
in high doping regime with ionic glass
La.F3

report in this chapter the use of ionic glass LaF5 as a high-capacitance gating to induce high
I charge densities in NCs thin film. The gating technique allows operation in the 180 to 300

K range of temperatures with capacitance exceeding 1 uF.cm™2 and sheet density as large as
3x10'3 carriers/cm®. We show that HgTe and PbS based FET demonstrate ambipolar transport.
The hole and electron mobilities reached 1.5x10 >cm?. V157! and 4x102cm®. V157! respectively
in HgTe-FET at 260 K. We figure out the unique property of ionic glass gate to enable the un-
precedented tunability of both the magnitude and the dynamics of the photocurrent in HgTe-based
phototransistor, thanks to high charge-doping capability within an operating temperature window
relevant for infrared photodetection. We demonstrate that by carefully choosing the operating gate
bias, the signal-to-noise ratio can be improved by a factor of 100, the time response accelerated by
a factor of 6. I also demonstrate n-type hybrid perovskite based FET consisting of FAPI perovskite
matrix doped with PbS NCs, with an electron mobility of 2x10~3cm?.V~1s~1 at room temperature.

Related articles

* P. Rastochi, A. Chu, C. Gréboval, J. Qu, U. N. Noumbé, S.-S. Chee, M. Goyal, A. Khalili,
X. Z. Xu, H. Cruguel, S. Ithurria, B. Gallas, J.-F. Dayen, L. Dudy, M. G. Silly, G. Patri-
arche, A. Degiron, G. Vincent, E. Lhuillier. Pushing Absorption of Perovskite Nanocrystals
Into the Infrared., Nano Lett. 2020, 20 (5) 3999-4006
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tinez, Y. Prado, S. Ithurria, A. Ouerghi, H. Aubin, ].-F. Dayen, and E. Lhuillier. Field-
Effect Transistor and Photo-Transistor of Narrow-Band-Gap Nanocrystal Arrays Using Ionic
Glasses, Nano Lett. 2019, (6), 3981-3986

In these projects, I characterized LaF; using electrochemical impedance spectroscopy mea-
surements, designed and processed samples (electrodes on LaF3 substrates) at IPCMS. Charlie
Gréboval and Prachi Rastochi synthesized HgTe and PbS NCs and perovskite NCs respec-
tively at INSP. Then, Charlie and I performed optoelectronic measurements of HgTe NCs
phototransistor at INSP.
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Beyond their bright luminescence in the visible, CNCs have raised interest for the design
of optoelectronic devices and especially for infrared (IR) sensors because of their facile solu-
tion processing and their excellent performances [Hafiz19, Lhuillier17]. While lead chalco-
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Figure 2.1 — Recent achievements for photodetection with HgTe NCs in the MWIR and SWIR (a) Scheme of a
MWIR photodiode based on a HgTe/Ag, Te junction with high detectivity at 90 K. (b) Thermal image obtained
with the diode shown in (a) by scanning a lens in front of the detector. Adapted from Ref. [Ackermanl8].
(c) Scheme of Fabry-Perot cavity enhanced HgTe CQDs detectors. (d) A serie of thermal images obtained
with the diode shown in (c), and captured at different bending radius of the flexible detectors, the image
quality remains unchange with the bending radius. Adapted from Ref. [Tang19b]. (e) Scheme of a dual-band
SWIR-MWIR HgTe photodiode. The device consists in two diodes built back-to-back, and the polarization
bias allows to switch between MWIR and SWIR sensitivity. (f) SWIR, MWIR and merged dual-band images
of hot and cold water. The SWIR and MWIR images are taken at room temperature and 85 K respectively.
Adapted from Ref. [Tang19a].

genides have attracted much attention for the design of solar cells collecting the near-infrared
(NIR) (800 nm to 1pm) part of the solar spectrum, mercury chalcogenides particularly
narrow-band-gap HgTe nanocrystals [Livachel9, Killileal9, Kershawl3, Keuleyanll] are
currently generating strong interest for the design of high-performance and low-cost infrared
sensors in the SWIR (1 to 1.7uym) and MWIR (3 to 5 ym) [Lul9, Livachel8b, Lhuillier17].
Recent developments include high-detectivity photodiodes: Ackerman et al. built a vertical
photodetector using ITO/HgTe/Ag,Te/Au on sapphire substrate (see Fig. 2.1 (a)), operating
in zero-bias photovoltaic mode as the dark current approaches zero to minimize 1/f electrical
noise. The heterojunction is formed between the n-type HgTe NCs and the p-type Ag,Te
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NCs. This device showed detectivity reaching 10° Jones with a cutoff wavelength between 4
and 5 ym at 230 K as well as prospects for thermal imaging [Ackerman18]. The introduction
of plasmonic structures to boost the optical coupling in HgTe devices have been studied
since 2014 [Chenl14b], and has recently inspired the integration of a Fabry-Perot resonant
cavity on polyimide flexible substrate to enhance the light absorption in flexible (HgTe)
CQD detectors, see Fig. 2.1 (c). The detectivity of the device reached 7.5 x 10! Jones with
a cutoff wavelength of 2.2 ym at room temperature and a short response time (x 260 ns)
[Tang19b]. The Fabry-Perot (FP) resonant cavity made of a back reflector and an optical
spacer has the particularity to be flexible and to control the absorption of HgTe NCs only by
tuning the thickness of the optical spacer. When integrating in the imaging device, there is
no degradation of the image quatilty with the bending radius as shown in Fig. 2.1 (d), thus
can be used to develop infrared electronic eyes imaging with wide range of curvatures.

Multi-color devices have also been demonstrated and are very useful for applications were
spectral contrast is needed to build versatile detectors able to produce images in different
IR ranges [Tangl9a, Tangl6, Lhuillier14]. Recently a dual-band SWIR-MWIR photodiode
device has been reported, where two HgTe diodes with two different NC sizes (see Fig. 2.1
(e)) allowed to built back-to-back (n-p-n) structure [Tang19a]. In such configuration, by con-
trolling the polarization (bias polarity) and magnitude, the detector can be rapidly switched
between SWIR and MWIR with detectivity above 10!° Jones at cryogenic temperature.

The integration of the HgTe active material in FETs allowed to build efficient phototran-
sistors in MWIR using As;S;-capped HgTe NCs [Lhuillier13]. Very high responsivities
above 100 mA/W and high detectivity above 10!° Jones in SWIR were reported on HgTe
QDs phototransistors at room temperature [Chenl7]. In phototransistors generally,
the gate is not used to probe the majority carriers of the film but rather to reduce the dark

current and bring the thin film in an operating point that maximizes the signal-to-noise ratio.

We explore here the possibility to use ionic glasses as a path to induce the gate effect in
nanocrystal arrays. This approach has first been developed by Shukla’s group on 2D materials
using conventional glasses such as borosilicate and soda-lime glass. The glass is first melted
at high temperature to give ions some mobility, and a large electric field is applied over the
substrate to make them move. Conventional glasses, however require operating temperature
around 500 K, which is incompatible with most nanomaterials such as NCs, molecules or
polymers, for which melting temperatures are far below. This is especially the case for lead
and mercury chalcogenides commonly used in the infrared, for whose synthesis tempera-
tures are around 80 to 150 °C. Recently, the Cui’s group explored the use of ionic glass LaF3
to induce a gate effect in a MoS, flake [Wul8]. LaFj is originally used for infrared optics
and presents a strong transparency in the mid infrared, which is promising to design photo-
transistors with back side illumination. In addition, ionic mobilities remain high enough to
induce gating for temperatures down to 180 K.

In this part of my work, I investigate ionic glass LaF; as a substrate to induce back gate effect
in thin films HgTe, PbS, and hybrid perovskite NCs. Below are detailed results of the study.
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2.1 lonic glass LaF; substrate for high doping regime
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Figure 2.2 — (a) Crystal structure LaFs. Fluoride ions with small mass and size can transport via hopping
into the existing F~ vacancies, adapted from [Wul8]. (b) Schematic diagram of LaF3 sandwiched by metal
electrodes.

Lanthanum trifluoride LaF; crystallizes in a hexagonal structure with space group
P63/mcm. It is a transparent solid state superionic conductor with fluoride ion conductors
[Schoonmang80, Solomon]. Because of the fluorine vacancies already existing in the crystal,
small mass fluoride ions (F~) can move by hopping throughout the crystal lattice while lan-
thanum ions stay immobile due to their large size and mass (see Fig.2.2.(a)) [Hoff97]. LaFj
has a good mechanical stability and an electric band gap of 4.9 eV (insulator), thus can be
used both as a substrate and a solid gate dielectric compatible with silicon-based device fab-
rication processes.

To understand the charging mechanism in the substrate, we sandwiched 1mm thick of 25
mm? substrate with Ti/Au (50nm) contacts (Metal/LaF3;/Metal) and we performed electro-
chemical impedance spectroscopies (EIS). When an external bias is applied, negative fluorine
ions move towards the positive electrode while positive fluoride vacancies accumulate at the
negative electrode and form an electric double layer (EDL) capacitor at the interfaces at the

equilibrium as shown in Fig.2.2.(b).

2.1.1 Principle of electrochemical impedance spectroscopy

EIS is a valuable technique which has been utilized by many institutions for over a century
[Warburg99, Nernst94] for purposes such as corrosion analysis [Nishikata95, Mansfield90],
adsorption properties of molecules (interfacial behavior) [Mohsen12], and also used to mon-
itor the functioning of batteries and fuel cells [GomadamO05, He09] amongst many other ap-
plications. The method involves the application of a small perturbation (either a single sine
wave voltage or a superposition of a number of sine waves voltage) at the working electrodes
and analyzes the resulting current in the frequency domain. So, when applying a small AC
voltage V(jw) by a potentiostat or whatever interfaced with NOVA control analysis software

as we did in this work, from its measure response I(jw), the operational impedance is defined
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Figure 2.3 — Nyquist plots under 10 mV AC from 0.1 Hz to 100 kHz: (a) Experimental setup for electro-
chemical impedance spectroscopy using a potentiostat interfaced by NOVA control analysis software. (b) 300
K and 280 K: a semi-circle characteristic at high frequency near the origin followed by a linear behavior
at low frequency in the right. (c) 260K and 240K: a semi-circle characteristic at high frequency near the
origin followed by a linear behavior at low frequency in the right. (d) 220 K and 200 K: Only a semi-circle
characteristic.

as the ratio between the complex voltage and the current [Randviirl3]:

_ V(jw) _ |V|*exp(jwt)
I(jw) _ Hl+expl(jwt+0)

=|Z|+exp(jO)=2Z"+jZ" (2.1)

where Z is the impedance, j is the imaginary component, 6 the phase angle between the
response current and the input voltage and w is the frequency.
The datas we recorded from NOVA can be presented in a variety of ways. For instance the real
and imaginary impedance components Z’ and Z” are plotted against one another in what is
known as Nyquist plots which have to be interpreted properly to deduce the kinetic (charge
transfer process) and the diffusion process in the system. Furthermore, in the Bode plots, the
impedance Z and phase angle 6 are plotted against frequency to find capacitative or inductive
effects of the electrochemical systems [Randviirl3, Yuanl0, Arzola05].
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Figure 2.4 — Bode plots under 10 mV AC from 0.1 Hz to 100 kHz: (a) |Z|-frequency dependence at dif-
ferent temperatures. (b) Phase-frequency dependence at different temperatures. (c) |Z| as a function of the

frequency at 260 K. (d) Phase angle 0 as a function of the frequency at 260 K where regions 1, 2 and 3 are
well defined.

2.1.2 Nyquist and Bode plots

Fig.2.3 shows Nyquist plots under 10 mV at different temperatures in the frequency range
from 0.1 to 100 kHz. At higher temperatures (Fig.2.3 (b)), the response is practically the
same. Indeed, we see a semi-circle characteristic near the origin followed by a linear behavior
at the right. Because the impedance is always lower at the higher frequency, the semi-circle
describes high frequency behaviors, it is the region used to control the kinetic of the system.
The linear region however describes low frequency behaviors characteristic of diffusion pro-
cess. We can see that the diameter of the semi-circle dramatically increases with decreasing
the temperature because the fluorine ion mobilities get reduced, then reducing the charge
transfer process (see Fig.2.3 (c)). At lower temperatures (Fig.2.3.(d)), the linear behavior dis-
appears and the system is limited by the reduction of fluoride ion mobilities. Unlike the
Nyquist plot, Bode plots show direct reading frequency information, thus they can be used
to find capacitive effects of the system as I said before. We have plotted Bode plots of our
system in Fig.2.4 for different temperatures in the range of 0.1 to 100 kHz under 10 mV AC.
The curves follow almost the same trend. In Fig.2.4 (c), I show the Bode plot at 260 K, one

can see: a slope at high frequency signature of bulk dielectric or bulk charging (region 3), a
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Figure 2.5 — Fitting at 260K (a) Equivalent electric circuit, two RC circuits in series with additional Warburg
impedance. (b) Nyquist plots: the red line is the data whereas the green line is the fit. (c) |Z|-frequency
dependence: the red line is the data whereas the green line is the fit. (d) Phase-frequency dependence: the red
line is the data whereas the green line is the fit. The slope at the region 3 represents the bulk charging, the
plateau in the region 2 the formation on the ELD and the slope in the region 1 the EDL charging.

plateau which begins just after the downward curvature corresponding to the formation of
the EDL (fluoride ions migration, region 2) and finally the slope at lower frequency signatures
of the EDL capacitor (region 1). So the slope at the region 3 at high frequency is the signature
of bulk dielectric or bulk charging with small capacitances, the plateau at region 2 describes
the fluorine ions migration and the slope at region 1 at lower frequency is the signature of the
electric double layer capacitor with high capacitances.

At low temperature (180 K for instance), fluoride ion mobilities get strongly reduced, we
have only a straight line with a phase angle which remains close to -90° in the wide spec-
tral range (see Fig.2.4 (b)), signature of capacitive effects of bulk dielectric. Fig.2.6 (a) shows
the temperature-frequency mapping for the phase angle of EIS, demonstrating a phase dia-
gram to distinguish the charging mechanisms and the electrostatic nature of EDL interfaces.
Three independent regions with two different charging mechanisms can be recognized by
clear boundaries, which are defined by using the beginning and the end of the plateau in the
impedance-frequency plots at each temperature (I mean the boundary between region 3 and

2 and the boundary between region 2 and 1 for each temperature in Fig.2.4 (a), (c)) and are
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Figure 2.6 — (a) Temperature-frequency mapping for the phase angle of the Bode plot. The pink curves, drawn
by using the beginning and the end of the plateau in the impedance-frequency plots at each temperature is the
critical boundary to distinguish three regions with two charging mechanisms: 3 Bulk dielectric behavior of
LaF3 with bulk capacitance Cb; 2 Fluorine ions migration and 1 EDL charging: Fluorine ions have enough
time to reach the surface substrate and form EDL capacitor Cdl with nanoscale thickness. (b) Capacitance-
temperature dependence (Cdl and Cb) from the fitting using the equivalent circuit.

marked with pink lines. It comes out from this mapping two paths to make EDL capacitor in
our ionic glass with an electrostatic mechanism: low frequency (low enough to give enough time to
fluoride ions to reach the surface) and low temperature (sufficient to the motion of fluoride ions) or
intermediate frequency and high temperature (not high enough to thermally activate much fluorine
ions and induce leakage in the system as in the region 1).

To confirm the electrostatic doping nature in our (Metal/LaF;/Metal) system, we have fitted
datas with Zview software using the equivalent circuit shown in Fig.2.5 (a) in order to ex-
tract both bulk capacitance Cb and EDL capacitor Cdl. Indeed, the semi-circle characteristic
means components in the system exhibit imaginary resistance behavior contrary to purely
electronic resistors (which have a fixe phase with |Z”|=0). So to fit only the semi-circle (200 K
and 220 K) only one resistor-capacitor (RC) circuit is used, where the bulk capacitance (Cb) is
in parallel with the bulk resistance (Rb). To take into account the linear part at low frequency
for interfacial charging, another RC circuit is added with additional Warburg impedance in
series with the double layer resistance Rdl. The Warburg impedance is commonly used to
model the diffusion of ionic species at the interface [Randviirl3, Yuanl0, Arzola05]. Fig.2.5
(b-d) show accuracy fits of both Nyquist and Bode plots using the equivalent circuit in Fig.2.5
(a). From the fitting for all the temperatures, we have extracted the bulk capacitance Cb and
the EDL capacitor Cdl, then plotted in Fig.2.6 (b).

