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CHAPTER 0

Resumé

0.1 Introduction

Les matériaux 2D sont des cristaux lamellaires liés de maniére covalente et maintenus
ensemble par des interactions de van-der-Waals. Depuis la premiere isolation du graphene
en utilisant 1’exfoliation mécanique [1], une toute nouvelle panoplie de matériaux 2D a été
découverte. Ces couches atomiquement fines présentent un large éventail de propriétés
allant des métaux bidimensionels comme le graphene, aux semi-conducteurs comme les
dichalcogénures de métaux de transition (TMD) et aux isolants comme le nitrure de bore
hexagonal (hBN). Cet ensemble de propriétés uniques, combiné a leur finesse atomique,
fait des materiaux 2D des systemes intéressants tant pour la recherche fondamentale que
pour les applications. En outre, leur minceur atomique les rend également tres sensibles

a leur environnement local.

Une autre propriété remarquable des matériaux 2D est 1'absence de liaisons pendantes
sur leurs surfaces. Cela nous permet de les empiler facilement et de former de nouveaux
matériaux artificiels appelés hétérostructures de van-der-Waals (vdW). Historique-
ment, la premiere hétérostructure de vdW consistait en un empilement d’une couche
de graphéne sur une terrasse de hBN [2]. Le caracteére inerte du hBN, ainsi que ses
terrasses atomiquement plates, ont fourni un substrat idéal pour le graphene, ce qui a
permis d’améliorer ses proprié¢tés conductrices. Cela a marqué le début de " I'ere de van-
der-Waals ", ou une nouvelle génération d’hétérostructures a été créée, présentant des
différentes propriétés émergentes [3]. Par exemple, la supraconductivité a été démontrée
dans des hétérostructures composées de deux ou trois couches de graphene empilées les
unes sur les autres et décalées en rotation [4, 5].

Ces phénomenes émergents sont une conséquence du couplage intercouche inhérent a
ces empilements. En effet, la nature atomiquement fine de ses composants et la sépara-
tion sous-nanométrique entre les couches font des hétérostructures de vdW des plateformes
idéales pour étudier les interactions de champ proche. En allant plus loin, nous voudrions
exploiter ces effets de proximité pour créer de nouveaux matériaux aux propriétés accord-
ables. Ceci est particulierement prometteur dans le cas des hétérostructures constituées
de dichalcogénures de métaux de transition (TMD) semi-conducteurs, dont les propriétés

optiques uniques en font des briques idéales pour les dispositifs optoélectroniques.



Resumé

Cependant, les défauts, les adsorbats et le désordre diélectrique peuvent jouer un réle
important dans la photophysique des hétérostructures de vdW a base des TMD. En effet,
les propriétés optiques des TMD sont définies par des excitons fortement liés avec un
rayon de Bohr de l'ordre de ~ 1 nm. Ceci signifie que la dynamique sous-jacente peut
étre fortement modifiée par des inhomogénéités a 1’échelle du nanometre. Un exemple
intéressant est le piégeage des excitons dans les motifs de Moiré résultant de 1'orientation
relative entre différents matériaux 2D. Il a été démontré que ces excitons piégés se com-
portent comme des sources de photons uniques dans les TMDs [6, 7]. Par conséquent,
afin d’étudier les propriétés intrinseques des matériaux 2D et des hétérostructures vdW,
il est nécessaire de disposer de sondes sensibles capables de caractériser les propriétés
photophysiques des TMD, avec une résolution a 1’échelle du nanometre a la fois dans le
plan et hors du plan.

L’objectif de cette these est de accorder les propriétés des matériaux bidimen-
sionnels a ’échelle sous-nanométrique. Cela implique de développer des stratégies
qui nous permettent d’accéder au couplage entre differentes couches et d’étudier 'effet
des inhomogénéités sur les propriétés optiques des hétérostructures de vdW. Comme nous
le verrons tout au long de ce manuscrit, un systeme idéal pour mener a bien ces études
est celui d’'une monocouche de TMD empilée sur une couche du graphéne. En effet, les
propriétés optiques de cette hétérostructure sont définies par des mécanismes de transfert
d’énergie efficaces se produisant a 'interface [8, 9, 10]. Par exemple, a température am-
biante, le rendement d’émission du TMD est massivement réduit a proximité du graphene.
De plus, en raison du décalage de réseau entre les couches et du manque de controle sur
I’alignement rotationnel entre les réseaux, des motifs de Moiré peuvent apparaitre, in-
duisant une modulation locale du potentiel de surface. Ces motifs, combinés aux défauts
et aux contaminants créés lors du processus de fabrication de 1’échantillon, constituent un
environnement riche pour étudier la dynamique excitonique. Au cours de nos recherches,

nous allons traiter les questions suivantes :

e Quelle est la nature du mécanisme de couplage intercouche entre les TMD et le

graphéne 7
e Quel est 'effet de ce couplage sur la luminescence des TMD ?

o Dans quelle mesure existe-t-il un transfert de charge entre differentes couches d'une
heterostructure de vdW?

» Pouvons-nous exploiter ce couplage pour accorder la luminescence des TMD ?
e Quel est 'effet des défauts et des adsorbats sur la luminescence des TMD 7
o Peut-on étudier 'effet des motifs de moiré sur I’émission excitonique ?
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Pour réaliser ces études, nous utiliserons des spectroscopies optiques afin de car-
actériser de maniere approfondie le couplage entre les couches dans I'hétérostructure
TMD/graphéne. Par exemple, en utilisant la spectroscopie de photoluminescence spa-
tialement et temporellement résolue, nous pouvons sonder directement la dynamique ex-
citonique. Cette technique consiste en la photogénération d’excitons, et nous permet
d’obtenir des informations sur les échelles de temps dans lesquelles le transfert d’énergie
se produit. Nous complementerons ces études en utilisant également la diffusion inélas-
tique de la lumiere. C’est ce qu’on appelle la spectroscopie Raman, qui nous fournit des

informations sur la structure, les contraintes et les tendances de dopage du matériau.

Cependant, ces techniques ne nous permettent pas d’étudier 'effet de I’environnement
nanoscopique dans le plan. De telles investigations requierent une résolution qui ne peut
pas étre atteinte avec des techniques limitées par la diffraction. C’est pourquoi nous avons
utilisé une approche unique impliquant la résolution ultime fournie par un microscope a
effet tunnel (STM) travaillant a basse température et dans des conditions d’ultravide
pour exciter et sonder la luminescence de I’hétérostructure. Dans ces conditions, nous
pouvons atteindre une résolution spatiale supérieure de 3 ordres de grandeur a celle des

spectroscopies optiques. Cette technique est connue sous le nom de luminescence induite
par le STM (STML).

Expérimentalement, cela nécessite que les échantillons étudiés soient compatibles avec
les mesures STM. De plus, le champ électromagnétique a l'intérieur d’'une jonction STM
est loin d’étre trivial, et certains processus peuvent entraver ’émission intrinseque. Par
exemple, en raison de la présence du substrat métallique, les voies de recombinaison
non radiatives deviennent efficaces. Cette question a déja été explorée dans le contexte
des molécules uniques, ou différentes stratégies de découplage ont di étre développées
afin d’observer la luminescence intrinséque : [11, 12]. Pour les monocouches de TMDs,
I’état de l'art pointe vers un compromis entre résolution et émission intrinseque. En
effet, la luminescence intrinseque induite par STM (STM-L) des TMDs a été observée
uniquement & température ambiante et a l'air [13, 14, 15]. Dans ces conditions, il n’est
pas possible d’obtenir la résolution requise pour nos expériences. En revanche, a basse
température et sous ultravide (UHV), il est possible d’obtenir facilement des informations
avec résolution atomique. Cependant, la luminescence observée dans ces expériences est
d’origine extrinseque [16, 17]. Par conséquent, la premiére question & laquelle notre
expérience devrait s’attaquer est liée a la faisabilité de I’émission intrinseque des TMD

tout en préservant la résolution atomique.

Ce projet a débuté en 2017 sous la forme d’une collaboration entre I’équipe de Stéphane
Berciaud, focalisée sur les propriétés des matériaux 2D, et I’équipe de Guillaume Schull,
focalisée sur la luminescence induite par STM. L’idée était de combiner I'expertise des
deux équipes pour étudier 'origine des sources de photons uniques (qui reste a ce jour

inconnue) dans les TMD monocouches en utilisant la STM-L. Notre point de départ était
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un article publié par Krane et al. [16] dans lequel une tentative d’obtention de STM-L
intrinseque d’une monocouche de TMD a été faite. Dans cet article, la luminescence
observée était d’origine extrinseque, suggérant que la proximité de 1’électrode métallique
nécessaire pour effectuer une mesure STM éteignait fortement la luminescence du TMD.
Cela nous a motivés a concevoir des architectures qui pourraient contourner ces limitations
tout en préservant les propriétés des TMDs. Cependant, cela s’est avéré étre un défi
puisque dans toutes nos expériences, aucune STM-L provenante des TMDs n’a pu étre
observée. Enfin, dans une collaboration avec ’équipe d’Eric le Moal a Paris, le STML de
monocouches de TMD a été observé a température ambiante et & l'air [13]. Pour éviter
le couplage avec les électrodes, ils ont utilisé un substrat non plasmonique. La principale
limitation restait cependant I’obtention simultanée d’une résolution atomique, ce qui n’est
pas possible dans ces conditions. A ce stade de mon doctorat, nous avions étudié la
photophysique de I'hétérostructure du TMD /graphéne de maniére approfondie. La suite
logique était d’étudier cette hétérostructure a l’échelle atomique avec le STM. L’espoir
était que le graphene (1LG) agisse comme une couche de découplage tout en fournissant
un substrat atomiquement plat pour le TMD. De plus, la séparation relativement petite
entre le TMD et le substrat métallique nous permettrait de bénéficier d’une amélioration
du champ EM fourni par la jonction STM (voir chapitre 2). Dans ces conditions, nous
avons rapporté la STM-L intrinseque de semi-conducteurs atomiquement fins avec une
résolution atomique pour la premiere fois. Ce faisant, nous avons mis les bases de futures
recherches sur les mécanismes de champ proche qui affectent la dynamique excitonique
dans les hétérostructures de vdW.

Cette these est divisée en 5 chapitres. Dans le chapitre 1, je présente une breve
introduction des principales propriétés des matériaux 2D. Dans le chapitre 2, j’explique en
détail les techniques expérimentales utilisées au cours de ma these. Dans le chapitre 3, je
présente nos résultats concernant les propriétés optiques des hétérostructures TMD/1LG
et je montre que I'on peut exploiter le couplage entre les couches pour obtenir des spectres
d’émission du TMD caracterisés par une raie unique et étroite. Dans le chapitre 4, je
présente nos résultats concernant la luminescence induite par STM des hétérostructures
TMD/1LG & des températures cryogéniques. Enfin, dans le chapitre 5, je conclus la these
et donne une perspective. Dans la suite, je vais resumer les points le plus importantes des

chapitres 3 et 4.

0.2 Chapitre 3: Accordement de la luminescence des

monocouches de TMDs avec graphene

Dans ce chapitre, nous présentons les résultats des études spectroscopiques des hétérostruc-

tures composées par une monocouche de TMD empilée sur une monocouche du graphene.
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Nous discuterons les mécanismes de couplage en champ proche et ’étendue de leurs effets
sur les propriétés optiques de I’hétérostructure. Ensuite nous aborderons le filtrage du
PL a basse température ainsi que un apergu microscopique de la dynamique excitonique
a basse température. Les résultats présentés dans ce chapitre ont donné lieu a deux

publications sur lesquelles j’étais co-auteur [9] et premier auteur [10].

0.2.1 Meécanismes de couplage

Grace a leur nature atomiquement fine et aux distances sous-nanométriques entre les
couches, les hétérostructures de VAW sont sensibles aux phénomeénes qui se produisent a
I'interface entre les couches. Ces phénomenes peuvent dominer les propriétés optiques et
électroniques de I’hétérostructure. Leur compréhension est de la plus haute importance
car ils peuvent nous fournir des informations précieuses sur les processus de champ proche
a l'interface. Un exemple central de cette interaction est celui des TMD monocouches
empilées sur une couche de graphene. Ces hétérostructures sont connues pour présenter
une réduction massive de 2 ordres de grandeur du signal de luminescence a température
ambiante. Cette réduction est une conséquence directe des mécanismes de couplage de
champ proche caractéristiques des hétérostructures TMD /graphene.

Cette réduction suggere que le mécanisme de couplage ouvre des voies de recombi-
naison non-radiative vers le graphene qui réduisent la durée de vie excitonique dans le
TMD. Le mécanisme exact par lequel cette recombinaison se produit reste débattu. Une
discussion détaillée des possibles mécanismes se produisant a 'interface entre le TMD et
le graphéne peut étre trouvée a la section 3.2. Pour l'instant, nous pouvons les résumer

comme suit :

Transfert de charge:

Comme son nom l'indique, cela se produit lorsque les porteurs de charge du TMD (ou du
grapheéne) sont transférés vers le graphene (TMD). Ce processus doit respecter la conser-
vation de I'énergie et de la quantité de mouvement et entraine a la fois une réduction de la
luminescence et un dopage des couches. Notez que cela peut se produire "dans I’'obscurité"
(transfert de charge statique) ou sous illumination (transfert de charge photoinduit). Les
deux processus ont été rapportés dans des hétérostructures TMD /graphéne. Cependant,
le transfert de charge photoinduit a été exclu comme candidat pour expliquer le facteur
d’extinction a temperature ambiante, car il se produit dans des échelles de temps plus

longues que les meilleures estimations pour 1’échelle de temps du transfert d’énergie.

Transfert d’energie:

Ce mécanisme se produit lorsqu’au lieu qu’une charge se transfere physiquement d’une

couche a l'autre, 'exciton entier transfere son énergie a un état excitonique dans la deux-
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ieme couche. Ce type de transfert d’énergie est médié par 'interaction de Coulomb. Si
le transfert se produit par I'interaction dipole-dipdle, il est appelé transfert d’énergie de
Forster (FRET) et s’il se produit par 'effet tunnel des charges, il est connu sous le nom de
transfert d’énergie de Dexter (DET). Remarquez que le DET ressemble a un mécanisme

de transfert de charge, mais dans le cas du DET, il n’y a pas de transfert net de charge.