As expected the EDL (nanoscale) capacitor is much higher than the bulk capacitor. One
can also see that capacitances Cb and Cdl are almost invariant with temperature (Fig.2.6
(b)). Such temperature independency of capacitance is similar to that of solid dielectrics
[Arzola05], directly suggesting the electrostatic nature of EDL charging in our ionic glass
LaF; substrate.

As our set-up is limited to lower frequencies down to 0.1 Hz (mechanical noise induced by our

reliquefactor), we performed complementary measurements down to 0.01Hz at INSP (with

2.1 lonic glass LaF; substrate for high doping regime 65



@ MFLI Loclcin

:urr curr

(b) 100 (€) 10°-
T &
IE 107" 5 'E 107" -
3 o
L L
21024 21024
(O] (O]
(&) (8]
C C
£10°; 8107,
o (8]
@ @
5 5
O 10* 3 —300k O 10*5
250K
— 200K
10°° 10 ; ;
1072 1o1 1o° 101 102 103 104 105 108 107 101 100 1o1 102 1o3 104 105 108
Frequency (Hz) Frequency (Hz)

Figure 2.7 — Lock-in measurements at INSP (a) Experimental setup for capacitance measurements using
Lock-in amplifier. (b) Capacitance-frequency dependency for different temperature on LaF5 substrate under
300 mV AC signal. (c) Capacitance-frequency at 300K: As described with Nyquist plots, the region 3 rep-
resents the bulk charging, the slope in the region 2 the migration of fluorine ions for the formation on the
EDL and the region 1 the EDL charging where fluoride ions have enough time to reach the surface to form a
nanoscale capacitor at the interface between the gold contact and the substrate.

Charlie Gréboval) using a lock-in set-up.

Fig.2.7 (a) shows the experimental setup we used for capacitance-frequency measurements.
We evaporated 80 nm of Au on both sides of the LaF; substrate and connected it to a MFLI
lock-in amplifier. Thus, we used lock-in amplifier to apply 300 mV AC voltage at a given fre-
quency in the range 0.01 Hz to 700 kHz. The lock-in then measures the current through the
sample in order to calculate the capacitance. The evolution of the capacitance in frequency
for different temperatures is given in Fig.2.7 (a), we can note a similar behavior as what we
obtained with EIS. At high frequency, fluoride ions don’t have enough time to reach the sur-
face, the substrate behaves as a bulk dielectric with low capacitance (region 3 in Fig.2.7 (c))
untill they start to migrate toward the surface (described by the slope in region 2 in Fig.2.7
(c)), and form at the equilibrium a nanoscale capacitor with high capacitance (region 1).
Once we have understood the charging mechanisms in ionic glass LaF; and the operating
temperature range, we can now used it to gate NC films and tune its photoconduction prop-
erties. We study in the following the properties of three different NC thin films over LaF;

substrate measured during two measurement campaigns at INSP where I worked with Char-
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lie Gréboval, and compare them to results obtained on the same NCs by INSP using more

traditional SiO,/Si back gate and electrolyte gating.

2.2 HgTe NCs ionic glass gating

2.2.1 HgTe 4k synthesis and optical characterization
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Figure 2.8 — Absorption spectrum of HgTe nanocrystals with a band edge at 4000 cm™' (2.5 ym). Back-
ground: transmission electron microscopy (TEM) image of the material showing tetrapod nanoparticles. (b)
Electronic structure of the HgTe nanocrystals. Adapted from [Jagtap18].

HgTe 4k nanocrystals are synthesized by Charlie Gréboval using the procedure described
in appendix A.1: Fig.2.8 (a) shows the absorption spectrum of those NCs with a band edge
energy around 4000 cm~! (=500 meV or 2.5um). One can also see in this absorption spectra
a fine, intense structure around 2900 cm~! which is the signature of C-H bonds in the 12-
C long DDT ligands, its height tells how efficient the ligand exchange [Livachel9]. As we
can see in the TEM image on the background, they are small NC sizes around 8 nm with a
tetrapodic shape. The electronic structure (energy location of conduction and valence band,
relative position of Fermi level, and in-gap trap states) of this material has been previously
determined by the INSP team [Jagtap18, Martinez18]. As shown in Fig.2.8 (b), the material
presents a 4.6 eV work function with the Fermi level in the band gap but clearly lies closer
to the conduction band. The Urbach energy which describes the amount of trap states within
the band gap has been estimated to be 35 meV for ethanedithiol-capped nanoparticles.

2.2.2 Device fabrication

Electrodes fabrication on Si/SiO, substrate: The electrode pattern for FET measurements is
made of 25 pairs of interdigitated electrodes at INSP. They are 2.5 mm long and spaced by
20 ym. They are fabricated using optical lithography with a reversible resist AZ 5214E. The

detailed steps and parameters we used are depicted in the following:

1. The Si/SiO, substrate (300 nm dry oxide) is cleaned first by sonication in acetone for 5
min. Then rinsed with isopropanol before being cleaned for 5 min in an O, plasma to

remove remaining organics.

2. Toimprove the adhesion of the resist with the substrate, adhesion promoter (TI-PRIME)
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Figure 2.9 — Schematic diagram of fabrication process of interdigitized electrodes on Si/SiO, (left) and on
LaF5 (right).

is spin-coated on the substrate and baked for 2 min at 120 °C before AZ 5214E resist is
spin-coated for 30 s at 4000 revolutions per minute (rpm), then baked at 110 °C for 1

min 30 s.

. The substrate is exposed to UV light with M]JB4 mask aligner in hard contact mode

through a physical mask for 1.5 s. The exposed areas are polymerized, then become

soluble in developer.

A reversal bake of the substrate at 125 °C for 2 min inverts the resist by cross-linking

the exposed areas while remaining photoactive the unexposed areas.

. Then a 40 s flood exposure is performed with MJB4 mask aligner (without mask), mak-

ing soluble the unexposed areas in (3) in developer.

. The resist is developed using a bath of AZ 726 for 20 s, before being rinsed in deionized

(DI) water.

. In a thermal evaporator, 5 nm of chromium are deposited as an adhesion layer before

80 nm of gold is evaporated.

Chapter 2 NCs-based FET in high doping regime with LaF;



8. The lift-off is performed by dipping the film in acetone for at least 1 h. The electrodes
are finally rinsed using isopropanol and dried by a nitrogen flow.

The sketch illustrated in Fig.4.1 left (1-8) summarizes the photolithography steps, an optical

image of interdigitated electrodes on Si/SiO, substrate in shown in Fig.4.1 lower-left.

Electrode fabrication on insulating LaF; substrate: Commercially available LaF3 sub-
strates (5mmx5mmx1mm) have been purchased at Crystran (UK). In such small size sub-
strates, it becomes more difficult to perform optical lithography. I have then developed
process in our group at IPCMS using electron beam (E-beam) lithography to pattern inter-
digitated electrodes on LaFj; substrate. So 49 interdigits with 10 ym thickness and 750 ym
length, spaced by 10 ym are patterned on insulating LaF; substrate by E-beam lithography
using a Zeiss Supra 40 scanning electron microscope coupled to a Raith lithography system.
We used a conductive resist AR-PC 5090.02 to write on the insulating substrate in addition to
a standard bilayer PMMA (Polymethyl methacrylate) positive resists (AR-PMMA 669.04 and
AR-PMMA 679.02). The detailed steps of this E-beam are the following;:

1. The LaF; substrate (5mmx5mmxImm) is cleaned first in acetone for 10 min. Then

rinsed with ethanol and isopropanol for 5 min.

2. AR-PMMA 669.04 and AR-PMMA 679.02 are spin-coated at 4000 rpm during 1 min and
annealed at 180 °C during 1 min 30 s. The e-spacer AR-PC 5090.02 is then spin-coated
at the same speed (4000 rpm) but annealed at 90 °C during 1 min 30 s. 2 min waiting
time have to be made after each baked.

3. Using an electron beam accelarated at 20 kV, the interest areas predesign by a software

are exposed in order to polymerize the resist and make them soluble in developer.
4. The conductive resist is cleaned for 2 min in DI water the developing step.
5. Then PMMA resists are developed in the 1:3 MIBK-IPA to remove the exposed resists.

6. A metal deposition Ti (3 nm)/Au (57 nm) are performed by electron beam evaporator
in high vacuum chamber, followed by lift-off for one day in acetone.

Fig.4.1 right (1-7) summarizes the E-beam lithography steps on insulating substrate, an opti-
cal image of interdigitated electrodes on LaF3 substrate in shown in Fig.4.1 lower-right.

2.2.3 Transport properties of HgTe 4k NCs: Comparison of gating technologies

Here, we first study the transport properties of HgTe NCs with conventional gating method
and, we then detail the performance of devices using LaF; ionic glass technology for sake of
comparisons.

In Fig.2.10, we present the performances of HgTe-based FET using 300 nm SiO, layer as back-
gate dielectric done at INSP. Fig.2.10(a) shows the transfer curves under 1V bias at different
temperatures demonstrating ambipolar transport in HgTe NCs, thanks to their narrow-band-

gap nature. Moreover, the charge neutrality point is clearly shifted toward negative biases,
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Figure 2.10 — SiO, dielectric back-gate FET. (a) Transfer curves at different temperatures under 1 V drain-
source bias. Drain-source (resp. gate) current in solid (resp. dash). (b) On/Off ratios measured from transfer
curves for different temperatures under 1 V bias. (c) Transfer curves at 200 K under 1 V bias for different
sweep-rates. (d) On/Off ratios measured from transfer curves for different sweep-rates. The inset shows the
scheme of a HgTe back-gate FET on SiO, when Vg > 0.

which suggests n doping as observed in the electronic structure (Fig.2.8 (b)). Because of the
reduction of the minimum of conductance at low temperature, we see an increase of the
On/Off ratio with decrease temperature higher than 4 decades at 50 K (see Fig.2.10(b)). On
the contrary, the mobility of the charge carrier increases with the temperature. Indeed, using
the expression y = m%’;, where L is the electrode spacing (10 ym), W is the electrode
length (49 x 2.5 mm), Cg is the specific capacitance equals to 11.5 nF.cm™2 for a 300 nm
thick SiO, layer, hole and electron mobilities of 102cm2.V-1s7! and 3x1072cm2.V-ls! re-
spectively are found at 250 K. We can also see mostly no variation of the transfer curves with

the sweep rate using SiO, gating (see Fig.2.10(c,d)).

Taking the same electrode as the one used in the case of SiO, gating, LiClOy4 electrolyte
is brushed on top of the electrode of HgTe NCs film and contacted using a metallic copper
grid for top gate. The performances of this electrolyte top-gate HgTe-based FET is shown

in Fig.2.11. The transfer curves in Fig.2.11 (a) exhibit ambipolar transport as observed for
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Figure 2.11 — LiClOy electrolyte top-gate FET. (a) Transfer curves at different temperatures under 0.1 V
drain-source bias. Gate current is at least two orders of magnitude lower than drain-source current. (b)
On/Off ratios measured from transfer curves for different temperatures under 0.1 V bias. The inset shows the
scheme of a HgTe top-gate FET with LiCIOy electrolyte when Vg > 0. (c) Transfer curves at 300K under 0.1
V bias for different sweep-rates. (d) On/Off ratios measured from transfer curves for different sweep-rates.

SiO, gating, but with a small operating bias range. This is the result of the ions from the
electrolyte that move inside the NC film and surround NCs (see the inset in Fig.2.11 (b)),
then form a double layer capacitor with a high capacitance by injecting electrons in NCs in
order to screen the positive charges, thus resulting efficient doping. Because the frozen of
ions at low temperature (below 280 K here) we observe a drop of current when decreasing the
temperature and the decreasing of the current modulation (Fig.2.11 (b)), thus limiting the use
of electrolyte gating to room temperature measurements. We can also see a high variation of
the transfer curve with the sweep-rate in electrolyte gating, with a fast-dropped of current

modulation which also limits its used to room temperature processing (Fig.2.11 (c,d)).

For ionic glass gating, I have fabricated electrodes on the insulating LaF; substrate
using the technique that I have developed in our group at IPCMS as described in section
4.1. The same HgTe ink as for SiO, gating is then deposited on the top of the electrodes,

and the sample is inserted in a cryostat for measurements. Under 0.5 V drain-source bias,
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Figure 2.12 — Ionic glass LaF3 back-gate FET. (a) Transfer curves at different temperatures under 0.5 V
drain-source bias. Gate current is at least one order of magnitude lower than drain-source current. (b)
On/Off ratios measured from transfer curves for different temperatures under 0.5 V bias. (c) Transfer curves
at 200K under 0.5 V bias for different sweep-rates. (d) On/Off ratios measured from transfer curves for
different sweep-rates. The inset shows the scheme of a HgTe back-gate FET with LaF; ionic glass when Vg
> 0.

the transfer curves obtained at different temperatures show ambipolar transport as observed
for SiO, and electrolyte gating (see Fig.2.12(a)), in a gate voltage range 10 times lower
than for SiO; and 2-3 times larger than for electrolyte. The On/Off ratio increases as the
temperature is reduced because of the leakage reduction at low temperature through the
substrate, see Fig.2.12(b). We can also observe a large operating and low temperature range
(260 K to 180 K) for LaF5 gating not accessible for electrolyte gating. As shown in section 2.1.1
from capacitance-frequency measurements, at 300 K and low frequency, a sheet capacitance

2 can be achieved. As a reference, using the expression n=CV/e and

as large as 1 yF.em™
applying 5 V of gate bias leads to a sheet density as large as 3x10!3 carriers per square
centimeter. The value of capacitance can also be used to determine the mobility of the film
obtained with the LaF; gate. As the frequency dependence of the capacitance becomes a bit
weak at low frequency, we can assume a gate capacitance of 500 nF.cm™2 with LaF; at 260 K,
which leads to mobility of 1.5x1072cm?.V~!s7! for the holes and 4x1072cm?2.V~!s7! for the

electrons. These mobility values are very similar to those we have obtained with the SiO,
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gating. The LaF; gate presents a small dependence of the transfer curve with the sweep rate
as shown in Fig.2.12(c,d) for a given temperature, the larger the sweep rate, the lower the

current modulation.

Gate technology Dielectric Ionic glass Electrolyte
Temperature range 4K-300K 180 K- 260 K 300 K
Sweep-rate range Fast (several V.s™!) Intermediate (0.1 Slow (1 mV.s71)
V.sh)
Gate voltage range < 60V (dielectric Upto10Vat 200K <3V
breakdown) (electrochemical
stability of the
electrolyte)
Charge density 3.6x10'% cm~2 for 2.6x10'% cm~2 for 1.9x10'3 cm~2 for
n=CV/e 50 V with C=11.5 8 V with C=0.5 3V with C=1
nF.cm™—2 pF.cm™2 at 260 K uF.cm™2
Carrier mobility pyp = 1072 cm?/Vs, pp = 1.5x1072 py = 1.02x1073
e = 3x1072 cm?/Vs cm?/Vs, cm?/Vs,
at 300 K e = 4.5x1072 e = 7.2x107%
cm?/Vs at 260 K cm?/Vs at 300 K

Table 2.1 — Typical ranges of use for the solid-state gating of HgTe NC-based FET.