Etat de séparation des charges a courte durée de vie

Récemment, un nouveau mécanisme a été proposé [18]. Il s’agit d’un processus photoin-
duit qui se produit lorsque les électrons et les trous ont des probabilités differentes de
transfert vers le graphene. Par conséquent, il existe un état transitoire dans lequel les
porteurs photoexcités se trouvent effectivement dans des couches différentes. Dans cet
état, le TMD et le graphene sont tous deux chargés. Ce processus a été observé dans
les hétérostructures WS, /graphéne dans des régimes de densité excitonique élevée. Notez
que ceci est un processus de transfert de charge, cependant, puisqu’il se produit typique-
ment sur de courtes échelles de temps (~ 1 ps) I’état final est équivalent & un processus

de transfert d’énergie.

0.2.2 Filtrage de la luminescence des TMDs avec graphene

Comme mentionné précédemment, le couplage entre les couches adjacentes peut modifier
radicalement les propriétés optiques des hétérostructures vdW. En effet, leur luminescence
sera largement définie par la compétition entre la recombinaison radiative et les processus
de transfert d’énergie et de charge tels que le FRET, le DET ou les états séparés de charge
a courte durée de vie. Cette compétition peut entrainer une extinction importante du
signal de photoluminescence, comme on peut le constater a température ambiante (voir
3.1). Cependant, une étude détaillée de la dynamique excitonique dans ces conditions
peut étre complexe car d’autres processus non radiatifs ne peuvent étre négligés. Par con-
séquent, cela nous motive a étudier I’hétérostructure a des températures cryogéniques o
la durée de vie excitonique est réduite a quelques ps [19] et déterminée uniquement par la
recombinaison radiative (voir section 1.5.2). Cela présente une situation intéressante, car
dans ces conditions, la recombinaison radiative se produit dans la méme échelle de temps
que le transfert d’énergie vers le graphene et cela aura des conséquences fondamentales

dans les spectres de PL a basse température des TMDs.

Phenomenologie

La figure 1 montre des spectres de PL typiques de monocouches de MoSes, WSes, MoS, et
WS, encapsulées par hBN (panneau supérieur) et des heterostructures TMD/1LG encap-
sulées par hBN des mémes TMDs (panneau inférieur). Tous les spectres ont été normalisés

et les facteurs d’échelle entre le pic correspondant a la recombinaison radiative de ’exciton
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Figure 1: Filtrage de la luminescence des TMD a 15 K. En haut : spectres PL de
MoSey, WSey, MoS, et WS, encapsulés par hBN. En bas : Spectre PL de MoSe,/1LG,
WSe, /1LG, MoS/1LG et WS, /1LG encapsulés par hBN. Les spectres sont normalisés
par rapport au maximum d’émission et le facteur d’échelle entre la contrepartie TMD
et TMD/1LG est indiqué dans le panneau supérieur pour chaque spectre. La résonance
correspondant & X° est marquée d’un astérisque. Tous les spectres ont été enregistrés a

15 K sous excitation laser cw a 2,33 eV (MoSes, WSy, MoSs) et 1,96 eV (WSes).

neutre (marquée d’un astérisque), et le pic unique dans les spectres des heterostructures
TMD/1LG sont indiqués a coté de chaque spectre dans le panneau supérieur. Dans le
cas du TMD "seul", les spectres sont composés de deux ou plusieurs pics provenants de la
recombinaison radiative de différentes particules excitoniques. Comme prévu, les TMDs
dits "bright" (MoSes, MoSs) présentent des spectres composés de deux pics que nous at-
tribuons a l'exciton neutre X et au trion X* situé a plus basse énergie. Les TMDs dits
"dark" (WSey et WS,), d’autre part, présentent les mémes deux pics ainsi qu'une mul-
titude d’autres résonances de plus basse énergie provenant d’autres especes excitoniques
telles que les excitons sombres, les biexcitons, les excitons localisés, entre autres (voir

section 1.7 pour plus des détails).

Dans le panneau inférieur, les spectres sont étonnamment différents. Au lieu d’un
grand nombre de pics, nous observons des lignes d’émission uniques et étroites pour tous
les TMD couplés au graphene. Ceci est frappant car méme les spectres complexes tels
que ceux de WSey et WS, ne présentent pas ces contributions de basse énergie. Néan-
moins, nos observations restent qualitativement les mémes pour toutes les hétérostructures
TMD/1LG : spectres d’émission a ligne unique et a ligne étroite. De plus, pour toutes

les hétérostructures TMD/1LG, les raies simples apparaissent décalées d’environ 10 meV
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vers le rouge par rapport a la raie X° dans le spectre du TMD seul. De plus, ces lignes
présentent des profils lorentziens avec des largeurs de 'ordre de ~ 5 meV, ce qui suggere
une réduction du déphasage dans I'heterostructure. L’énergie et la largeur de ces pics

sont obtenues par un ajustement lorentzien et sont reportées dans le tableau 1.

a - IIIIIIIIIII'IIIII\I LU I TTTTT b T I TrTTrTrrr7rTrT I TrTTr1Trr1rr1rorT I T
( 2)_ MoSe, | (b) ] MoSe,/Gr |
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= IIIIIIIIIII]IIIII“I 111 I 11111 1 I 111111111 I 111 l‘ 1 11 I 1
- ] T : T
AR i 1 101 | X°
> ‘ 1
D ] | ] 10?2
c w i
q) |
E ] 3 . 1.60 1.65
] } 1 ' x5
D- 0— IIIIIIIIIIIi TTTT Ill TTT I TTTTT 0 T I rrrrrrrTT I TTT I1 TTrrrT I T
1.55 1.60 1.65 1.55 1.60 1.65
Energy (eV) Energy (eV)

Figure 2: Identification de X°. Spectres de DR (en haut) et PL (en bas) de MoSe, (a)
et de MoSey/1LG (b) encapsulés par hBN. Les spectres ont été acquis a une température
de 4 K, dans le régime d’excitation linéaire et en utilisant une laser continuu avec une
energie de 2,33 eV.

Afin d’identifier 'origine de cette émission a ligne unique, nous avons mesuré les
spectres de photoluminescnece (PL) et de reflectance differentielle (DR) d’un échantillon.
Pour des raisons de simplicité, nous nous sommes concentrés sur le cas du MoSe,. Les
figures 2a et b montrent les spectres DR (en haut) et PL (en bas) des zones de MoSes
et MoSes/1LG encapsulées par hBN. Comme avant, les spectres du TMD seul présentent
deux résonances associées a XY et X* (marquées par les lignes pointillées grises). En
revanche, nous n’observons qu’une seule résonance intense dans le TMD/1LG a la fois
en DR et en PL. Cela suggere que la résonance dans le spectre de TMD/1LG pourrait
provenir d'un X écranté. En effet, le décalage vers le rouge pourrait étre compris en
termes d’écrantage diélectrique dii a la présence de graphene [20]. Afin de prouver notre
hypothese selon laquelle le caractére monoligne du spectre TMD/1LG provient de la
recombinaison radiative du X, nous avons étudié la PL en fonction de la température (T).
La figure 3 montre I’énergie d’émission de cet échantillon en fonction de la température.
Nous pouvons voir que I’émission provenant du TMD/1LG est systématiquement située
entre les lignes X et X* du spectre du TMD seul. Par conséquent, nous pouvons attribuer

sans risque la ligne d’émission unique dans 1’hétérostructure a la recombinaison de X°.
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Figure 3: Etude de la PL en fonction de la température sur un échantillon
de MoSe,/1LG encapsulée par hBN. Energie d’emission des lignes correspondantes
a Texciton (X°) et le trion (X*) du MoSe, en fonction de la température. Toutes les
données ont été enregistrées dans le régime linéaire en utilisant un laser continuu a 2,33

eV.

Maintenant que nous avons identifié l'origine de la raie unique, nous pouvons nous
concentrer sur les facteurs d’extinction. Pour ce faire, nous allons definir deux facteurs
d’extinction différents qui seront utiles pour comprendre nos mesures. Tout d’abord,
définissons le facteur d’extinction des excitons ()xo en termes des intensités intégrées
provenat des X dans MoSey (Iy0) et MoSey/1LG (I0) tel que :

Qo = 2
X0

En connaisant cette valeur, nous pouvons obtenir des informations concernant le trans-
fert d’énergie de la population des excitons froids vers le graphéne. Les valeurs de () xo
trouvées dans les échantillons de la figure 1 sont présentées dans le tableau 1. Nous
observons des facteurs d’extinction modérés proches d'un ordre de grandeur. Cette ré-
duction par rapport aux facteurs d’extinction observés a température ambiante n’est pas
surprenante. FElle est une conséquence directe du raccourcissement de la durée de vie
radiative a basse température.

Le deuxiéme facteur d’extinction qui sera utile est le facteur d’extinction total Q.
Cette valeur met en relation l'intensité totale intégrée dans les spectres du TMD seul avec
I'intensité intégrée provenant de la recombinaison de l'exciton dans TMD/1LG de telle

sorte que :

Qiot nous donne des informations sur la dynamique de la population excitonique
chaude créée quelques instants apres 'excitation (figure 3.17). Dans le TMD, les ex-
citons chauds peuvent subir une relaxation entrainant la formation de différentes especes

excitoniques. En revanche, dans la TMD/1LG, les excitons chauds ne peuvent former que
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des excitons neutres. Les Qi calculés pour les échantillons de la figure 1 sont présen-
tés dans le tableau 1. Comme nous pouvons le voir, ces valeurs sont plus grandes que
@ xo, ce qui suggere une voie de désintégration non radiative supplémentaire impliquant

le transfert des excitons chauds vers le graphéne.

Exo (e\/) Fxo (meV) on Qtot
MoS, 1.933 4.0

3.9 4.3
MoS,/1LG 1.918 3.5
MoSe, 1.649 5.6 71 13.6
MoSe, /1LG 1.635 4.4
WS, 2.084 9.7 3.0 997
WS, /1LG 2.067 4.3
WSe, 1.728 8.7 a7 91
WSe, /1LG 1.721 7.2

Table 1: Valeurs caractéristiques d’emission des échantillons présentés dans la
figure 1 Energie d’émission maximale (Exo), largeur totale & mi-hauteur (I'go) correspon-
dantes a la ligne d’émission X" pour les spectres de PL des quatre échantillons encapsulées
par hBN présentés sur la figure 1. Les données ont été extraites a travers des ajustements
lorentziens dans le cas de MoSes /graphene et d'un ajustement avec une fonction de Voigt
pour le MoSe, seul.

Neutralisation du TMD

Au cours du processus de fabrication d’'une hétérostructure de van der Waals, une redistri-
bution des charges peut se produire lors du contact entre les couches. En conséquence, le
dopage natif de chacune des couches change. Cela peut avoir un impact sur les especes ex-
citoniques chargées telles que le trion. En effet, a faible flux incident, les trions se forment
lorsque les excitons interagissent avec les dopants natifs. Par conséquent, ’absence du
X* dans le spectre d’emission du TMD/1LG pourrait indiquer une réduction du dopage
due a une redistribution de charges entre les couches. Pour étayer cette hypothese, nous
devons exclure les autres scénarios qui pourraient expliquer ce comportement. Au total,
il existe trois scénarios qui pourraient expliquer 'absence de trions (figures 1 et 2) dans

I’hétérostructure :

1. Le TMD est dopé et le graphéne empeche ’émission de trions.

Dans ce scénario, le transfert d’énergie vers le graphéne est plus efficace que la
recombinaison radiative du X*. Cependant, nos observations (figure 2) nous per-
mettent de mettre une borne inférieure pour le facteur d’extinction égal a Qx+ =
Ixe 102 — 103, Cela implique une réduction de la durée de vie du trion & 100

7
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fs tandis que le X° conserve une durée de vie de 'ordre de la ps. Cette valeur est
extrémement courte pour de telles quasi-particules. Ceci est confirmé par I’absence
de la résonance X* dans le spectre de DR, ce qui suggere que les trions ne sont
pas formés efficacement. Ces observations nous permettent d’exclure sans risque ce

scénario.

2. Le TMD est dopé et le graphéne empeche la formation de trions.

Dans ce scénario, les excitons chauds sont transférés au graphene avant de pouvoir
former des trions. En effet, dans les TMD, 'excitation non résonante entraine la
création d’'une population excitonique hors équilibre. Cette population se relaxe

rapidement vers les bords de la bande et se retrouve en dehors du cone de lumiere

n I

[21]. Ensuite, ces excitons dits " chauds " se relaxent a nouveau vers le cone de
lumiere par émission de phonons, ce qui entraine la formation d’excitons et de
trions. Cependant, on sait que les X° et les X* se forment dans la méme échelle de
temps [19]. Cela signifie que nous devrions observer un facteur d’extinction similaire
pour les deux espeéces, ce qui n’est clairement pas compatible avec nos résultats. Par

conséquent, nous pouvons exclure sans risque le scénario 2 également.

3. Le TMD est neutralisé par le graphéne.

La seule possibilité restante et la plus susceptible d’étre correcte est la troisieme. Ici,
le grapheéne agit comme un réservoir d’électrons et de trous et neutralise complete-
ment le TMD par transfert de charge statique. Ce transfert de charge se produit
sans photoexcitation et augmente légerement 1’énergie de Fermi du grapheéne. Nous
nous attendons a ce que cet effet de neutralisation se produise pour toutes les TMD,

indépendamment de leur nature "bright" ou "dark".

Filtrage des espéces excitoniques a longue durée de vie

Enfin, dans le cas des quasi-particules qui ne sont pas chargées, leur absence peut étre
comprise en termes de dynamique excitonique dans I’hétérostructure. En effet, toutes les
especes excitoniques susmentionnées ont des durées de vie caractéristiques de l'ordre de
100 ps. Ces durées de vie sont beaucoup plus longues que le transfert d’énergie vers le
grapheéne [19, 22, 23, 24]. En conséquence, la voie de désintégration de ces espeéces est

principalement non radiative.

0.2.3 Dynamique excitonique a basse temperature dans TMD /1LG

Nous allons maintenant étudier en détail la dynamique excitonique dans I’hétérostructure.
Pour ce faire, nous avons effectué des mesures de PL résolue en temps (TRPL) au LCPNO

Toulouse en collaboration avec Cédric Robert, Delphine Lagarde et Xavier Marie. Les
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Figure 4: Spectre the PL a basse température de MoSe,/1LG encapsulée par
hBN et déposé sur SiOy(a) Image de microscopie optique d'un échantillon composé
par trois zones: MoSes, MoSes/1LG et MoSey/2LG encapsulées par hBN. (b) spectres
de PL correspondants aux trois zones principales de 1'hétérostructure. Les spectres ont
été enregistrés a 14 K, en utilisant une excitation laser a 1,96 eV continue et sous une
intensité proche de 100 W /um?.