We summarize in the table 2.1 the advantages and limitations of each gating technology. It
comes out that ionic glass LaF5 gating allows to achieve high doping in HgTe NCs not possible with
Si0, gating, in an operating temperature window not possible with electrolytes (260 k to 180 K).
Ionic glass is used in a small operating biases (up to 10 V at 200K) with no breakdown as sometime
observed with SiO, gating. It has an intermediate time response (sweep rate range) compared with
the slow sweep rate range of electrolytes and fast sweep rate of dielectric gating. Finally, our ionic
glass allows for these systems to have higher carrier mobility than those obtained with the electrolyte
gating but comparable to those of the dielectric gating
Ionic glass gating is not limited to narrow-bang-gap NCs, we demonstrate ionic glass gating
on PbS NCs and hybrid perovskite NCs in the next section.

2.3 PbS QDs and FAPI-PbS NCs ionic glass gating

To show the generality of the gating technique on NCs film, we build a transistor as described
in section 4.1 on ionic glass LaF3 substrate, with a channel of PbS NCs film. PbS NCs are
the first historical example of nanocrystals with optical properties in the NIR range. Indeed,
PbS has a bulk band-gap of 400 meV and relative large Borh exciton radius of 21 nm. Due
to quantum confinement, PbS NCs feature strong optical absorption with size tunable in
the NIR range. They have been extensively investigated for solar cell applications, and are
promising materials for a new generation of NIR photodetectors. During the colloidal syn-
thesis of PbS NCs, ligand-induced remote doping leads to different doping in the films. For
instance PbS QD films exhibited n-type conductivity with a treatment by iodide ligands but
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Figure 2.13 — (a) Absorption spectrum of the PbS NCs used for the measurement. (b) Transfer curve of a PbS
NCs film (with absorption peak at 1400 nm) on LaF5 substrate. Measurements have been conducted at 200
K under 1V bias.

would switch to p-type with a treatment by hydroxide ligands. This extends the integration
of PbS NCs film in many device architectures including vdW heterostructures as presented
in the previous chapter [Yul7, Kufer15, Konstantatos12]. Here we demonstrate ionic glass
gating of PbS NCs synthesized at INSP by Charlie Gréboval using the technique described
in appendix A.2 where ligands exchange were performed in solution with 1,2-ethanedithiol
(EDT). As shown in Fig 2.13 (a), the obtained PbS NCs have absorption band edge around
6000 cm™! (1.54 um or 0.82 eV). The transfer curve shows an ambipolar behavior with both
electron and hole transport (see Fig 2.13 (b)).

Because of the promising interest of perovskite NCs and the lack of their implementation
into FETs, we extend our gating method on perovskite NCs. Indeed, the transport in the net-
works of perovskite NCs remains a challenge. The know how that has been developed for
chalcogenide NCs cannot be used because perovskite NCs are not stable enough [Jellicoel6]:
They are easily dissolved by the solvents used for the ligand exchange steps. Recent progress
has been made. However, devices as simple as the field effect transistor have not been demon-
strated for networks of perovskite NCs. This is because they are almost intrinsic semiconduc-
tors with large band-gaps. They need very efficient gate to bring the Fermi level close to the
bands, which is difficult with conventional dielectrics such as SiO,. An alternative would be
to use electrolytes as a gate, but the polar solvents used to dissolve the ions are incompatible
with the ionic crystals of perovskites. We therefore use our high gating technique with ionic
glass LaF3 to perovskite NCs. The perovskite we used is hybrid organic-inorganic perovskite
(NH,),CHPbI; formamidinium lead iodide (FAPI). FAPI has a good structural stability with
band edge energy around 1.65 eV, this high energy limits its absorption in visible range. To
address absorption in IR at INSP, Prachi RASTOGI (Postdoctoral researcher at INSP) during
the FAPI synthesis (as described in appendix A.3), doped the FAPI matrix with PbS NCs with
a band edge energy of 0.82 eV. The resulting hybrid pervoskite FAPI-PbS (35% PbS content)
shows absorption in SWIR at 1.5 ym (0.84 eV), whose absorption is governed by PbS in the
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infrared and the transport is governed by FAPI. The relative wide gap of FAPI allows thus to
reduce the number of thermally activated carriers and the dark current associated with it in
the hybrid FAPI-PbS. We use ionic glass for back-gate in the FET geometry (see Fig. 2.14 (a))
to study transport properties in such hybrid perovskite NCs. Fig. 2.14 (b) shows the transfer
curve at 300 K under 0.5 V drain-source bias. It exhibits n-type transport with On/Off ratio
up to 10%. This is two orders higher than the ambipolar behavior of the pristine PbS NCs
obtained in the last section. This change is consistent because PbS dopants used were heavily
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Figure 2.14 — FAPI-PbS FET with LaF; gating: (a) Scheme of the device with a channel made of a FAPI-
PbS (35% PbS content) NC thin film, FAPI have a characteristic square shape (purple), while PbS are small
spheres (red). (b) Transfer curve at 300 K under 0.5 V drain-source bias. The inset is the plot in the log scale,
with On/Off ratio of 10, (c) I-V curves at different gate voltages at 300 K.

n-doped. Furthermore, we were able for the first time to extract the mobility of charge carri-
ers in the FAPI NCs networks and demonstrate the first perovskite NCs based transistor. We
have extracted the electron mobility of 2x1073cm?.V~!s7! at room temperature. Such value is
still lower for perovskite NC arrays compare to values obtained for CNCs where the surface
chemistry and know how are well mastered, this result is nevertheless a breakthrough for

NCs perovskite implementation into FET.

2.4 Phototransport properties of HgTe NCs in high doping regime

We start the study by measuring the photocurrent spectrum of HgTe NCs from the Fourier
transform infrared (FTIR) spectrometer. HgTe-based FET is cooled down in a closed-cycle
cryostat and biased by a DLPCA amplifier. IR light coming from FTIR spectrometer source is
shone to the sample, then the photocurrent is amplified by the DLPCA before being sent to
the detector entry of the FTIR to calculate the photocurrent spectrum, more details about the
setup can be seen in appendix B.1. Fig. 2.15 (a) shows photocurrent spectrum of our device
at different gate voltages. We can see a good correlation in shape between the photocurrent
spectra and the absorption spectra shown in Fig. 2.8 (a). This confirms that in our HgTe-based
phototransistor, absorption is coming from the nanocrystals film. One can also see a modulation
of the absorption spectrum by the gate with more absorption under hole injections than
electron injections because our HgTe NCs film being ambipolar and extrinsic n material,

applying a positive voltage moves the Fermi in the conduction band for electron transport,
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Figure 2.15 — (a) Photocurrent spectrum of HgTe nanocrystals film on a LaF; substrate at 200 K at dif-
ferent gate voltages. (b) Photoresponse at 1 kHz of a HgTe film on a LaF3 device under 4 mW at 1.55 ym
excitation at different gate voltages at 200 K under 0.5 V drain-source bias. (c) Photocurrent amplitude
gate-dependency extracted from the photoresponse curves. (d) Normalized photoresponse at 1 kHz under 4
mW at 1.55 ym excitation for -2 and -8 V gate voltages. (e) Response times at 1 kHz measured at 200 K for
different gate voltages under 4 mW at 1.55 um excitation (f) Transfer curve in the dark at 200 K under 0.5
V drain-source bias.

and then resulting the bleach of absorption.

By exciting HgTe-FET with a pulsed laser diode operating at 1.55 ym under 4 mW power,
this wavelength has been chosen to be close enough to the band edge (1.6 times the band edge
energy) to avoid any hot-electron effect such as multi-exciton generation [Livachel8a]. We
have measured the photocurrent Iy, = ljighs — Lyark by applying 0.5 V between the source and
drain at 200 K at different gate voltages, the detailed experimental setup is given in appendix
B.2. As for what we observed with FTIR spectroscopy, the amplitude of the photocurrent can
be modulated by the gate with a high modulation under hole injection, see Fig. 2.15 (b). We
have extracted the amplitude of the photocurrent at each gate bias and we plotted in Fig.
2.15 (c) the photocurrent gate-voltage dependency, the photocurrent curve follows the dark
current as expected for any phototransistor. Indeed, applying a gate bias allows to inject
charges in the SC layer and reduce the Schottky barrier at metal-SC interfaces, thus resulting

in more efficient photogenerated carriers extraction. A photocurrent modulation roughly a
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factor of 4 when the system is at its minimum of conductance is observed. The modulation is
much smaller than the one measured for the dark conductance (a factor of 400, see Fig.2.15
(f)). In this sense, using the gate to prepare the system at its minimum of conductance leads

to an increase of the signal-to-noise ratio of our device by almost 2 orders of magnitude.

Finally, we have studied the carrier dynamics with ionic glass gating. By normalizing the
photoresponse for each gate bias and extracting the time response, we plot in Fig.2.15 (e) the
time response gate-dependency. The reduction of the photocurrent matches well with the
acceleration of the photoresponse. Indeed, the time responses (on and off time) are faster
when the gate bias corresponds to the minimum of conductance of the dark current and
photocurrent curves. A modulation of a factor 6 of the carrier dynamics can then be induced
by the gate. The dynamics under hole injections are slightly slower than the one for electron.
The observed dynamics may result from transport phenomenon: in this case, the RC time
constant will drive the dynamics of the photocurrent. This is unlikely to be the case here
because the ambipolar character of the sample makes the resistance maximal close to charge
neutrality point; thus, the longest RC time constant is expected to be in the minimum of
conductance, while this corresponds to the one for which the fastest time response has been
obtained, see Fig.2.15 (e). The observed dynamics is the prize of the gain-bandwith trade-
off which may come to mid-band-gap recombination centers. Indeed, accordindly to what
have been observed in NCs based phototransistors in INSP’s team [Lhuillier14, Livachel7],
the change of responsivity (R=I,,/P;;,) is made at quasi-constant gain-bandwidth-product
(which can be seen as the ratio of responsivity and the characteristic time response). In other
words, a faster response comes at the prize of a smaller photoresponse as observed in our
device.

2.5 Conclusion

I have presented in this chapter the detailed investigation of ionic glass LaF; substrate for
high doping regime. From electrochemical impedance spectroscopy measurements, I figured
out charging mechanisms in the LaFj substrate, which has a capability for the electrostatic
tuning of electronic properties of nanomaterials. The capacitance of the ionic glass is the
combination of a low-value dielectric capacitance and an ionic double layer high capacitance
resulting from F~ vacancy existing in the crystals which allows the motion of fluorine ions.
From the temperature-frequency mapping of EIS, it comes out that EDL capacitor in our ionic
glass can be achieved at low frequency (low enough to give enough time to fluoride ions to
reach the surface) and low temperature (sufficient to the motion of fluoride ions) or interme-
diate frequency and high temperature (not high enough to thermally activate much fluorine
ions and induce leakage in the system.

The strategy allows to find sheet capacitance as high as 1 yF.cm~2 and sheet carrier concentra-
tion exceeding 3-5 x 10'2 carriers per square centimeter, very close to the reported value for
electrolyte gating and one decade larger than traditional dielectric gating approaches such as

SiO, while preserving the gate tunability down to 180 K. Moreover, using the ionic glass gat-
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ing, we have demonstrated ambipolar transport in narrow-band-gap HgTe NCs and pristine
PbS NCs, while a first demonstration of perovskite NCs based FET has n-type transport with
FAFI-PbS perovskite NCs.

Finally, we unveil that this LaF; gating strategy can be used to control the magnitude and
the dynamic of the photoresponse of HgTe nanocrystals. By carefully choosing the operating
bias, the signal-to-noise ratio can be enhanced by a factor of 100 and the response time made
faster by a factor of 6.
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Chapter3

Transport and phototransport proper-
ties of 2D materials in high doping

regime

e have studied in the previous chapter the transport and phototransport properties of

nanocrystals in high doping regime using ionic glass gating. We demonstrated that

this gating technique can operate in a wide temperature range (180 K to 300 K) with
the capacitance exceeding 1 uF.cm™2 and the sheet carrier density as large as 3x10'3 carriers/cm?.
In this chapter, we extend the use of ionic glass as high capacitance gate on 2D materials such
as MoS,, MoSe,, WS, and WSe,. We report on ionic glass gate tunable metal/WSe, interface in
WSe, field effect transistors with Ti/Au contacts at 200 K. The solid gate electric field induces high
doping in WSe, layer and allows band bending modulation for efficient carrier extraction. Finally,
we combine high carrier density and direct optical addressability of ionic glass to explore MoSe,
based phototransistor on LaF3 substrate. The phototransistor demonstrates On/Off ratio exceeding
five decades and photoresponse times down to 200 us, up to two decades faster than MoSe,
phototransistors reported so far. lonic glass gating of 2D systems allows tuning the nature of the
carrier recombination processes, while annihilating the traps’ contribution in the electron injection
regime. This interesting property results in a photoresponse that can be modulated electrostat-

ically up to two orders of magnitude, while at the same time increasing the gain bandwidth product.

Related article

* U.N. Noumbé, C. Gréboval, C. Livache, T. Brule, B. Doudin, A. Ouerghi, E. Lhuillier,
and J.-F. Dayen. Ionic Glass-Gated 2D Material-Based Phototransistor: MoSe, over LaF5 as
Case Study, Adv. Funct. Mater. 2019, 29 (33), 1902723.
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In this project, I designed and processed samples (TMDCs-based FET on LaFj3 substrates)
and study the gate tunable interface at IPCMS. Together with Charlie Gréboval we performed

optoelectronic measurements of MoSe, phototransistor at INSP.
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Optimizing the doping level in 2D materials is of utmost importance not only for the per-
formances of the device, but also for exploring fundamental electronic properties. While the
Iwasa’s group used liquid electrolyte to achieve high doping in MoS, for nanoelectronic ap-
plications by inducing superconductivity [Yel2], developing ambipolar FET [Zhangl2] and
designing a lateral pn junction [Zhangl3b], the Cui’s group in order to avoid possible side
electrochemical reactions or moisture sensitivity of liquid electrolytes recently introduced
ionic glass as high capacitance solid gating to demonstrate metal-insulator transition in MoS,
flake [Wu18]. In the latter, they accumulated high carrier density up to 4x10'? carriers/cm?
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Figure 3.1 — Low-temperature measurement on MoS,/LaF; showing gate-induced insulator-metal transi-
tion. (a) Resistance-temperature (b) carrier density at different gate bias. Inset: optical image of the device.
(Scale bar: 10 ym). Adapted from Ref. [Wul8].

at 220 K with the back gate and they performed sheet resistance-temperature measurements.
As shown in Fig.3.1 (a), at low gate bias (below 0.25 V), they observed an increase of the
resistance with decreasing temperature. When increasing Vg, between 0.25 V and 1V, the
resistance starts to decrease with decreasing temperature, crosses the quantum of resistance’,
and always decreases for Vg4, > 1 V, thus demonstrating a clear insulator-metal transition
induced by high doping ionic glass gating . In this work, in addition to this high doping al-
lowing to tune Schotty contacts at M/SC interfaces, we take advantages of the direct access of
the surface area of the 2D materials on ionic glass which facilitates a direct optical excitation
serving as additional possible probe for carrier density. Then, exploring for the first time

photoconduction properties of 2D materials in high doping regime using glass gating.

3.1 Device fabrication and characterization

The device fabrication is a multi-step process including respectively: i) the production of sin-
gle layer (SL) or multilayer (ML) SC-TMDCs (MoS,, MoSe, WS, and WSe,), ii) the patterning
of electrodes using E-beam lithography, followed by iii) their macroscopic extension with a
manual stencil mask alignment, and finally iv) the wire bonding of the sample on a chip

holder or the direct silver paste connection of the sample on the measurement set-up.

1Quantum of resistance is the quantized unit of electrical resistance Rg = eﬁz ~ 25.6k(), e and h being respec-
tively the elementary charge and Planck constant.
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3.1.1 Mechanical exfoliation and dry transfer technique

\ Glass slide
SC-TMD
lonic glass substrat/
PDMS
I
g.