échelles de temps de ces phénomeéenes nécessitent une installation avec une résolution tem-
porelle plus élevée que celle que nous pouvons atteindre dans notre setup. Pour réaliser ces
mesures, ils ont utilisé une camera "streak"' dont le principe de fonctionnement est décrit
dans la section 2.3.4. Pour faciliter ’analyse, nous utiliserons un modele simple consistant
en un systéme a trois niveaux composé d’un niveau des excitons chauds (X") correspon-
dant a la population d’excitons en dehors du cone de lumiére, d’un niveau d’excitons
froids (X°) correspondant aux excitons qui peuvent se recombiner radiativement et d'un

état fondamental. Ce modele est expliqué en detail dans la section 3.4.1.

La figure 4 montre une image optique (a) et trois spectres de PL (b) d’un échantil-
lon presentant 3 zones caracteristiques: Une monocouche de MoSes, une heterostructure
MoSey /1LG et une heterostructure MoSey/2LG. Tous les zones ont été entierement en-
capsulées par hBN. Cet échantillon a été concu de sorte que le temps de recombinaision
radiative (754!) soit aussi long que possible. Ceci peut étre fait en choisissant de maniére
appropriée 1’épaisseur du hBN inférieur dans les échantillons supportés par SiO,. En ef-
fet, le taux de décroissance radiative peut étre accordé par un effet de type Purcell au
moyen d’une cavité optique définie par la géométrie hBN /SiO5/Si. Ensuite, en choisissant
I’épaisseur du hBN inférieur, nous pouvons controler les modes du champ electromagné-
tique dans la cavité [25] (voir section 1.5.2). L’échantillon a été fabriqué avec une terrase
hBN inférieur de 110 nm d’épaisseur afin de maximiser la durée de vie radiative exci-

tonique comme indiqué dans la référence [25].

Dans la zone correspondante a MoSe; seul, nous observons deux pics situées a 1,642 +
0,001 eV et 1,615 £ 0,003 eV correspondants & X° et X* respectivement. Nous confir-
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mons le couplage entre le TMD et les couches de graphene puisque nous retrouvons l'effet
de filtrage attendu a la fois dans la zone de MoSey/1LG et dans la zone du MoSey/2LG.
La résonance X° est située a 1,633 £ 0,1 eV pour la premiere et & 1,628 £ 0,1 eV pour
la seconde. Les spectres de TRPL correspondant a I’émission de ’exciton neutre dans
chaque zone sont présentés sur la figure 5. Tous les spectres ont été enregistrés a 14 K
et avec un laser d’énergie 1,72 eV qui est inférieure a 1'état XJ3,. Ceci est fait pour éviter
une modification de la dynamique excitonique du a la presence des états excitonique a
plus haut energie. Dans le TMD seul, montré sur la figure 5a, nous observons un temps
de montée de 11 £ 8 ps et un temps de descente similaire. Nous attribuons ces valeurs
au temps de relaxation vers le cone de lumiere (7.), et le temps de vie du X° (7x0). La
grande incertitude que nous observons est due a la similitude de 7, et 7xo (voir équation
(3.5)). Par conséquent, I’ajustement devient difficile et il existe de multiples combinaisons
de parametres qui peuvent fonctionner aussi bien. Nous constatons que le meilleur ajuste-
ment se produit lorsque les deux temps sont égaux a 11 ps. En revanche, pour MoSes /1LG
et MoSe, /2LG, nous observons des temps de montée et de descente beaucoup plus faibles.
Comme leffet de la cavité est de modifier la recombinaison radiative, nous ne nous at-
tendons pas a un changement de la dynamique de formation. En d’autres termes, nous
associons le temps de montée au temps de relaxation modifié dans le graphéne, et le
temps de décroissance au temps de vie de X° dans I'heterostructure (74,). Toutes ces
valeurs sont reportées dans le tableau 2. Quantitativement, nous avons mesuré 7,,, < 1
ps, ce qui est inférieur a la résolution que nous pouvons atteindre, et 74, = 2.3 0.2 ps
dans MoSe, /1LG. De fagon remarquable, nous avons mesuré une durée de vie légerement
plus courte : 74 = 1.75 £ 0.1 ps dans MoSes/2LG. A titre de référence, les spectres PL
pris aux mémes endroits que les mesures TRPL sont présentés sur la figure 5d. Tous
les spectres sont normalisés & l'intensité de la ligne X et le facteur d’échelle entre les
spectres est indiqué en bleu. Nous notons le méme facteur d’échelle pour MoSe,;/1LG
et MoSe2/2LG. Concentrons-nous d’abord sur la réduction du temps de relaxation. A
partir de notre modele de systeme a trois niveaux, nous pouvons estimer une limite pour
le temps de transfert des excitons chauds de 7% < 1 ps. Cependant, cette valeur doit étre
prise avec précaution car nous sommes trop proches de la résolution de notre montage et
donc le temps de montée mesuré est discutable. Ce qui ressort clairement de cette mesure
est que le transfert de X" est un mécanisme trés efficace qui domine entiérement la dy-
namique des excitons chauds. Nous avons effectué des mesures similaires sur 1’échantillon
de MoSe; montré dans la figure 1. Cet échantillon n’est pas optimisé pour maximiser 7o
et pourtant presente des temps caracteristiques plus courts. Ces mesures sont également

présentées dans le tableau 2.

Avant de poursuivre la discussion, il est important de souligner que 'attribution des
temps de montée et de descente dans le cas de MoSey/1LG et MoSe,/2LG pourrait étre

remise en question. En effet, dans les TMD seuls, il n’y a pas de tels problemes puisqu’on
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Figure 5: Dynamique excitonique a basse température. TRPL de I’émission de
I'exciton neutre dans la zone de MoSey (a) MoSey/1LG (b) and MoSey/2LG (c). (d)
Spectres de PL correspondatns aux zones du MoSes, MoSe, /1LG and MoSe, /2LG. Tous
les spectres ont été enregistrés a 14K et avec un laser pulsé a 722 nm dans le régime
linéaire.

peut toujours comparer ces temps avec le temps de montée du X* et a partir de la identifier
Txo. Dans les hétérostructures, aucun X* n’est formé et cette comparaison ne peut donc
pas étre faite. Cela signifie qu’a priori nous pourrions étre dans une situation ou le temps
de montée dans la figure 5 correspond a 7yo et le temps de descente a 7,o. De plus,
nous ne sommes pas en mesure de résoudre completement le temps de montée car nous
sommes limités par la résolution de notre installation. Il est donc nécessaire d’effectuer
des mesures supplémentaires dans le domaine fs afin d’obtenir des informations sur cette

échelle de temps.

Concentrons-nous maintenant sur les durées de vie excitoniques. La réduction de
11 4+ 8 ps dans la TMD seul a ~ 2 ps dans ’hétérostructure, indique que la dynamique
est dominée par le transfert d’énergie du TMD au graphene. Ceci est cohérent avec le
facteur d’extinction plus élevé observé dans la PL par rapport a ’échantillon de MoSe,
étudié dans la figure 1. En effet, nous mesurons Q¢ = 19 + 7 et Q24 = 15 + 4 pour
MoSey/1LG et MoSe,/2LG respectivement. De méme, nous avons mesuré QL6 = 37412

et Q?L¢ = 28 + 9. Finalement, avec ces valeurs, nous pouvons maintenant procéder
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a l'estimation du temps de transfert d’energie vers le graphene. Pour ce faire, nous

devons estimer 7';?51 dans I’hétérostructure en exploitant la relation entre la durée de vie

de recombinaison radiative et 1'énergie de liaison (Voir section 3.3.9) :

rad 2
T 0 Eb

i X <E/> (1)
70 b

Ot 75%¢ correspond au temps de recombinaison radiative des excitons dans la zone

du TMD seul, 754" est le temps de recombinaison radiative des excitons dans la zone
TMD/1LG et Ej et Ej sont les énergies de liaison respectives. L’estimation des énergies
de liaison est expliquée en détail dans la section 3.3.9. A partir de cette expression nous

pouvons déduire un temps de recombinaison radiative modifié di au graphene de:

T;?g ~ 26 ps

Gréace a ces résultats, nous pouvons donner une estimation conservatrice des temps
caratéristiques du transfert d’énergie égale a 7.6 &~ 2.5 ps et 7o ~ 1.9 ps pour la mono-
et la bicouche de graphene respectivement. Ce résultat suggere que le transfert vers le
2LG est plus efficace que vers le 1LG. Nous avons répété le méme calcul pour I’échantillon
de la figure 1 et obtenu des valeurs similaires, bien qu'un peu plus grandes (voir tableau
2).

Substrat  7xo (pS) Trel (PS) 7';?51 (ps)  7¢ (ps)
hBN/MoSes 11 11 11 -
hBN/MoSe,/1LG hBN* 2.3 <1 2 2.5
hBN/MoSe, /2LG 1.75 <1 2 1.9
LBN/MoSe, /hBN 2.4 5.1 2.4 -
Quartz
hBN/MoSe,/1LG/hBN 2.2 <15 5.7 3.6

Table 2: Parametres de la TRPL extraits des figures 3.18 et 5 et temps de transfert
estimeés.

Maintenant que nous connaissons le temps de transfert, nous pouvons estimer le ren-
dement quantique attendu et le comparer au facteur d’extinction que nous observons pour
les deux échantillons. L’estimation de ces facteurs est expliquée en détail dans la section
3.4.5 et les résultats sont résumés dans le tableau 3.

Nous observons des rendements allant de 6% dans 1’échantillon déposé sur SiO, jusqu’a
50% dans I’échantillon supporté par le quartz. Ce contraste n’est pas une surprise puisque
le premier a été congu pour étre affecté au maximum par le transfert d’énergie vers le
graphéne et donc afficher de faibles rendements d’émission. Il est intéressant de noter que

dans les deux cas, il y a une désaccord entre nxo et Qxo. Nous observons des facteurs
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Substrat  nxo  Qxo  Qiot

LBN/MoSe,/1LG hBN* 8% 19 37
MoSe, /2LG hBN* 6 % 15 28
hBN/MoSes/1ILG/hBN  Quartz 50 % 7.1 20

Table 3: Rendements estimés pour 1’échantillon de MoSey/1LG encapsulé par hBN et
déposé sur du hBN et sur du quartz. Le symbole "étoile" indique que le substrat est

composé d'une terrasse de hBN inférieur de 110 nm d’épaisseur, déposé sur un substrat
de SiOy/Si.

de quenching compatibles avec des rendements beaucoup plus faibles. Nous concluons
qu'une partie significative du quenching provient du transfert d’énergie de la population

d’exciton chaud vers le graphéne, qui affecte la formation d’excitons (voir section 3.4.6).

0.3 Chapitre 4: Luminescence induite par STM de

semi-conducteurs atomiquement fins.

Dans le chapitre précédent, nous avons vu que 1’on peut accorder la luminescence des TMD
en exploitant leur interaction avec une couche de graphene. En consequence, I’émission
de ces hétérostructures est caractérisé par ’emission provenante de I’exciton neutre. Cet
effet de filtrage dépend de maniere sensible du "gap de van der Waals" sous-nanométrique
qui sépare les couches et donc nous permet de controler la luminescence avec précision
atomique hors du plan. Cependant, I’excitation est par nature limitée par la diffraction et
pourtant limite les investigations avec une résolution atomique dans le plan. Par exemple,
nous ne pouvons pas étudier I'impact des inhomogénéités locales telles que les défauts ou
les adsorbats sur la luminescence excitonique a 1’échelle nanométrique. En outre, certaines
de ces inhomogénéités sont des candidats pour des sources de photons uniques (SPS) dans
les TMD. On peut également s’interroger sur I'impact sur la dynamique des excitons des
motifs moirés émergents dans les hétérostructures. Pour aller plus loin, il pourrait étre
intéressant de modifier le substrat ou méme d’utiliser des adsorbats nanoscopiques tels
que des clusters métalliques pour améliorer la luminescence d'un matériau. Pour surmon-
ter les limitations liées aux techniques limitées par la diffraction, nous pouvons utiliser
un STM a la fois comme une sonde et un moyen d’excitation. En effet, la luminescence
induite par le STM (dite STML) permet de sonder les propriétés optiques d’un materiau
avec la résolution fournie par le STM. Bien que quelques travaux fondamentaux aient rap-
porté des données STML sur des monocouches de TMD (voir section 4.2), les propriétés
excitoniques des hétérostructures de VAW restent a explorer dans des expériences com-

binant de hautes résolutions spectrales (sub meV) et spatiales (sub-atomiques). Dans ce
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chapitre, je présenterai nos résultats concernant la premiere observation de luminescence
intrinseque d’hétérostructures vdW dans une jonction STM a basse temperature et sous

ultra-vide.

0.3.1 STM-L des differents TMDs

Au cours des 5 dernieres années, différentes tentatives ont été faites pour obtenir des
STML a partir de TMD. Ces approches visent le méme objectif : 1’étude de la lumines-
cence intrinseque des TMDs avec une résolution atomique. Les observations principales
de ces études peuvent étre résumées de la facon suivante: les techniques in-vaccuo réal-
isées a basse température fournissent des interfaces propres sur lesquelles la résolution
atomique peut étre facilement obtenue. Cependant, cette méme interface propre semble
entrainer ’extinction de I’émission intrinseque du TMD. En revanche, les techniques ex-
situ réalisées a température ambiante semblent bénéficier des contaminants (par exemple,
I'eau) qui agissent comme des couches de découplage, et par conséquent, la lumines-
cence provenant des excitons peut étre observée a température ambiante. En outre, les
approches a température ambiante bénéficient de I'utilisation d’optiques avec ouverture
numérique plus importants que celles a basse temperature. Ceci augmente considérable-
ment 'efficacité de la collection de lumiere. Cependant, aucune résolution atomique n’est
observée, et les parametres requis pour exciter les couches peuvent entrainer la destruction
partielle du TMD.

Par conséquent, pour étudier les propriétés excitoniques des hétérostructures de VAW
avec de hautes résolutions spectrales (sub meV) et spatiales (sub-atomiques) simultané-
ment, il faudrait une stratégie compatible avec les mesures a basse température et qui
découple suffisamment la monocouche pour pouvoir observer de la luminescence intrin-

seque.