Figure 3.2 — Exfoliation steps and transfer of TMDCs done during my thesis at IPCMS. (a-b) Mechanical
exfoliation using adhesive tape, (c-d) Transfer on the PDMS initially placed on a glass slide. (e) Cutting
the PDMS to keep a square of the interesting area. (f) Transfer station. 1: Sample holder connected to a
heating system and a pump, 2: Glass slide holder, 3: Optical microscope connecting to a video camera, 4:
Micromechanical platform with (x,y,z) degree of freedoms. (g) Sketch of the transfer process.

The production of SL or ML SC-TMDCs used in this thesis relies mainly on a dry exfo-
liation method as first proposed by Novoselov et al. [Novoselov04]. Its consists of using a
scotch tape to cleave from the corresponding pristine bulk material a SL or ML SC-TMDCs.
Thanks to interlayer weak vdW forces. The exfoliated flake is subsequently transferred on
LaF; substrate using a micromechanical transfer station of the STnano cleanroom at IPCMS
as shown Fig.3.2 (f). The process is the following:

1. A piece of bulk crystal (2H phase purchased from graphene supermarket) is placed
on an adhesive tape. A repeated process of folding and separating the adhesive tape

enables to cleave the crystal on a large surface of the tape (Fig.3.2 (a)).

2. Stick another adhesive tape to the previous one. Gently press the two tapes on each
other to improve their adhesion. Then, slowly peel off the two tapes in order to increase
the chances of obtaining large flake on both tapes (Fig.3.2 (b)). Repeat this step as many
times as needed with clean tapes until obtaining a transparent thin films of crystals
susceptible to be a SL or ML TMDC:s.

3. Clean a glass slide and stick a small square of polydimethylsiloxane (PDMS) film onto
it, then put the area of interest of the material on the PDMS (Fig.3.2 (c)). Proceed to a
gentle massage on the area of interest for a few minutes, then put a small weight on it

to apply an uniform pressure and wait a few minutes.

4. Quickly remove the scotch tape from the PDMS in order to have a good adhesion of the
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material on the PDMS (Fig.3.2 (d)). Use an optical microscope to identify the interesting
flake, then cut and remove the PDMS around the interesting area to keep a square of
PDMS (Fig.3.2 (e)), the sizes of this square of PDMS have to be smaller than the sizes of

the substrate.

5. Put the substrate on the sample holder and the glass slide on the glass slide holder of
the transfer station such that the PDMS is oriented to the ground (Fig.3.2 (f)). Then use
the microscope and the x; y; z mechanical platform to align the flake and the center
of the substrate. Approach the glass slide to the substrate with the z screw until being
able to focus the flake and the substrate on the microscope at the same time. Slowly
continue the approach until the contact line appears on the microscope, this line tells
about the contact between the PDMS and the substrate. Place this contact line close to

the interesting flake (a few ym distance) and stop any mechanical motion.

6. Use the heating system connected to the sample holder to slowly increase the tempera-
ture. This will slowly increase the polymer-substrate contact. Increasing the tempera-
ture by steps of one or two degree should insure a slow enough contact. Be very careful
when going through the flake to avoid its break. Once the contact line passes through
the interesting flake, stop the heating and let the temperature gets down. The contact
line should go back very slowly, if it stops moving, a very careful mechanical motion

can be useful. Be extremely careful when going through the flake.

7. Once the contact line completely came back from the flake, the contact can be removed
mechanically with the z screw. If the transfer is successful the sample is ready for optical
characterizations and E-beam lithography to pattern contacts.

The sketch shown on Fig.3.2 (g) summarizes the transfer steps (step 5 to 7).

After the transfer step, the flake is identified on LaF; substrate by optical contrast using an
optical microscope, then electrodes are patterned on the flake using electron beam (E-beam)

lithography.
3.1.2 Electron beam (E-beam) lithography of electrodes

To pattern the electrodes, we follow two E-beam lithography steps using a Zeiss Supra 40
scanning electron microscope (SEM) coupled with a Raith lithography system allowing a pre-
cise control of the electron beam. For each E-beam lithography step, we used a standard
bilayer PMMA (Polymethyl methacrylate) positive resist and a conductive Protective Coating
resist (e-spacer). The bilayer PMMA resist consisting of AR-PMMA 669.04 and AR-PMMA
679.02, are spin-coated at 4000 revolutions per minute (rpm) during 1 min and annealed at
180 °C during 1’30s with a delay of 2 min before the second spincoating. This results to a to-
tal (AR-PMMA 669.04)/(AR-PMMA 600.02) bilayer resist thickness of 290 nm corresponding
to 220 nm for the first layer and 70 nm for the second layer. The e-spacer AR-PC 5090.02 is
afterwards then spincoated at the same speed (4000 rpm) but annealed at 90 °C during 1’30s
for a thickness of 90nm. While the use of a bilayer PMMA resist facilitates the lift-off, the
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Figure 3.3 — Sequence of the lithography steps: The case shown is few layers MoSe, contacted by E-beam
lithography. (a) Optical image of the identification and alignment marks. (b) Coordinate used to align the
beam before the exposure of the fines leads. (c) SEM image of the contacts on the flake. (d) The optical image
of the device after macroscopic extension of the contacts using manual stencil mask alignment.

conductive resist allows to write and extract charges on the insulating substrate. The latter
has to be cleaned with DI water after the electron beam insolation before the development
step.

The first lithography step consists of patterning a network of marks around the position of
the selected flake using the coordinated provided by the optical microscope. The marks are
used for the identification of the region of interest and to a precise alignment of the design
electrodes on the flake during the second lithography steps. We resume the lithography steps
as followed:

Step 1: Identification and alignment marks.
After resists coating, we used the coordinate obtained from optical imaging to move the
beam to the region of interest and exposed the predesign mark patterns. The sample is then
taken out of the SEM, then cleaned during 2 min in DI water to remove the conductive resist
and developed during 25 s in 1:3 MIBK-IPA (methyl isobutyl ketone-isopropyl) at 25°C.
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Figure 3.4 — (a) Optical image of exfoliated MoSe, on LaF5 substrate: By optical contrast, single layer and
few layers can be distinguished from bulk material. (b) Scheme of the photodetector device and electrical
connections. Tri-layer MoSe, on a LaF5 substrate is contacted by two gold electrodes (drain and source), and
gating is performed by applying a bias between drain and a bottom gold contact below LaF5. Top access allows
addressing optically the MoSe, channel while reaching higher carrier density thanks to the ionic glass gate.
(c) Raman spectra of the MoSe, flake with Alg mode at 242 cm~L. The inset is a zoom on the peak relative
to the Ay, mode of MoSe,. Done at HORIBA Scientific by Abdelkarim Ouerghi and Thibault Brule. (d)
SEM image of the flake and gold contacts. Length and width of the channel are 2.6 and 9.3 ym respectively.
The inset height profile from AFM measurements with a thickness of 3 + 0.5 nm corresponding to 3-4 layers
MoSe,.

The evaporation of the Ti(3 nm)Au(47 nm) is performed in electron beam evaporator in
high vacuum chamber. A lift-off in acetone complete this step. Fig.3.3.(a) shows an opti-

cal image of few layer MoSe; surrounded by a network of identification and alignment marks.

Step 2: electrodes.
After the lift-off of marks, the sample is again imaged with the optical microscope. An im-
age with the marks is imported in the E-beam lithography software for the design of the
electrodes pattern. The design of electrodes is done directly on the flake with the desired
shape, size and orientation. Subsequently, the same bilayer resist and conductive resist are

coated on the sample which is then reintroduced in the SEM for electron beam insolation of
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the predesign electrodes pattern. Prior to the insolation, to ensure the proper alignment of
the electrodes pattern to the flake, the beam is accurately aligned by affecting to three marks
surrounding the flakes (out of four) their exact coordinates. This is known as three marks
alignment method (Fig.3.3.(b)). In the so defined coordinate system, the predesigned pattern
automatically locates at the coordinates of the flake. This procedure enables patterning elec-
trodes with the best possible alignment. After the beam insolation, the sample is taken out
of the SEM, cleaned 2 min in DI water and developed 25 s in 1:3 MIBK-IPA as already men-
tioned. This step is particularly sensitive to the develop time and it is important to regularly
check the proper developing time by making a dose test.

The sample is then inserted into the high vacuum evaporator for evaporation of Ti(3
nm)Au(47 nm) followed by a lift-off in acetone. The Fig.3.3.(c) shows a SEM image of the

metal electrodes on MoSe, flake.

3.1.3 Shadow stencil mask extension of the leads

Shadow stencil mask deposition: Because E-beam lithography is used to design pattern with
accuracy at the nanoscale, our E-beam software is limited to a working area of 1715x1715
um?. At this scale, electrodes are too small to be connected with the experimental setup. One
way to solve this issue is to use many position lists during the beam insolation, this at the
prize of high time consuming. Another practical way is to use stencil mask using an optical
microscope for a manual alignment of the stencil mask on the Ti/Au electrodes patterned
during the last lithography step. This enables a shadow deposition of Ti(3 nm)Au(47 nm)
of macroscopic extension of the electrodes (Fig.3.3 (d)) in order to make possible a manual
bonding of the sample either onto a chip holder with gold wires allowing its adaptation onto

the measurement set-up or directly in the cryostat pads using a silver paste.

3.1.4 Flake characterizations

Raman spectroscopy is a very important tool for characterizing 2D materials and compare
their SL to their ML or bulk. It is a fast, non-destructive and high resolution technique. It
gives structural and electronic information of materials which can be applied at both labo-
ratory and commercial production scales. In addition, from the Raman shift, layer thickness
can be determined for 2D materials. In our work, we use Raman spectroscopy to charac-
terize few-layer MoSe,. Fig.3.4 (a) shows the optical image of MoSe, flake transferred on
LaFj substrate, by optical contrast we can state that we have few layers MoSe,. This is con-
firmed in Fig.3.4.(c) by the lack of photoluminescence (PL) signal and by the Raman spec-
tra done at HORIBA Scientific by Abdelkarim Ouerghi (researcher, Centre de Nanosciences
et Nanotechnologies (C2N) Paris-Saclay) and Thibault Brule (researcher, HORIBA Scientific
Palaiseau). From the Raman shift of MoSe,, the relative position of A, out of plan vibra-
tion mode can be used to precisely distinguish bulk materials from few-layer or single layer
MoSe; [Lul4, Pawbakel6, Mouafol7]. The A;, vibration mode in our flake appears at 242
cm™!, while it is expected to be at 240 cm™! for SL MoSe,, confirming the multilayer aspect
of our flake. Finally, we have performed atomic force microscopy (AFM) measurements to

determine more carefully the exact thickness of the flake. It is found to be 3 + 0.5 nm which
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corresponds to 3-4 layers of MoSe, (see the inset in Fig.3.4 (d)).
3.2 2D based field effect transistor in high doping regime with
ionic glass LaF;

3.2.1 TMDCs based field effect transistor on laF;
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Figure 3.5 — (a) Transfer curve of a MoSe; flake under 1 V drain-source bias at 200 K in linear scale. Inset:
Transfer curve in logarithmic scale. (b) IV curves at different gate biases measured at 200 K. Inset: IV curves
in logarithmic scale. (c) On/Off ratios for two devices at several temperatures showing the ion glass mobility
and the leakage limited regimes with a maximum value at 200 K. Sphere: Device studied in this section.
Square: Another sample with additional data sets to confirm the trend. On/Off ratios were calculated from
transfer curves at Vpg = 1V.

We validate in this section the feasibility of building FET with several TMDCs on LaFj3.
A scheme of the device made of tri-layer MoSe; contacted by gold electrodes on LaF; as well
as the scanning electron microscopy image are given in Fig.3.4 (b,d). Then the sample is
inserted into a cryostat and cooled down for low temperature measurements. As shown in
the previous chapter, when a gate bias is applied, F~ ions move toward or away from the
surface and form EDL capacitor with a high capacitance (up to 1 ygF.cm?) which induces the
electrostatic gating in MoSe, flake. Under 1 V drain-source voltage at 200 K, the transfer
curve presents n-type characteristic consistent with previous MoSe;-based FET using SiO,
as dielectric in our group [Mouafol7] (Fig.3.5 (a)). As we can see in Fig.3.5.(c), the field
effect is preserved even at 180 K. We observe a maximum of the current modulation for a
device temperature around 200 K where the Ip,/Ioss current modulation exceeds 4 to 5
orders of magnitude in a small bias operation range (below 10 V). Above 200 K, the On-Off
ratio is limited by a large Off current due to the relatively large leakage through LaF;. At
a temperature below 180 K, the ionic mobility of the F~ vacancy gets strongly reduced and
the On current gets lower. Using the expression n=CV/e, applying 8 V of gate bias leads

~2, a value quite similar to what is observed

to a carrier concentration as large as 5x10'% cm
with electrolytes gating [Yel2, Zhangl3b]. Using the expression of the field effect electronic
mobility u = mﬂ,—i, where L is the channel length (2.6 ym), W is the electrode width
(9.3 um), Cg is the surface capacitance equals to 0.1 uF.cm™2 at 200 K. We found electron

mobility to be ~ 15 cm?.V~'s~! at 200 K. This value is very similar to the one reported in our
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group for bilayer MoSe, gated with silica [Mouafol7].

It is worth noting that the ionic glass gating is not limited to MoSe, flake. In Fig.3.6, we have
demonstrated electron transport in both MoS, and WS, flakes and extended their concept
to hole transport in WSe, flake. Before study the photoresponse of our MoSe, FET in high
doping regime, we will investigate in the next section the gate dependency of the Schottky
barrier height (SBH) in TMDC FET.
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Figure 3.6 — Transfer curve at 200 K with LaF5 gating (a) n-transport in MoS, flake under 0.3 V drain-
source bias. Inset: Transfer curve in logarithmic scale. (b) n-transport in WS, flake under 2 'V drain-source
bias. Inset: Transfer curve in logarithmic scale. (c) p-transport in WSe, flake under 2 'V drain-source bias.
Inset: Transfer curve in logarithmic scale.

3.2.2 Schottky junctions in high doping regime with LaF;

We explore here how the Schottky contact can be tuned by electrostatic gating with ionic
glass. For this purpose, I have choose tungsten diselenide (WSe;) because it is an attractive
TMDC since its Fermi energy close to the mid gap [Yuan13] makes it an excellent candidate
for realizing p-n junction devices [Pospischil14], n-FET [Liul3], p-FET [Pradhan15b] and am-
bipolar FET [Wang138]. It thus offers exciting opportunities for potential applications in both
digital electronics and optoelectronic devices. The carrier type evolves with increasing WSe,
channel thickness, namely, p-type (<3 nm), ambipolar ( 4 nm) and n-type (>5 nm). This
thickness dependent carrier type can be attributed to the change in the bandgap of WSe, as
a function of the thickness. Another particularity of WSe; flake is that one can induce car-
rier type (electron and/or hole) transport by electrodes engineering, which is challenging for
other TMDC materials such as MoS, and MoSe, due to their extrinsic native doping prop-
erty. Indeed, Liu et al have demonstrated the n-WSe, FET by using indium as a contact metal
[Liul3]. Chuang et al have revealed that graphene can be a work-function-tunable electrode
material for few-nanometer WSe, FETs [Chuang14]. Using Ni/Au contacts, Chen et al used
ionic liquid as top gate to demonstrate ambipolar FET in monolayer WSe, [Chenl14a]. This is
made possible by ionic liquid gating where by inducing high doping in WSe, flake, allows to
tune its Fermi energy close to the conduction and valence bands for both electron and hole
transport respectively. It is also important to remark that SL-WSe, being initially p-type,
when contacting them with metals with high work functions such as Ni or Pd (P y; =5.15¢€V,
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Dpy =5.22 eV), form ohmic or semi-ohmic contacts at the metal/WSe, interfaces with small
contact resistances.

In this section, we investigate single layer WSe, contacted with Ti/Au in high doping regime
with the solid gating ionic glass LaF3 substrate.