Commentaire sur les mécanismes d’émission

Dans les expériences réalisées par Pommier (section 4.2.2) et Pefia (section 4.2.3), dif-
férents mécanismes d’excitation ont été envisagés. Dans la premiere, le transfert d’énergie
des électrons par effet tunnel vers les TMDs a entrainé la formation des excitons. Dans le
second, 'injection de charges dans la bande de conduction était le coupable. L’attribution
de la luminescence des TMD a un mécanisme donné est basée sur les parametres expéri-
mentaux nécessaires pour générer I’émission. Chacun de ces mécanismes requiert un
ensemble différent de conditions que nous pouvons utiliser pour les identifier. Par exem-
ple, le transfert d’énergie nécessite que la polarisation appliquée Vj soit au moins aussi

grande que la bande interdite optique (Exo) du TMD. En d’autres termes:
e|Vo| > Exo (2)
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Remarquez que cette condition est vraie pour les deux polarités. D’autre part, I'injection
de charge nécessite au moins un alignement entre le niveau de Fermi d’une électrode et
la bande de conduction ou de valence du TMD. Par conséquent, un lien direct entre la
luminescence et les spectres dI/dV est attendu. De plus, le seuil de luminescence dans
un mécanisme d’injection de charge devrait dépendre de la polarité de la polarisation

appliquée.

0.3.2 L’échantillon

Toutes les expériences de ce chapitre ont été réalisées sur un échantillon constitué d’une
monocouche de MoSe, empilé sur plusieurs couches (< 4 couches) de graphene ( FLG)
en utilisant la méthode de transfert a sec (Pour plus de détails, voir le chapitre 2). Cette
hétérostructure a ensuite été déposée sur un film de Au(111) déposé sur mica produit
par Phasis Sarl. Une image optique de I’échantillon et un schéma sont présentés dans les
figures 6a et 6b. Dans cette configuration, les couches de graphéne peuvent agir comme un
élément de découplage, empéchant I'extinction de I’émission du TMD par le substrat d’or
tout en fournissant simultanément une interface plate. Parallelement, la courte distance
entre le TMD et l'or (1 nm pour MoSe, supporté par 3LG) peut préserver une partie
de 'amélioration plasmonique fournie par le substrat. Apres le dep6t de I’échantillon sur
l'or, il est rapidement introduit dans la chambre de préparation du STM (voir chapitre

2) et recuit pendant une journée entiere a 200°C et sous ultravide.

(a) (b) -
sy
Pointe
MoSe, {OOROORODHOHOM
FLG
Au(111)

Figure 6: Echantillon de MoSe,/FLG/Au (111). (a) Image optique d’un échantillon
composé par une monocouche de MoSe, sur graphene multicouche (FLG) déposé sur un
film de Au(111). (b) Schéma de I’échantillon dans la jonction STM.

Morphologie de la surface

La figure 7a montre une image STM a courant constant enregistrée a 6 K sur la surface
du MoSe, /FLG. En général, nous observons des zones plates de taille ~ 20 x 20 nm?
entourées de plis et de bulles. Ces structures résultent de 'adaptation de I’hétérostructure

a la surface de Au(111) sous-jacente et de la présence de résidus issus du processus de
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fabrication. Les figures b et ¢ montrent des exemples d’images STM avec résolution
atomique enregistrées sur deux des zones plates de ’échantillon. Dans les deux cas,
nous mesurons un parameétre de maille de 3.3 £ 0.2 A, ce qui correspond a la constante
de maille du MoSe,. La principale différence entre ces zones est ’apparition d’'un motif
moiré dans (c), résultant des orientations relatives entre la couche du TMD et le grapheéne.
Remarquez que dans I'image présentée dans 7b, la résolution atomique peut étre obtenue
mais sans signature du motif moiré. Cela suggere un couplage plus fort entre le TMD et le
FLG dans la région moirée (figure 7c) que dans celles ou le moiré est absent. Nous avons
mis en évidence le réseau primitif du motif moiré et déterminé qu’il est cohérent avec un
angle relatif de ~ 5 °. Un modele de ce motif est représenté sur la figure 7d. Nous avons
superposé deux réseaux hexagonaux correspondants au MoSe; et au FLG. Au voisinage
de la plupart des bulles, les conditions d’imagerie deviennent instables. Dans certaines
de ces régions, nous observons une faible sensibilité du courant tunnel a la distance entre
I’échantillon et la pointe. Par exemple, des variations d'un ordre de grandeur du courant
ont été observées pour des variations de distance de 'ordre de 1 nm. Cela suggere des
effets électrostatiques ou la couche est poussée ou tirée par la pointe STM. Dans ces zones,

le risque d’écraser la pointe dans le substrat est élevé.

0.3.3 STM-L de MoSe,/1LG

La figure 4.7a montre un spectre STML obtenu sur une zone plane de taille 10 x 10 nm?
sur la surface de MoSe, /FLG (figure 4.7b). Le spectre est composé de deux résonances
nettes séparées par 30 meV. Nous avons ajusté ces lignes en utilisant des profils de Voigt et
obtenu E; = 1.659 eV+1meV et I'y = 11+£1 meV pour le premier pic, et £y = 1.630 eV +1
meV et ['y = 1441 meV pour le second. Une comparaison avec les mesures PL sur le méme
échantillon nous permet d’attribuer ces pics & X et X*, respectivement. Pour toutes nos
mesures, nous estimons un rendement quantique de ~ 10~® photons/e~ en supposant une
efficacité de détection de ~ 15% (voir section 2.5.7). En outre, un courant relativement
faible (< 100 pA) a dii étre utilisé afin de préserver 'intégrité de la couche de TMD. La
faible efficacité de cette émission, ainsi que la nécessité d’utiliser des courants d’excitation
modérés pourraient expliquer en partie la difficulté d’observer la luminescence intrinseque
des TMD lors des tentatives précédentes. La faiblesse de cette émission souligne également
la nécessité de disposer d'une configuration permettant ’alignement précis in-situ de la
lentille par rapport a la zone d’échantillon sondée (section 2.5.7).

I1 est intéressant de noter que le spectre STML est lisse et ne présente pas de résonances
multiples, contrairement a son homologue en PL. C’est une conséquence directe de la
nature locale de I'excitation. En effet, on n’est pas sensible au moyennage spatial qui est
au cceur des mesures optiques. Cependant, il y a toujours des signatures d’élargissement

inhomogene dans les pics. En effet, méme si nous observons des largeurs beaucoup plus
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0A ZR) 26A

Figure 7: Morphologie de la surface. (a)lmage STM enregistrée a courant constant
de la surface MoSey /FLG. L’hétérostructure s’adapte au substrat situé en dessous, ce qui
entraine des bulles et des ondulations. Les parametres d’acquisition de cette image sont
-2.2 V et 4 pA. Images STM enregistrées avec résolution atomique sur des zones planes
(b) et (c¢). Un paramétre de maille de 3.3 A est mesuré en accord avec le paramétre
attendu pour MoSe;. Un motif moiré résultant de 'orientation relative entre le TMD
et le graphéne peut étre observé en (c), suggérant une meilleure qualité de l'interface
TMD/1LG qu’en (b). (d) Modeéle du motif moiré. La cellule primitive de ce motif est
indiquée en rouge. Les parametres d’acquisition des images étaient -1.3 V, 10 pA pour
I'image (b) et -1.4 V, 6 pA pour 'image (c).

fines que celles obtenues en PL, ces valeurs sont encore loin de la largeur homogene
attendue pour MoSey/1LG (~ 300 peV). Au contraire, la qualité de l'interface entre
I'hétérostructure et I’Au(111) contribue probablement a 1’élargissement du pic. De plus,
la présence de plasmons peut également jouer un réle dans le raccourcissement des durées
de vie excitonique par 'effet Purcell.