Electric Characterization
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Figure 3.7 — (a) Optical image of the multi-electrodes device fabricated using e-beam lithography, the region
in dash line is the flake. Scale bar: 10 ym. (b) Transfer curve at 200 K under 2 V drain-source bias with
LaF5 gating showing hole conduction in WSe, flake. Inset: Transfer curve in logarithmic scale. (c) Ipg-Vps
curves for different gate voltages with increasing current with the gate voltages at 160 K. (d) Ipg-Vpg curves
for different gate voltages with increasing current with the gate voltages at 200 K.

Using the technique described in section 3.1, we have fabricated WSe, FET on LaF3 sub-
strate, an optical image of the multi-electrodes device made of monolayer WSe, is shown
in Fig.3.7 (a). In Fig.3.7(b), we present the transfer curve of ionic glass gating WSe, FET
demonstrating an p-type or unipolar hole transport at 200 K, similar for what has been found
in WSe, FET with conventional dielectric [Pradhan15b, Xuel8]. The On/Off ratio reaches
~ 10* at 200 K in a small operating voltage range compare to conventional dielectric such
SiO, generally used as back-gate dielectric for TMDC based FETs. Using the expression
Y= m%, where L is the channel length (0.9 ym), W is the electrode width (20 ym),

Cg is the surface capacitance equals to 0.1 gF.cm~2 at 200 K. We have found the hole mobility
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to be ~ 1.5 x 1072 cm?.V~!s~! at 200 K. This value is one to three decades smaller than what
have been found in multilayer WSe, FET with Ni and Pd as S/D electrodes respectively at
room temperature [Kangl7]. In the latter, the high mobilities obtained came not only from
the type of the ohmic contacts form by Ni and Pd but also from the high thickness of the flake
and the oxygen plasma treatment of their devices at room temperature.

Fig. 3.7 (c) and (d) show the representative Ipg-Vpg curves for different gate voltages at

(@)

Vacuum

Figure 3.8 — (a) Band alignment of metal and WSe,. ¢r; is the titanium’s work function, x is the electron
affinity of WSey, Eq is the band gap, ¢sc is the work function of WSe,, Ec is the conduction band minimum,
and Ey is the valence band maximum. (b) Band diagram of WSe, based FET at the equilibrium with Schottky
barrier at the interfaces resulting from Fermi levels alignment. Equivalent model of the device with two back-
to-back diodes connected to the total series resistance.

160 K and 200 K respectively. One can see an increase of the current for negative gate volt-
ages confirming hole transport in our WSe, FET with LaFj3 gate tunability down to 160 K.
It can be also seen the increasing of the current with the temperature. The quasi-symmetric
non-linear behavior are typical for contacts with a Schottky barrier at the interfaces which
have Ti as the S/D metal electrodes. Indeed, the work functions of WSe, ~ 4.65 eV [Xiaol8]
is slightly higher than that of Ti (¢7;=4.33 eV) [Pan16]. Metal/semiconductor interface is
expected to be rectifying (non-ohmic) when the metal work function is smaller compare to
the work function of an p-type semiconductor [Mathieu09]. When the two materials are in
contacts, electrons move from the metal to the semiconductor. It appears a deficit of elec-
trons at the metal side, at the very first nanometer of the interface. In the semiconductor,
electrons which come from the metal recombine with holes creating a depletion zone due to
the presence of ionized acceptor ions which are no longer compensated by the holes. It thus
appears a space charge region which is spread out in the semiconductor, resulting a formation
of an energy barrier at the metal-SC interfaces with a downward curvature of the bands as
shown in Fig. 3.8 (b). The system evolves until the resulting diffusion field and voltage stop
the electron diffusion. Generally, the height of the interface barrier for holes to pass from

the semiconductor to the metal is equal to the sum of the semiconductor band gap (E,) and
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electron affinity (x) minus the work function (¢y) of the metal as: E,= E, + x - ¢, see the
band alignment in Fig. 3.8 (a). From the gate-dependence of Ips-Vpg curves at 200 K, we will
analyze and extract the Schottky barrier height at Ti/WSe, interfaces.

Analyzed of Ti/WSe, interface from lps-Vpg curves

When two contacts are deposited on a semiconductor, the metal-semiconductor-metal junc-
tion forms a configuration which is known as a back-to-back Schottky diode (BBSD). This
is the case in our device Ti-WSe,-Ti. Since both contacts form Schottky junctions, the cur-
rent will be always limited by one of the junctions operated in reverse bias. Assuming the
current transport follows the thermionic emission theory at each metal-SC interface, we can
extracted junction properties directly from the measured Ipg-Vpg characteristic of the BBSD
using the thermionic emission theory following the method introduced in [Azmil8). Fig. 3.8
(c) shows the equivalent model of the device with two Schottky diodes D; and D, connected
back-to-back with the total series resistance Rg. The latter come from Ti/WSe, contact resis-
tances and the WSe, channel resistance. Rg value can be estimated from the linear region at
high positive bias of the Ip5-Vpg curve i.e. Rg ~ AV/AI. When a positive bias is applied, the
diode 2 is reverse biased and the diode 1 is forward biased. Conversely, when a negative bias
is applied, the first diode is reverse biased while the second diode is forward biased. When
excluding the voltage drops at Rg i.e. IRg from the applied voltage V in order to obtain the ef-
fective voltage drop across Dy and D5, and taking the formula of current from the thermionic
emission theory at M/SC interface detailed in appendix C, in the Eq. C.11, the current of the

equivalent circuit is expressed by:

e SV =IRS) gV = IRs)

I ~ I exp( mKaT ) exp( KT )—1] for V>0 (3.1)
- qV-IRs), . 4(V-IRs)

I~ ISI exp(w)[l exp( KBT )] fOT V<0 (32)

with Is; = $; A" T2 exp(24) and Ig; = S,A T2 exp(“4L42).

Ig is the reverse saturatlon current, T is the temperature in Kelvin, q is the elementary charge,
kg is the Boltzmann constant, S the contact area and A* is the Richardson’s constant of WSe,.
Numbers 1 and 2 in subscript of Is, ¢gp and n refer to corresponding junction number. Eq.

3.1 and 3.2 can be rewritten as:

I B q(V —IRs)
ln{[exp(q(‘;{ITRS))—l]}_ln(ISZ) 1, KsT for V>0 (3.3)
B
_1
In{ L V= in(gy)+ AR oy g (3.4)
[1_eXp(q(¥<{TRS)) TllKBT
B

Plotting In{ } versus (V —IRg) for positive bias gives a linear graph. From the

[exp(L5rs)-1]

slope and y-axis intercept of the linear graph, we can deduce 1, and Is, respectively. Is, can
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Figure 3.9 — Example fit of Ipg-Vpg curves to back-to-back Schottky diode using the equivalent model for:
(a) Vgs =-4Vat 160 K. (b) Vgg=-6V at 200K.

thus be used to calculate the height of the second Schottky junction as:

*2
KgT ln(SZA T
q Iso

$op2 = ) (3.5)

Similarly, using equation 3.4, n; and Is; can be deduced and then used to calculate the
height of the first Schottky junction as:

KgT . S;A*T?
In(
q Isy

Pop1 = ) (3.6)
The Ips-Vpg curves were fitted using Eq. 3.1 and 3.2 for datas at 200 K. The Richardson’s
constant used was 27.6 Acm~2K~? for p-WSe, [Klein98].

Examples of the fit curves at -4 V gate bias at 160 K and -6 V gate bias at 200 K are shown
in Fig. 3.9 (a) and (b) respectively using the model in Fig. 3.8 (c). One can see a good
accuracy with the measurement curves. In order to analyze the back gate dependency of the
SBH, we have fitted all the datas at different gate biases at 200 K. The calculated SBH values
from equations 3.6 and 3.5 for different gate voltages are presented in Fig.3.10 (a) and (b)
respectively. For the two junctions, one observes a linear decrease of the SBH when decreasing
the gate voltage until the flat band regime where the slope changes. At gate voltages above
-10V, the bands are bending at the interfaces of the two junctions (Fig. 3.8 (b)). At Vgg =-10
V, the slope in the curve of ¢yp; in function of gate voltage changes. This change indicates
the flat band regime of the first junction while keeping the bending of the second junction as
shown in the Fig.3.10 (d). Further decreasing the gate voltage down to -14 V allows to reach
the flat band of the second junction, thus the flat band of the BBSD, see Fig. 3.10 (e), thanks
to ionic glass LaF3 gating which by decreasing the gate voltages induces high hole doping in
WSe, channel. The increase of the ideality factor n [Sze81] of the two junctions with the gate
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Figure 3.10 — (a) Gate dependency of the Schottky barrier for junction 1. (b) Gate dependency of the Schottky
barrier for junction 2. (c) Gate dependency of the ideality factor: the blue curve for the junction 1 and the red
for the junction 2. (d) Band diagram of the system with the flat band of the first junction at Vgs = - 10 V.
(e) Band diagram of the system with the flat band of the second junction when Vgg= - 14 V (g) Total series
resistance in function of the gate voltage.

voltage (Fig. 3.10 (c)) and moreover the exponential decrease of the total series resistance
with the gate (Fig. 3.10 (f)) confirm our model to take into account the two junctions in the
study. It also confirms the efficiency of our gating technology which is the signature of the
reduction of contact resistances resulting in efficient carrier extractions.

Now that we know the efficiency of our gating technology for reducing Schottky barrier height
at metal/semiconductor interfaces, we will use the direct optical addressability of LaFj to

study the photoresponse of MoSe, in high doping regime in the next section.

3.3 Phototransport properties of MoSe, in high doping regime

In order to study the optoelectronics properties of the MoSe,/LaF3 phototransistor, I made
another measurement campaign at INSP, and performed photoconduction measurements
with Charlie Gréboval. Under illumination of the MoSe, flake with a 405 nm blue laser (the
laser spot diameter was 1 mm) with 0.012 yW received power, we observe a photoconductive
signal which amplitudes can be strongly tuned using the gate bias (Fig.3.11 (a)). As shown in
Fig.3.11 (b), the responsivity of the flake follows the dark current. It reaches 50 mA/W at 0V
of gate bias and it is enhanced by a factor of 4 under strong positive gate bias now exceeding

0.2 A/W. This is made possible thanks to high doping regime with ionic glass LaF; which
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Figure 3.11 — (a) Photocurrent of the device illuminated under 0.012 yW received power from a 405 nm
laser chopped at 100 Hz and 180 K at different voltages. Drain-source bias is 1 V. (b) Red: Transfer curve
under 1 V drain-source bias at 200 K. Blue: responsivity of the device under different gate voltages calculated
with the power received by the device at 100 Hz and 180 K. The inset is an optical image of the device. (c)
Band diagram of the device at the equilibrium with Schottky barrier at the interfaces resulting from Fermi
levels alignment. (d) The corresponding band diagram with the laser illumination under Vpg = 0 V and
Vs = 0 V. (e) Band diagram of the device under illumination when applying a positive Vg in the Off state

of the transistor. (f) Band diagram of the device under illumination when applying a positive Vg in the On
state of the transistor.

efficiently allows the reduction of Schottky barrier height at metal-SC interfaces with the ap-
plied gate as shown in the previous section. Indeed, the quasi-symmetric non-linear behavior
IV curves in Fig.3.5 (b) are typical for contacts with a Schottky barrier at the interfaces. The
work functions of MoSe; ~ 4.7 eV is slightly higher than that of Ti (Pp; = 4.3 eV) [Panl6].
When the two materials are brought into contact, the work function of the SC being higher
than that of metal, electrons move from metal to semiconductor. The system evolves until the
Fermi levels are aligned. It appears in the SC an accumulation area, this results in a down-
ward curvature of the valence and conduction bands, thus a formation of an energy barrier
at the metal-SC interfaces, see Fig.3.11 (c). Under illumination, photogenerated carriers are
created in MoSe; (electrons in the conduction band and holes in the valence band). Applying
a positive drain-source bias leads to the extraction of those carriers at the electrodes, thus

a photocurrent in the device. Using the gate to bring the system in the Off state as shown
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in Fig.3.11 (e) leads to enhance the Schottky barrier at the interfaces and by the way the re-
duction of the photocurrent. However, increasing the gate bias in the On state leads to the
reduction of the height of this barrier (see Fig.3.11 (f)), then efficient photogenerated carriers
extraction with high photocurrent and responsivity.

In our system, the increase of the responsivity is not as fast as the one of the dark current. As
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Figure 3.12 — (a) Rise and fall times extracted from photocurrent curves using a single exponential fit at
different gate voltages (b) Photoresponse gain bandwidth product as a function of the applied gate bias. (c)
Photocurrent over dark current at 100 Hz and 180 K for different gate voltages under 1 V drain-source bias.

a result, the gate bias which maximizes the signal-to-noise ratio is obtained under hole injec-
tion (Figure 3.12 (c)). This regime corresponds to the one which minimizes the dark current.
Rise and fall times (tpy and topp in Fig. 3.12 (a) respectively) extracted from the photocur-
rent characteristics under negative gate bias are close to 200 and 600 ps, respectively. This is
two orders of magnitude faster than time responses previously reported on usual exfoliated
and chemical vapor deposited (CVD) MoSe, [Abderrahmanel4, Jungl5, Dail9, Xial4], 50
times faster than encapsulated MoS, devices [Kuferl6a], and more than one decade shorter
than the fastest MoSe, phototransistor reported so far [Leel8].

Another very striking feature comes from the very weak gate dependence of the time re-
sponse with gate bias (Fig. 3.12 (a)). The on and off times change by less than 30 % from the
hole injection to the electron injection regimes. This is remarkable since the gain bandwidth
product (which can be seen as the ratio of responsivity divided by the characteristic time
constant) is actually increasing with the applied gate as shown in Fig. 3.12 (b). This result
contrasts with what was observed in the previous chapter section 2.4 for the phototransistor
based on nanocrystal film, where the change of responsivity is made at quasiconstant gain
bandwidth product [Lhuillier14]. In other words, a higher photoresponse comes at the prize
of a slower response, on the contrary to our device. Indeed, the increase of the responsivity
with the gate bias is the signature of gain. The ratio of the recombination time 7 over the

transit time t;, increases with the applied gate bias. At first order, the transit time t;, = -

Vs
with L being the channel length and y the mobility being barely affected by the gate bias.
The increase of the gain is mostly due to a longer living time for the photocarrier. Due to the

n-type nature of the sample, a negative gate bias brings the Fermi Level close to the middle
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Figure 3.13 — (a) Photocurrent at 100 Hz and 180 K for different incident power (from 0.012 yW to 0.435
uW) under -2 'V of gate bias. (b) Power dependency of the photocurrent at 100 Hz and 180 K under -2 V of
gate voltage with the power law fit of the data point. (c) Scheme of the associated relaxation mechanism for
the monomolecular process. (d) Photocurrent at 100 Hz and 180 K for different incident power (from 0.012
uW to 0.435 uyW) under 2 V of gate bias. (e) Power dependency of the photocurrent at 100 Hz and 180 K
under 2 V of gate voltage with the power law fit of the data point. (f) Scheme of the associated relaxation
mechanism for the bimolecular process.

of the gap (Fig. 3.13 (c)), and the later behaves as a recombination center. When the gate
bias is increased, the Fermi level is moved closer to the conduction band (Fig. 3.13 (f)) and
the recombination centers get filled with electron [Kuferl6a]. Thus, only band-to-band re-
combination becomes possible, and the photocarrier lifetime is extended. The fact that the
time response of the detector is only poorly affected by the filling with the gate of these trap
states suggests that only shallow traps with shorter lifetimes close to the conduction band
are involved because the implication of deeper traps will have led to longer release time and
thus slower time response. To confirm the hypothesis that the photoresponse is limited by
recombination, we used the power dependence of the photocurrent. We have measured the
photocurrent-power dependency in the interesting region for the photodetection where the
signal to noise ratio (I,,/144k) is maximal, see Fig.3.12 (c). For both hole and electron regime,
the photoresponse rises with the increase of the light power (see Fig.3.13 (a,d)), this because
the number of exciton increases with the incident power.

Under hole injection (Vgg = -2 V) the current as a function of incident power follows a
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power law with an exponent of 0.67, see Fig.3.13 (b). This value is typically intermediate
between the value of 1/2 expected for a bimolecular process and the value of 1 obtained for
a monomolecular process or first order dynamic (i.e., for trapping), thus indicating that the
recombination kinetic of photocarriers involves both trap states and band to band recombi-
nation [Willis09, Rose63]. So, by applying a negative gate bias, the Fermi level is brought
more deeply in the bandgap where the recombination centers get unfilled and can act as trap
states by changing their state under illumination, which explain the increase of the power
law exponent. Fig.3.13 (c) sketches the associated mechanism behind the power dependence.
On the other hand, under electron injection (Vgg = 2 V) we observe a decrease of the expo-
nent value reaching 0.42 (Fig.3.13 (d)), which is quite close to the value of 1/2 expected for a
bimolecular process or second order dynamics (i.e., recombination occurs through electron-
hole recombination). As illustrated in Fig.3.13 (f), applying a positive gate moves the Fermi
level closer to the conduction band and completely fills shallow trap states, thanks to high
doping capability of ionic glass LaF3. Thus, under illumination, direct band to band recom-

bination occurs from electrons in the conduction band and holes in the valence band.

3.4 Conclusion

We have explored the potential of LaF; ionic glass to build a TMDC-based FET and photo-
transistor with low operating bias and preserving gate tunability down to 160 K. Optimal
operating temperature is around 200 K and limits the leakage through the substrate while
preserving a strong ionic mobility, with Ioy/Ippf ratio exceeding four decades.

We have presented the detail investigation of the Schottky junction in monolayer WSe, FETs
in high doping regime using ionic glass LaF3 gating. Contrary to previous studies using only
one Schottky barrier in their model, we presented a complete study of Ti/WSe, Schottky
interfaces using a back-to-back Schottky diode model from the thermionic emission theory
taking into account the Schottky barrier of each junction. This allowed to investigate the gate
effect of each junction. Ionic glass by inducing high doping in the WSe, channel, reduces the
band bending at each Ti/WSe, interface. we observed an exponential decrease of the total
series resistances when increasing the gate voltage which is the signature the decrease of con-
tact resistances for efficient carrier extractions. Furthermore, we probed the photoresponse
of MoSe, phototransistor on LaF3. Not only the dark conductance can be tuned by the gate,
but also the photoresponse with time responses down to 200 us, up to two decades faster
than state of the art MoSe, phototransistors reported so far. Careful analysis of photocurrent
properties reveals that the relative contribution of traps on the carrier recombination can be
dramatically suppressed thanks to the very high accumulated carrier concentration achieved
by ion glass gating. Remarkably, this novel functionality allows for modulating the device
photoresponse by more than two orders of magnitude, while at the same time increasing its
gain bandwidth product.

This study shows that ionic glass gate is a complementary method to the usual electrolyte gate
technique to reach the high doping regime, as it enables optical experiments in high doping

regime that are not possible when the 2D material is buried into the electrolyte gate and elec-
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trostatic tunability at lower temperature. The performances of our ionic glass photodetector
demonstrate the potential of this method to explore novel photoconduction processes and

alternative architectures of devices.
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Chapte 4

2D-0D Graphene/Hgle heterostruc-
ture in high doping regime for IR de-

tection

he large capacitance and the direct optical adressability of LaFs solid-state gating al-
T lowed in the previous chapter to study transport and phototransport properties of HgTe

nanocrystals and few layer MoSe, in high doping regime with metallic electrodes in
FET geometries. With metallic electrodes, the gate dependence of the photocurrent follows the
gate-induced change of the dark current. In this chapter, we used other properties of graphene such
as its vertical electric field transparency and carrier selectivity under gate to build graphene/HgTe
heterostructure. The introduction of graphene electrodes combined with ionic glass enables to
reconfigure selectively the HgTe nanocrystals and the graphene electrodes between electron-doped
(n) and hole-doped (p) states. We analyze the impact of unusual electrostatic profile on the
performances of our 2D-0D phototransistor. Thus, we demonstrate a 2D/0D p-n junction that
expands throughout the device, with a built-in electric field that assists charge dissociation allowing

to improve the signal-to-noise ratio for infrared photodetection by 2 orders magnitude.

Related article

* U.N. Noumbé, C. Gréboval, C. Livache, A. Chu, H. Majjad, L. E. P. Lopez, L. D. N.
Mouafo, B. Doudin, S. Berciaud, ]J. Chaste, A. Ouerghi, E. Lhuillier, J.-F. Dayen. Re-
configurable 2D/0D p-n Graphene/HgTe Nanocrystal Heterostructure for Infrared Detection,
ACS Nano 2020, 14, 4, 4567-4576

In this project, I designed and processed samples (graphene Hall bar and graphene electrodes
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on LaF; substrates) at IPCMS and Charlie Gréboval synthesized HgTe NCs at INSP. During an
additional measurement campaign at INSP we performed the optoelectronic measurements

detailed in this chapter.
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As I mentioned in the chapter 1 section 1.3, the coupling of NCs with graphene has al-
ready been done taking advantages of high carrier mobilities of graphene and strong tunable
light absorption of quantum dots [Konstantatos12]. In those geometries the high carrier mo-
bility of graphene allowed the charge transport to occur only into the graphene, whereas
nanocrystals are used as a light sensitizer that traps one type of carrier and injects the other
type of carrier into graphene. During the long lifetime of the trapped carriers in QDs, the
transferred carrier will circulate many times in graphene and will contribute several times
for the photocurrent, signature of the presence of the gain mechanism. This leads to de-
vices with very high responsivities but at the price of dramatically slow time response. Here,
in the continuity of our fruitfull collaboration with Emmanuel Lhuillier’s team, we propose
with Charlie Gréboval a change of paradigm compared to previous 2D/0D photodetectors:
we show that for 2D/0D devices, charge transport should involve the nanocrystal film to ab-
sorb more strongly the incident light. This requires firstly to make the conduction within the
nanocrystal array more efficient using a ligand exchange step to get high carrier mobility and
secondly the gate tunable electronic properties of graphene electrodes combined with high
capacitance ionic glass gating technology that enables high carrier density to be reached and
the doping profile to be spatially tuned through the whole 2D/0D heterostructure and then

induces the p-n junction directly into the nanocrystal thin film.

4,1 Device fabrication and characterization

On the top of the LaFj; substrate, chemical vapor deposition (CVD) monolayer graphene
is grown (done by Grapheal and Graphenea following fabrication process detailed in ref
[Han14]) and processed using laser lithography (PG 101) and reactive ion etching (Oxford
Instrument RIE) to process two samples: one with interdigitated graphene electrodes and the
orther with a graphene Hall bar. The substrates were first cleaned with acetone and rinsed
with ethanol and isopropanol. AZ 1505 positive resist was then spin-coated and baked at
105 °C. The well-defined area on the substrates was exposed under a UV laser. The exposed
resist was developed using a bath of AZ 726 for 20 s, before being rinsed in DI water. We
then used the mixture of argon and oxygen plasmas (RIE) to etch the exposed area during 15
s before cleaning samples during 1 min in acetone, rinsed using isopropanol and dried by a
nitrogen jet gas. The sketch illustrated in Fig.4.1 left (1-6) summarizes those process steps.
After the etching step, a shadow mask evaporation is finally used to contact graphene pads
of the interdigits with Ti(10 nm)/Au(40 nm) whereas for graphene Hall bar another laser
lithography is performed (Fig.4.1 left 1-4), followed with metal deposition and lift-off in ace-
tone. Microscopy images of grahene Hall bar and graphene interdigitated electrodes on LaF;
substrates are shown in Fig.4.1 (b) and (c) respectively.

Abdelkarim Ouerghi and Julien Chaste (researchers, C2N Paris-Saclay) did Raman map and
spectra to check whether graphene is well echted. Indeed, the 2D mode which is a resonant
Raman process involving phonons at the edges of the BZ (K and K’ points), is used as an
unambiguous fingerprint of the presence of graphene and allows mapping of the interdigi-
tated pattern (Fig.4.1 (d,e)). The full width at half-maximum of 46 cm~! (Fig.4.1 (d)), a value
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Figure 4.1 — Left: Schematic diagram of fabrication process of interdigitized graphene on LaF5: laser lithog-
raphy and reative ion etching. Right: (b) Microscopy image of the graphene Hall bar on LaF5. (c) Microscopy
image of the graphene interdigitated electrode on a LaF; substrate. The area in the red square is mapped
using Raman in part (e). (d) Raman spectra of the graphene electrode on LaF;. (e) Map of the intensity of
the 2D Raman peak (2560 cm™") in the area of the graphene interdigitated electrodes. Raman measurements
have been done at C2N by Abdelkarim Ouerghi.

somewhat larger than that in mechanically exfoliated monolayers on silicon oxide, suggesting
[Berciaud09] a contribution from nanoscale strain variations [Neumann15] arising from the
transfer process onto the LaF; substrate. Spatial mapping of the 2D peak is fully consistent
with the targeted pattern (Fig.4.1 (e)), confirming that graphene is fully etched between the
digits.

4.2 Electric characterization of the devices

Before building the graphene/HgTe heterostructure, we study the transport properties of
graphene and HgTe NCs independently over LaF3 gate to account for possible charge trans-
fer between the material and the substrate.

Using four probe measurements at 240 K, the transfer curve of the graphene Hall bar reveals
an ambipolar behavior with minimum of conductance at the Dirac point reached for a nega-
tive gate bias of Vp=V55=-4.2 V which is a signature of electron doped-graphene, see Fig.4.2
(e). This suggests a partial electron transfer from the LaF; to the graphene which displaces

the Fermi level above the Dirac point of graphene. From the gate bias associated with the
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Figure 4.2 — (a) Scheme of a HgTe back-gate field-effect transistor with gold electrode on LaF; ionic glass
when Vgg > 0. (b) Microscopy image of the graphene Hall bar on LaF5. (c) Scheme of the field effect transistor
under consideration where the gate is made of a LaF 5 ionic substrate, the drain and source electrodes are made
of interdigitated graphene electrodes, and the channel is made of HgTe NC arrays. (d) Transfer curve (drain
current as a function of gate bias) for a HgTe NC array on LaF3 substrate and connected to a gold electrode
at 220 K. The inset is a scheme of the pristine HgTe electronic structure. (e) Transfer curve for a graphene
Hall bar on a LaF3 substrate at 240 K. The inset is a scheme of the pristine graphene electronic structure.
(f) Transfer curve for a HgTe NC array on a LaF5 substrate and connected to a graphene electrode at 220 K.
Scheme of the electronic structure of a graphene/HgTe/graphene junction assuming that Fermi level is 0.27
eV above the Dirac point.

Dirac point, we can determine the relative position of the Fermi level with respect to the

Dirac point due to the relation [Yu09] Ep = %F @(VGS —Vp) =0.27 eV at zero gate bias,
where h is the Planck’s constant, vy the Fermi velocity [Trevisanutto08] ~ 10° m/s, Crar, =
0.4 yF.cm™2 and e the elementary charge.

As already studied in chapter 2, n-doped HgTe NCs device with metallic gold electrodes
presents a clear ambipolar behavior, with a charge neutrality point (V) appearing under
negative gate bias at -2.3 V (see Fig.4.2 (d)). However, after depositing 120 nm thick film of
HgTe NCs on graphene electrodes (a scheme of the device is given in Fig.4.2 (c)), the transfer
curve of the graphene-HgTe-graphene heterojunctions demonstrates a preserved ambipolar
behavior, but with a charge neutrality point at Vgg = -1.8 V = V, (Fig.4.2(f)). A value very

close to that of HgTe film contacted by gold electrodes. The switching of the graphene elec-
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Figure 4.3 — 2D color map of the asymmetry of the I-V curve at 240 K, quantized through the ratio of the
current under a given bias and the current under the opposite bias, as a function of the channel voltage
between the source and drain electrodes and gate voltage Vg. The regions in red correspond to the domains
of p-n junction within the graphene/HgTe/graphene junction.

trode doping state is reflected in the transconductance curve by an inflection of the transfer
curve at the Dirac point Vgg =-3.6 V = V in the figure 4.2 (f).

From these transconductance measurements, we can describe the band alignment in the
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Figure 4.4 — Zone I: Vgs >V, regime n-n’-n. (a) Band alignment of the graphene/HgTe/ graphene junction
in the n-n"-n configuration. (b) The associated quasi-ohmic I-V curves at different gate voltages at 240 K.

graphene-HgTe-graphene junction. Indeed, both materials appear to be n-doped in the ab-
sence of a gate: the Fermi level lies above the Dirac point in graphene and in the upper part of
the semiconductor nanocrystals at Vg = 0 V. Moreover the work function of HgTe NCs (~ 4.6
eV) [Jagtap18] is higher than our n-doped graphene estimated to be ~ 4.3 eV [Yu09]. There-

fore, when the two materials are in contact, electrons move from graphene to NCs resulting in
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a downward curvature at graphene-HgTe interfaces with the Fermi energy level alignment at
the equilibrium (see the inset in Fig.4.2 (f)). In such a junction, the key difference with metal-
lic contacts comes from the gate-tunable nature of the graphene doping level and its electric
field transparency. The gate will tune the position of the Fermi level not only within the HgTe
film but also within the graphene electrodes. This enables the formation of electron and hole
extracting layers. We investigate in detail the graphene-HgTe-graphene current-voltage (I-V)
characteristic dependence on ionic glass gate voltage Vs. To do so, we report in Fig. 4.3 the
charge transport phase diagram of the 2D/0D device. It emphasizes on the evolution of the
asymmetry of the source-drain I-V curve (ratio of current at +Vpg bias over current under
-Vps bias) under the back-gate voltage V5s. Three different zones corresponding to distinct
doping states of the graphene/HgTe heterojunctions can be discriminated:
(i) For gate bias Vgg > V| (zone I), exceeding the HgTe film charge neutrality point V, and
Vp , the Fermi level remains above the Dirac point for both electrodes, whereas the HgTe NC
film remains in the electron doping state, forming n-n’ junctions at the graphene/HgTe NC
interfaces. Under such a condition, we observe a symmetric quasi-ohmic I-V behavior; see
Fig. 4.4 (b).

(ii) When the gate bias is in the range of V) > Vg5 > Vp (zone II), the I-V curve acquires
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Figure 4.5 — Zone Ila: Vg =~ V, regime n-n"-p’-n (a) Band alignment of the graphene/HgTe/graphene
junction in the n-n’-p’-n configuration. (b) The associated rectifying I-V curves at different gate voltages at
240 K.

a rectifying behavior as shown in figures 4.5 (b) and 4.6 (b). The high value of the current
asymmetry in Fig. 4.3 (clearly above 1) highlights the areas of occurrence (red part) of p-n
junctions, with two distinct heterojunction configurations that can be discriminated. It is
worth noticing that, because of the large capacitance of the LaF; substrate, applying moder-
ate drain-source bias may lead to distinct vertical gate bias conditions near the source and the
drain electrodes. For gate bias voltages close to charge neutrality points of HgTe or graphene,
this induces electron and hole doping in the vicinity of each electrode.

A first p junction state appears when Vg gets closer to V( (zone Ila; see Fig. 4.3); this cor-
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Figure 4.6 — Zone I11b: Vg =~ Vp, regime n-p’-p (a) Band alignment of the graphene/HgTe/ graphene junction
in the n-p’-p configuration. (b) The associated rectifying I-V curves at different gate voltages at 240 K

responds to p-n junction formation between electron-doped graphene electrodes and hole-
doped HgTe NC arrays, forming two back-to-back p-n junctions. A strong current asymmetry
appears while increasing Vpg amplitude (with value of the asymmetry clearly above 1 in the
red area of the graph), highlighting the formation of a p-n junction expanding throughout the
HgTe film. Indeed, in the case of an ambipolar semiconducting HgTe NC array, for gate bias
below but close to the charge neutrality point Vgs < V&~ -2V, applying a negative Vg volt-
age on the drain electrode results in switching back the HgTe doping state from the p-doped
to n-doped state. This creates a p-n junction within the HgTe thin film, with a p-doped state
at the source side and n-doped state at the drain side. The second p-n junction state (zone IIb)
is triggered once Vg is decreased to V. There, applying source-drain bias voltage results in
Fermi level positioning on different sides of the Dirac point for the drain and source graphene
electrodes (see band diagram in Fig. 4.6 (a)). One electrode gets electron-rich, whereas the
other is hole-rich, resulting in the n-p diode on the drain side.

The observation of the p-n junction is made possible by the combination of the high ca-
pacitance gate from the LaFj;, the tunable charge carrier polarities of graphene and HgTe
NC arrays, both the low density of state and the low electric screening of graphene. Electric
charge density Aq at the graphene/LaF; interface of the source (drain) electrode is defined as
Aq = Cro1Vgs (Aq = Cror Vps)- The total capacitance is defined as 1/Cror = 1/Cprap, +1/Cy,
Crar, = 0.4 pF.cm™ and Cg being the quantum capacitance. The quantum capacitance Cq
captures the band filling of graphene that results from its low density of states and can be ap-
proximated by C ~ ¢?D(Eg), with e being the electron charge and D(Ef) being the graphene
density of states at the Fermi energy [Xia09a, Das08, Luryi88]. Experimental studies esti-
mated Cg within 3 to 10 yF.cm™ , depending on the graphene doping level. Given these

orders of magnitude for the capacitances, approximately 90% of the charge induced by the
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Figure 4.7 — Zone I1I: Vg < Vp, regime p-p’-p (a) Band alignment of the graphene/HgTe/ graphene junction
in the p-p’-p configuration. (b) The associated quasi-ohmic I-V curves at different gate voltages at 240 K

ionic substrate are present on the top of the graphene, whereas no charge will be present
in the case of metal electrodes. This low screening propagates the spatial extension of the
p-n junction above the electrodes. Graphene thus plays a dual role: it allows carrier selec-
tivity which first enables the formation of the p-n junction, and it also favors the spatial
extension of the junction, leading to a higher volume of the HgTe film exposed to the gate-
induced electric field.

(iii) Finally, under large hole injection, when Vp > Vg (zone III), the two graphene elec-
trodes and the HgTe film become hole-rich, then forming p-p’ junctions and the I-V curve
recovers their quasi-ohmic behavior as shown in Fig. 4.7. Now that we have revealed the
interesting operating region in our device where a 2D/0D p-n junction can be formed, in the

following section, we will study optoelectronic properties of the p-n junction.

4.3 Optoelectronic properties of graphene/HgTe p-n junction

4.3.1 Photoresponse of the graphene/HgTe/graphene junction.

We probe in Fig. 4.8 (b) the photocurrent in the graphene-HgTe-graphene junction when il-
luminating the device by a short-wave infrared laser at 1.55 ym (i.e. above the band edge of
the HgTe NCs) chopped at 1 kHz. We used the same experimental setup as in section 2.4 at
INSP.

The curve presents a well-defined maximum of photocurrent in the range of gate bias cor-
responding to the existence of p-n junction formation (can also be seen in the absorption
spectrum Fig. 4.9 (c) with a high photocurrent amplitude in p-n region). This is a signature
of a large electric field that appears at the interface between the hole- and electron-rich areas
responsible for the enhancement of charge dissociation (same as region II, introduced previ-
ously in Fig. 4.3). This behavior dramatically differs from the one observed for the HgTe film,
with LaF; gating but using gold metallic electrodes instead of graphene (Fig. 4.8 (a)). In this
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Figure 4.8 — (a) Photocurrent as a function of gate bias for the gold/HgTe/gold junction under 0.5 V drain-
source bias at 200 K. The top part is a scheme of the device. (b) Photocurrent as a function of gate bias for
the graphene/HgTe/graphene junction under 0.5 V drain-source bias at 220 K. The top part is a scheme of
the device.

case, the photocurrent is minimal at the minimum of conductance of HgTe. Conventional
phototransistors actually display this kind of behavior, where photocurrent follows the dark
current. In other words, in conventional phototransistors with metallic electrodes, apply-
ing gate bias enhances the photocurrent but barely improves the signal-to-noise ratio. This
has been observed for many nanocrystals including CdSe [Lhuillier14] and HgTe on various
dielectrics [Chen19] and electrolytic gates [Livachel7]. Combining graphene electrodes to-
gether with a high capacitance gate substrate allow us to overcome this limitation. There is a
gate bias window extremely promising for photodetection where the photoresponse is max-
imized while the dark current is minimized, promoted by the formation of the p-n junction
through the 2D/0D heterostructure.

We notice that the photoresponse is much higher under negative gate bias, that is, under hole
injection, compared to the value obtained under electron injection conditions (Fig. 4.9 (c)).
This actually results from the initial n-type nature of the HgTe. By injecting holes in the
material, it gets more intrinsic, which reduces the recombination pathway for the minority
carriers and thus extend their lifetime, leading to a larger photoconductive gain.

The photovoltaic operation mode of the p-n junction, a signature of the extension of the
p-n junction into the NC arrays, is further confirmed by the investigation of the photocurrent
under zero applied electric field. Under positive gate bias, where no p-n junction exists, there
is no photocurrent under zero drain-source bias (Figure 4.9 (a)). Once the gate bias is applied
within the window enabling the p-n junction formation, we observe a clear photosignal even
in the absence of an applied bias, which is the signature of a built-in electric field. The mag-
nitude of the photocurrent modulation at 1 kHz under zero drain-source bias is given in Fig.
4.9 (b) and follows pretty well the data obtained under DC conditions in Fig. 4.8 (b).

Although the magnitude of the photocurrent spectrum also follows the same trend with a
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Figure 4.9 — (a) Photocurrent under 0 V drain-source bias as the light (A = 1.55um) is turned on and off for
two values of the gate bias. (b) Photocurrent under 0 V, where the light is chopped at 1 kHz, as a function of
the gate bias. (c) Photocurrent spectra taken at different gate voltages from -6 to 6 V under 0.5 V drain-source
bias at 220 K from FTIR spectroscopy.

gate bias, the shape of the spectral response remains unchanged for all gate biases (Fig. 4.9
(c)). In particular, it is worth noticing that, in spite of the large gate electric field associated
with LaF3, no bleach of the band edge transition is observed [Liul2]. The p-n junction is
formed while the electron and hole carrier densities are kept well below 1 carrier per dot,
which is critical to avoid any excessive increase of the dark current. More qualitatively, we
can estimate the carrier density in the n and p area under 1 V of drain-source bias, assuming a
balanced p-n junction. The sheet charge density induced by the gate is given by C;,r, Vps/2e,
which corresponds to 1.25x10'? carriers.cm™2. If we assume the density is spread over the
whole film thickness, this corresponds to a volume density of 1x10!7 carriers.cm™3. We can

3, assuming a spherical shape

estimate that the particle density is 2.4x10'8 nanocrystals.cm™
for HgTe with a radius of 4 nm and a random close packing (film density of 0.64). This means
that the average gate-induced doping density is 4x1072 carrier per nanocrystal. This is far

below 1 as expected from the photocurrent spectrum.

4.3.2 Photodetection performances of the graphene/HgTe/graphene junction.

In this section, we investigate the potential of this gate-induced p-n junction for infrared pho-
todetection. Under moderate excitation power (i.e irradiance of 133 yW.cm™2 corresponding
to~ 1 uW of incident light on the sample), the responsivity reaches 6 mA.W~! under negative
gate bias (Fig. 4.10 (a)). The noise in the p-n junction appears to be 1/f limited, as commonly
observed for the NC array [Liul4, Lail4] (Fig. 4.10 (c)). As shown in Fig. 4.10 (d), the detec-
tivity clearly presents a maximum 1.2x10° Jones for the gate bias where the p-n junction is
formed. This is typically 2 orders of magnitude larger than the value obtained for the same
film in the absence of a p-n junction, but remains 1 order of magnitude weaker than the best

value reported for HgTe-based nanocrystals in vertical geometry [Tangl9a, Tang18]. How-
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Figure 4.10 — (a) Responsivity at 1.55 ym of the graphene/HgTe/graphene junction, as a function of the
applied gate bias. (b) Temporal response of the graphene/HgTe/graphene junction, under -1 V of gate bias.
Dynamics appears to be limited by experimental setup. (c) Current spectral density as a function of signal
frequency, under -2.5 V of gate bias. The noise appears to be 1/f limited. (d) Detectivity (i.e signal-to-noise
ratio) at 1 kHz and 220 K as a function of the applied gate bias for the graphene/ HgTe/graphene junction.

ever, this limitation mostly results from the film thickness (~ 120 nm), which only absorbs
8% of the incident light. For the sake of comparison, films with a thickness above 500 nm and
absorbing 30% of the incident light and based on the same particles and surface chemistry
achieved a detectivity of 3x10° Jones [Martinez19]. This indicates that charge dissociation is
more efficient in the planar p-n junction developed here than for common stack of nanocrys-
tals used in HgTe nanocrystal-based photodiodes. The time response of the device has been
found to be below 10 us (Fig. 4.10 (b)), with a weak incident power dependence (Fig. 4.11 (a)
and (b )). It actually appears to be fully limited by the experimental setup.

Note that the fast time response of our device is not driven by the large gate capacitance
but rather by the capacitance of the nanocrystal film, which relates to the HgTe thickness,
its dielectric constant, and the device area. Overall, our graphene/HgTe nanocrystal het-
erostructures demonstrate a fast time response below a few microseconds, which is enough
for all video applications. Such a fast response strongly contrasts with the slower response
commonly observed in quantum dot arrays coupled to 2D materials, usually locked in the

tens of milliseconds [Tang19c] or even slower [Robin16]. In such a usual 2D/0D device ge-
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Figure 4.11 — (a) Photocurrent at 1kHz and 220 K for different incident power (from 0.08 to 10 mW).(b)
Power dependency of the photocurrent at 1kHz and 220 K. Power law fit of the data points.

ometry, absorption usually occurs in the quantum dots, and the carrier with the lowest band
offset with respect to the 2D material is transferred to the 2D layer, whereas the second car-
rier stays in the quantum dot. This photogating process leads to very large photoconduction
gains and to large response but also hampers the current dynamics that gets driven by the
recombination of the carriers trapped in the quantum dot arrays. In other words, the photo-
gain increase is balanced by the drop of the device bandwidth. In our 2D/0D p-n junction
geometry, the enhancement of the signal-to-noise ratio is obtained without degradation of the
device bandwidth. So beyond the fast time response, our device offers an interesting trade-off
in term of signal-to-noise ratio and bandwidth, quantized through the ratio of the detectivity
over the time response.

Finally, we use the power dependence of the photocurrent to study the carrier recombination
mechanism in our system. As shown in Fig. 4.11 (a) and (b), the photocurrent increases with
the light power. A power law fit of the current plotted as function of the light power unveils
a 0.7 exponent (Fig. 4.11 (b)). This value is intermediate between the value of 1 expected for
monomolecular process (trapping) and the value of half resulting from a bimolecular pro-
cess (electron hole recombination) [Willis09, Rose63], meaning that both processes may be

involved in our system.

4.4 Conclusion

In this chapter, we have designed a phototransistor architecture based on a graphene-HgTe
nanocrystal-graphene heterostructure to build a reconfigurable p-n junction. The formation
of the p-n junction is made possible by the combination of the large gate capacitance of the
LaFj ionic glass substrate, the carrier selectivity of graphene, and its partial transparency to a
vertical electric field. Whereas previous phototransistors based on metallic electrodes led to
marginal improvements of the signal-to-noise ratio under an applied gate bias, the graphene

electrode/ionic glass combination enables a significant enhancement of the signal-to-noise
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ratio.

The formation of a p-n junction, which widely expands over the nanocrystal film thickness
due to the graphene low screening capability, allows the device detectivity to be improved by
more than 2 orders of magnitude under applied gate bias and to demonstrate extremely fast
photoresponse time below 10 ps.

The photovoltaic operation of the 2D/0D p-n junction is clearly exhibited by the presence
of a photocurrent under zero drain-source bias. Hence, combining the high doping density
provided by ionic glass, the electric field transparency and tunability of charge carriers of
graphene, and the large scale processability of nanocrystals, our 2D/0D device offers the pos-
sibility of being switched electrostatically from an IR phototransistor to a photovoltaic device.
Futhermore, as the p-n junction is the most ubiquitous component of modern electronics, the
prospects opened by this 2D/0D p-n junction technology embrace a wider scope of applica-
tion, including integrated circuits, detectors, and photovoltaics, and appears as an interesting
approach to revisit the gate-induced light-emitting diode.
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Conclusion and perspectives

General conclusion

To conclude this thesis having the aim to investigate the transport and phototransport prop-
erties in high doping regime of nanolectronic and optoelectronic devices consisting of col-
loidal nanocrystals, 2D materials and their heterostructure. I summarize below the third

main achievements of this work.

First (Chapter 2), we have studied in detail ionic glass LaF; substrate for high doping
regime using electrochemical impedance spectroscopy measurements. It came out that the
capacitance of the ionic glass is the combination of a low-value dielectric capacitance and an
ionic double layer high capacitance resulting from F~ vacancy existing in the crystals which
allows the motion of fluorine ions. The strategy allowed to find sheet capacitance as high
as 1 yF.cm™2 and sheet carrier concentration exceeding 10'3 cm™ at low gate voltage not
accessible with a conventional dielectric, in an operating temperature from 180 K to 260 K
not possible for electrolytic gating. LaF; has many features such as electrostatic high back
gating, low temperature back gating, transparent infrared substrate and top access. Using
the electrostatic gating of ionic glass, we have demonstrated ambipolar transport in narrow-
band-gap HgTe NCs and pristine PbS NCs at low temperature, while a first demonstration
of perovskite NCs based FET with electron transport at room temperature with FAFI-PbS
perovskite NCs. The top optical acccess of our LaF3 substrate, combined with its high charge-
doping capability allowed to tune both the magnitude and the dynamics of the photocurrent
in HgTe-based phototransistor at 200 K, the signal-to-noise ratio have been improved by a

factor of 100 while the time response accelerated by a factor of 6.

Second (Chapters 3), we have extended the use of ionic glass LaF3 as high capacitance
gate on 2D materials such as MoS,, MoSe,, WS, and WSe,. The detailed fabrication steps
of our small scale process with a technique that I have developped in our group for e-beam
lithography on an insulator substrate have been presented. Careful analysis of Schottky con-
tacts at metal/WSe, interfaces using thermionic theory with a model which includes the two
interfaces in WSe, FET have been done. Ionic glass induces high doping in WSe, channel and

allows band bending modulation up to the flat band regime for efficient carrier extraction
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at the contacts. Moreover, we have investigated properties of MoSe, phototransistors using
LaFj gating. The later allowed to tune both the dark conductance and the photoresponse of
the device. Our device demonstrated a fast reponse with time responses down to 200 us, up
to two decades faster than state of the art MoSe, phototransistors reported so far. The high
accumulated carrier concentration achieved by our ionic glass gate suppressed the relative
contribution of traps on the carrier recombination, enhanced the photoresponse of the device
by more than two orders of magnitude, while at the same time increasing its gain bandwidth

product.

Third (Chapter 4), we combined the two classes of nanomaterials and their advantages
to fabricate a reconfigurable 2D-0D graphene-HgTe heterojunction for infrared photode-
tection. First, graphene presents infrared transparency (absorption of 2%), vertical electric
field transparency, carrier selectivity under gate bias and large scale production with
the possibility for manufacturing electrodes with tunable and low resistance interface.
Second, the relatively high carrier mobility of HgTe NCs (> 1cm2.V~!s7!) enables NCs to
be involved in the transport in our device. Thus, the introduction of graphene electrodes
combined with ionic glass enabled to reconfigure selectively the HgTe nanocrystals and
the graphene electrodes between electron-doped (n) and hole-doped (p) states, and by
this way to tune graphene-HgTe heterojunctions from the p-p’ or n-n’ configuration to p-n
junctions. The p-n junction expands throughout the device, with a built-in electric field
that assists charge dissociation. We have demonstrated that, in this specific configuration,
the signal-to-noise ratio for infrared photodetection has been enhanced by 2 orders of
magnitude, a fast time response (< 10 ps) and a detectivity of 10° Jones, whereas the
device only absorbs 8% of the incident light. We have also demonstrated the photovoltaic
mode of our 2D/0D device which can be switched electrostatically by the gate from a
photovoltaic mode to an IR phototransistor mode. All these performances make our detector
compatible with optoelectronic applications especially for all video rate applications. It is
noteworthly that our system, being less complex than the best devices observed in the lit-

terature generally made of complex stack of NCs in vertical geometries, can still be improved.

This work opens on the realization of original nanodevices exploiting the phenomena and

properties demonstrated in this manuscrit, below are some of them.

Perspectives

First, vertical geometry infrared NCs based diode is, among possible geometries, the one
that has led to the best performances so far because they can be operated at zero bias, thus
reducing the dark current as well as the noise. However, this geometry suffers from a lack
of gate tunability after its fabrication not only because of geometry issue but also because
of the large thickness of absorbing materials involved (see Fig. 2.1 (a) and (d)), slowing
down possible improvements [Ackerman18, Tangl9a]. LaF; being an infrared transparent

material and taking its high capacitance, can be used to design and study a gate tunable
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vertical infrared photodiode on LaF;, with a back side illumination. So it will have two roles:
an infrared transparent bottom substrate and a high capacitance gate medium to control
the carrier density of the NC film. In close collaboration with the Lhuillier’s group at INSP
(Paris) we are currently working in a device in which the active layer is made of a vertical
stack of one electrode of graphene, thick films of HgTe NCs (for more light absorption) with
different sizes to create a vertical diode. The gate bias can thus be used to tune the doping
and the band profile of both graphene electrode and NCs. This strategy will introduce
electrostatic doping in vertical diodes by controlling the intrinsic doping of absorbing layer
and finally will enhance device performances directly come from the poor doping profile

usually observed in the vertical diode.

Second, an additional important perspective of this work is to explore organic electronic
and optoelectronic properties of organic film in high doping regime using ionic glass.
Organic electronics offer the possibility of large area, solution processability, low-cost
production (drop casting, spin-coating, printing...), low temperature processability (below
200 °C), physical and chemical tunability, making them relevant for industrial purposes.
Many efforts have been done for the production of better-controlled organic materials with
the improvements of numerous physico-chemical properties such as the carriers mobility
[Paruil7]. Because of the fundamental different structure of polymers compared to metals,
the main issue that remains to overcome is the large contact resistance at the organic-
inorganic interfaces which limit the injection of charge carriers, and the performances of
organic based devices. While electrolytes have been used to induce high doping in organic
FETs, then to reduce the contact resistances [Bragal0, Zanettinil5b], there is to date no
investigation of optoelectronic properties of those films in high doping regime using ionic
glass substrate. In collaboration with the SAMORI’s group at ISIS (Strasbourg), we started
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Figure 4.12 — (a) Schematic of polymer films FET on LaF5. (b) Transfer curve at 220 K with p-transport in
PDSSe film flake under 6 V drain-source bias. (c) Transfer curve at 220 K with p-transport in N2200 film
flake under 3 V drain-source bias.
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to work on organic film based FET on LaF; with promising results already obtained. We
have contacted selenophene substituted Diketopyrrolopyrrole polymer film (PDPPSe) and
Polynaphtalene-bithiophene organic film (N2200) on LaF3 substrate. While at 220 K PDSSe
demonstrates hole-transport, N2200 shows electron-transport. This confirms that our gating
technique can be extented to organic films. One step further must be to use the direct optical
accessability of LaF3 to probe optoelectronic properties of those films in high doping regime
which seem interesting for organic photovoltaic cells and organic light emitting diode.
Another interesting direction will be the used of large scale electrode graphene introduced

in section 4.1 to create tunable junctions.

Finally, all the processes I have developed in this work section 3.1 and section 4.1 can
be extended to 2D magnetic materials, in order to modulate their electronic and magnetic
states, and 2D/0D hybrid systems in high doping regime or to control the light emission

characteristics.
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Chapte rA

Materials and synthesis

Nanocrystal synthesis

The NC synthesis has been done by our collaborators in Lhuillier’s team at INSP. For sake
of information, I provide general information on the synthesis routes done by our partners.
The HgTe and PbS NCs have been synthesized by Charlie Gréboval (PhD student, INSP),
FAPI-PbS NCs have been synthesized by Prachi Rastogi (Postdoctoral researcher, INSP).

A.l1 HgTe nanocrystals
1 M trioctylphosphine (TOP):Te precursor: 2.54 g of Te powder is mixed in 20 mL of TOP

in a three neck flask. The flask is kept under vacuum at room temperature for 5 min and
then the temperature is raised to 100 °C. Furthermore, the degassing of flask is conducted for
the next 20 min. The atmosphere is switched to Ar and the temperature is raised to 275 °C.
The solution is stirred until a clear orange coloration is obtained. The flask is cooled down to
room temperature and the color switches to yellow. Finally, this solution is transferred to an
Ar filled glove box for storage.

Mercury compounds are highly toxic. Handle them with special care.

HgTe 4k CQD synthesis: 513 mg of HgCl, was added to 60 mL of oleylamine in a 100 mL
round flask. The solution was placed under vacuum and heated to 110 °C for 1 h. Then, the
temperature is decreased to 80 °C and the solution placed under Ar atmosphere. 1.9 mL of
TOP:Te (1 M) with 10 mL of oleylamine are added to the mercury solution. The solution
color gradually turns to dark brown and the reaction is stopped 3 min. A solution made of
1 mL of dodecanethiol (DDT) and 9 mL of toluene is quickly added to quench the reaction.
The nanocrystals are then precipitated with ethanol. After centrifugation, the nanocrystals
are redispersed in chloroform. The washing step is repeated one more time. The solution is
filtered with a 0.2 ym filter and redispersed in 6 mL of chloroform.

HgTe CQD ink preparation: 5 mg of HgCl,, 100 uL of mercaptoalcool (MPOH) and 900 uL
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of N,N dimethylformamide (DMF) are mixed. 0.5 mL of this solution is added to 0.5 mL
of a HgTe solution at 50 mg.mL™! in toluene. A few mL of hexane can be added to help
phase dissociation: the QDs migrate to the bottom phase (DMF), showing efficient ligand
exchange. After 3 washing steps with hexane, the QDs are mixed to 2-3 drops of ethanol
and centrifuged at 6000 rpm for 2 min. The clear supernatant is discarded and the QDs are
redispersed in 100 uL of fresh DMF to reach a concentration of 250 mg.mL™!. To ensure that
the colloidal stability is good, the sample is then re-centrifuged at 3000 rpm for 4 min.

A.2 PbS nanocrystals

Briefly speaking, 300 mg of PbCl, are mixed with 7.5 mL of oleylamine and degassed at 110
°C for 30 min. Meanwhile 32 mg of Sulfur powder are sonicated in 7.5 mL of oleylamine,
leading to a clear orange solution. Under Ar at 160 °C, the Sulfur solution is quickly injected
and the reaction is continued for 15 min. At the end the mixture is quenched with 1 mL of
oleic acid and 10 mL of hexane. The solution is then washed using ethanol as non-solvent

and toluene as non-polar solvent. The obtained PbS NCs have an exciton around 6000 cm™!.

A.3 Formamidinium lead iodine FAPI nanocrystals

In a 100 mL three-neck flask, 240 mg of Pbl, are added in 18 mL of octadecene (ODE) and
degassed at 110 °C under vacuum. After 20 min of degassing 2 mL of oleylamine were added.
Once vacuum has recovered, 4 mL of oleic acid was added. At this point, the lead salt was
fully dissolved and the solution turns clear yellow. The atmosphere is switched to N, and the
temperature set at 80 °C. Under N, 20 mL of the formamidinium oleate is quickly injected.
The solution turns dark red. After 15 s the heating mantle is removed and a water bath
is used to cool the flask. The solution was centrifuged at 6000 rpm. The supernatant was
discarded and the formed pellet redispersed in hexane. Ethyl acetate was added to precipitate

the nanocrystals the second time. After centrifugation, the pellet was dispersed in toluene.
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ChapterB

Experimental setups

Below are the experimental set-ups we used at INSP for optical meassurements.

B.1 FTIR setup

= I

<_>s"ding mires - D L PCA
[lHH—

FTIR Cryostat

Figure B.1 — An experimental setup to probe photocurrent spectrum on LaF3 substrate:The sample is cooled
down in a cryostat and biased by a DLPCA amplifier. IR light comes from FTIR spectrometer to the sample.
The photocurrent is then amplified by the DLPCA before being sent to the FTIR to calculate the photocurrent
spectrum.

The sample is cooled down at the desired temperature and biased using a femto DLPCA
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200 which is also used as current amplifier. The infrared signal from an IS50 FTIR from
Thermo Fisher is shone on the sample and the output of the amplifier is connected to the
custom detector entry of the FTIR to calculate the photocurrent spectrum.

B.2 Experimental setup to probe photocurrent dynamic in HgTe-
NCs and MoSe,

Transistor measurement: Once inserted in the cryostat, the sample is connected to a Keithley
K2634 B. It controls the applied gate voltage (Vss) and the applied drain-source bias (Vpg).

Photocurrent measurement: The HgTe NCs (respectively MoSe,) sample is illuminated by a
1.55 um (respectively a 405 nm) laser optically chopped at 1 kHz (respectively 100 Hz). Then,
the sample is biased by a Keithley 2634 B and the photocurrent is measured by a DLPCA-200

transimpedance amplifier connected to a GHz oscilloscope.

laser ~ 1.55um for HgTe NC (1KHz)
laser ~ 405nm for MoSe, (100Hz) Cl’)’OStat GHz scope

-

Laser driver

\
-

G = 10°V/IA
.

Sourcemeter Transimpedance
Amplifier

Figure B.2 — An experimental setup to probe photocurrent dynamics under LaF5 gate control of HgTe NCs
(respectively MoSe,, the excitation source is a 1.55 um (respectively a 405 nm) laser is optically chopped
at 1 kHz (respectively 100 Hz) and illuminates the sample in the cryostat. Sample is biased by a Keithley
2634 B and the photocurrent is measured by a DLPCA-200 transimpedance amplifier connected to a GHz
oscilloscope. A gate bias is applied using a Keithley 2634 B.

Raman and photoluminescence spectra: The micro-Raman and photoluminescence (PL)

measurements were conducted using commercial confocal HORIBA LabRAM HR Evolution
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micro-Raman microscope with an objective focused 532 nm and 633 nm lasers in an ambient
environment at room temperature. The excitation laser was focused onto the samples with a
spot diameter of ~0.5 ym and incident power of ~0.1 mW. Measurements were performed
on the same microscope with a 100x objective and a CCD detector (detection range from 1.2
to 6.2 V).

Scanning electron microscopy: SEM is made using a FEI Magellan microscope. Images
are acquired with the e-beam accelerated with a 3 kV bias and the current from the electronic
gun set at 6 pA.

B.2 Experimental setup to probe photocurrent dynamic in HgTe-NCs and MoSe,
123
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Chapte rC

Thermionic current at metal/semiconductor

interface

At the metal/semiconductor interface, the inter-diffusion of charges necessary to establish the
equilibrium is materialized by the alignment of the Fermi levels of both materials. It results
an interface Schottky energy barrier q¢p = e, —ex, e¢,, and ey are respectively the metal
work function and the semiconductor electron affinity in electron volt. However, a combine
effect of the built-in potential V}, due to interface charge depletion/accumulation as well as
the image force and the applied electric fields induces a rounding of the conduction band
of the semiconductor at the interface and modifies the interface energy barrier energy which
becomes Ej, = qpp—(EV~E°), E? and E are respectively the conduction band minimum at the
interface and far from the interface. At absolute temperature there are no electrons crossing
the interface. At finite temperature however, thermal excitation statistically provides to some
electrons sufficient energy to overcome the interface energy barrier. Some, from metal to
semiconductor and others in the opposite direction. This process is known as thermionic
emission. We provide here the derivation of the electric current expected from such a process.
This derivation can be founded in most of the semiconductor text books [Sze81, Mathieu09,
Mouafo19].

Thermionic regime assumes two main hypothesis : (i) The interface energy barrier is
much larger than the thermal energy E, > KT such that the current arises essentially
from electrons statistically promoted across the barrier by thermal excitation. (ii) The
metal/semiconductor interface thermal equilibrium is not affected by the presence of a net
current flow. Under these assumptions, the shape of the barrier is not relevant and the current
flow depends solely on its height E;,. Therefore, only electrons with sufficient energy crossing

perpendicularly the interface in the xi direction contribute to the current. The semiconductor
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to metal current is given by :

L m=S J quydn (C.1)
Ep+Eb

Ep + E, is the minimum energy required for thermal emission into the metal, S the area
of the junction. dn = N(E)F(E)dE, where N(E) = M\/E E. is the 3D DOS and
F(E) = exp[—(E — Er)/KgT] is the Fermi-Dirac distribution function in Boltzmann approxi-

mation since E — Er > E;, > KgT. The energy of electrons is assumed to be essentially kinetic.

1 1
E :EC+§m*v2 :EF+Eb+Em*v2:>dE:m*vdv and JE-E.=vVm*/2 (C.2)
therefore, ,
Mg Ey mv 2
dn = 2( p )° exp(— & T) exp(— 2KBT)(47w dv) (C.3)

Taking 7= v} + v, + v;, 4mtv?dv is spherical coordinate equivalent of elementary volume and

one can write dv,dv,dv, = 4mv?dv. Hence, the Eq.C.1 becomes.

L = 2008 P expc L) [ vyexp(c o v, [ exp(- 'y S " ex (-5 n Zz)dv
sc—m — q h p KBT Vo X p 2KBT X C p 2KB v . p T z
(C 4)
_ m* 3 _ Eb KBT m* U 27'(KBT
= Lo = 255 S P expl o) exp(— g i, = (C5)
m2rk3T? Ey mvl
= 24q ST 5P ) expl(— ) expl- 5 %) ()

Here, vy, is the minimum velocity of the carrier in the conduction band and depends on the
built in potential Vj, and the applied bias as 1v3, = q(V},— V). However, the component related
to V;, which the effect is the modification of Er to E distance is already included in the term

Ey. Finally,
Ey qVv dreqm*k3
2 . * _ B
Isc—>m—SA T eXp( BT)e p(k T) ;A —T (C7)
2
Where A* = 47”23 i represents the Richardson constant for a bulk materials.

Since I, = I,,,_,sc at equilibrium i.e. when V = 0, the metal to semiconductor current is
given by :

E
Iysse = SA*T? exp(- ;T> (C.8)

Hence, the total current across the Metal/Semiconductor interface is I = I;._,,,, — I,,_,s and

takes the general form of Eq.C.9.

qV
KT

E
I =SA*T?exp(- b )[exp(

KT )—1] (C.9)

The ideality factor n can be introduced to account for a voltage dependence of the Schot-
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tky barrier height. This factor can also increase due to tunneling through the barrier or carrier
recombination in the depletion region. Taking into account the ideality factor, the modified

barrier height is written as [Hajzus18, Azmil8]:

1
b5 =Pop+V(l-—) (C.10)
¢op being the true Schottky barrier height of the junction.

The total current across the junction can thus be expressed as:

qV

—q$os
( ) HKBT

- )1 - exp(Zr)] €11)

I ~SA*T?
exp KpT

exp(

This expression is more appropriate to quantify the current across the interface i.e. to analyze
I-V characteristics of the Schottky contact because it takes into account the barrier height
lowering due to electric field, tunneling effects, and carrier recombination in the space charge

region of the metal-semiconductor contact.
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