La figure 4.7c montre un spectre de conductance différentielle pris dans la méme
zone. A partir de ce spectre, nous avons déterminé une valeur pour la bande interdite de
transport de 2.2 40, 1 eV dans toute la région échantillonnée (cette valeur ne varie pas en
fonction de la position de la pointe par rapport au motif moiré). Cette valeur coincide a ce

qui a été rapporté dans des systeémes similaires [26]. De plus, la proximité entre le niveau
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Figure 8: Premier spectre STML de MoSe;.(a) Spectre de STML correspondant a
I'hétérostructure MoSey, /FLG/Au(111) (en rouge). Les parametres d’acquisition sont -2.8
V et 90 pA. Chaque pic est ajusté avec des profils de Voigt (en gris pointillé), I’ajustement
cumulatif est représenté par une ligne verte pointillée. Les parametres extraits de chaque
ajustement sont indiqués a coté de la résonance correspondante. (b) Image STM avec
résolution atomique de la zone sur laquelle le spectre a été enregistré. Cette image a été
acquise sous une tension de -1.3 V et a un courant de 10 pA.(c) Spectre de conductance
différentielle pris sur la région explorée. Le spectre est représenté sur une échelle logarith-
mique afin de faciliter la détermination de ’apparition de la bande. Les données brutes
sont représentées en gris. Pour plus de clarté, nous avons lissé ces données, et le résultat
est montré en rouge. A partir de ce spectre, nous avons déterminé une bande interdite
électronique de 2,2 eV.

de Fermi et la bande de conduction indique que la couche de MoSe; est dopée n. Ceci n’est
pas surprenant puisque les couches de MoSesy exfoliées sont censées porter un dopage n
résiduel [27, 28, 29]. Cette mesure, ainsi que le spectre STML, nous permet de tirer deux
conclusions. Premierement, la résonance du trion provient probablement d’un trion chargé
négativement (X ). Nous pouvons exclure sans risque les trions " induits par le courant "
puisque le courant employé lors de cette acquisition (90 pA) correspond au passage moyen
d’un électron toutes les 2 ns. Ceci est bien supérieur a la durée de vie caractéristique des
excitons et des trions dans le MoSe; et le MoSe,; /1LG, dont nous avons vu qu’elle est de
~ 2 ps (Voir la section 3.4). Deuxiémement, nous pouvons estimer 1’énergie de liaison
locale des excitons en soustrayant simplement la bande interdite électronique de la bande
interdite optique obtenue a travers le STML. Nous estimons une différence moyenne entre
la bande interdite STS et la bande interdite optique de ~ 540 meV. Remarquez qu’il s’agit

du premier exemple ou ’énergie de liaison peut étre déduite de mesures électroniques et
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photoniques simultanées a résolution atomique, évitant tout effet de moyenne d’ensemble.

Cette valeur se situe dans les limites des énergies de liaison rapportées pour des sys-
temes similaires, estimées a partir de la comparaison entre les mesures STS et PL a grande
échelle (voir tableau 4.2). Cependant, elle dépasse largement les énergies de liaison dé-
duites des mesures purement optiques (voir chapitre 3). Cela invite & une réinterprétation
sur ce qu’on mésure a travers la STS. Une discussion sur ce point peut étre trouvée dans
les chapitres 2 et 4. Nous tenons a souligner que ce résultat reste la premiere observation

de I’émission intrinseque des TMDs avec une résolution atomique.

Homogeneité de ’emission: dependance spatiale

Afin d’explorer l'effet de I’environnement local et d’assurer la reproductibilité de nos
mesures, nous avons acquis plusieurs spectres a différents endroits de 1’échantillon. En
particulier, nous nous sommes concentrés sur trois régions plates dans ’hétérostrucuture
avec une taille caractéristique de 5 x 5 nm? . Un schéma de ces régions et des images
STM a courant constant avec résolution atomique sont présentés sur la figure 9a. Pour
distinguer les mesures effectuées sur chaque région, nous leur avons attribué des numéros
de 1 a 3, comme indiqué sur la figure. Les régions 1 et 2 sont situées a quelques dizaines
de nm I'une de 'autre tandis que la région 3 est séparée des autres par plus de 1 pum. Une
sélection de spectres STML acquis dans chaque région est présentée sur la figure 4.8b.
Les positions correspondantes sur lesquelles les spectres ont été enregistrés sont indiquées
dans les images STM par les marques colorées.

Discutons d’abord des régions 1 et 2. En général, nous observons que la position et la
largeur des résonances restent inchangées pour de petites distances de séparation. Dans
la région 2, nous observons un motif moiré indiquant une meilleure interface TMD /FLG
que dans la région 1. Par conséquent, nous observons une diminution de la largeur des
pics de 11 meV dans la région 1 a 9 meV dans la région 2. L’image acquise dans la région
3 révele également un motif moiré. De maniere surprenante, nous observons un décalage
massif de la raie X° vers le rouge de 70 meV. Notez que des variations aussi importantes
de I'émission X° ont été observées dans PL (figure 4.5). La différence entre les données
STML acquises dans la région 2 et la région 3 ne peut étre attribuée a une interface
TMD/FLG différente et indique plutot que c’est U'interface entre I'hétérostructure et le
substrat d’or qui est en jeu. L’écran diélectrique induit par la proximité d'un environ-
nement métallique est connu pour générer un redécalage substantiel des lignes d’émission
des TMD (un phénomeéne que nous avons discuté pour l'interface MoSey/Au dans la
référence [9]). Nous supposons que le changement de I'énergie d’émission de la ligne X°
provient de ce phénomene qui indique donc une meilleure interface entre ’hétérostructure
et le substrat de Au dans la région 3. Ceci est également cohérent avec la diminution de la
largeur des raies d’émission de 11 meV dans la région 1 a 4 meV dans la région 3 (précisons

qu’il s’agit de la valeur la plus étroite a notre connaissance pour des échantillons non en-
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Figure 9: Dépendance spatiale de I’émission.Haut : Schéma de I'hétérostructure.
Nous nous sommes concentrés sur trois régions, marquées de 1 a 3. Les régions 1 et 2
correspondent a la méme zone alors que la région 3 est située a plus de 1 um. Les images
a résolution atomique de chaque région sont présentées dans la partie inférieure de la
figure (a). Les parametres d’acquisition pour ces images étaient de haut en bas : -1.3
V, 10 pA (région 1), -1.4 V, 4.1 pA (région 2) et -1.4 V, 6 pA pour la région 3. (b)
Spectres de STML sélectionnés enregistrés sur les régions 1 (trois spectres en haut) et 2
(deux spectres en bas). Les positions correspondantes sur lesquelles les spectres ont été
acquis sont indiquées sur les images STM et suivent les marques colorées. Les spectres
sont caractérisés par deux résonances séparées de 30 meV (15 meV) dans les régions 1 et 2
(région 3). Les parametres d’acquisition pour les spectres étaient : -2.8 V, 90 pA (région
1), -2.8 V 100 pA (région 2) et -2.9 V 90 pA (région 3).

capsulés). En effet, I’élargissement de la raie d’émission se produit lorsque les TMD sont
situés dans un environnement inhomogene. Une ligne d’émission fine est une indication
d’interfaces MoSey /FLG/Au(111) plus homogenes. Suivant un raisonnement similaire, les
lignes d’émission étroites décalées vers le rouge peuvent également étre attribuées a des
excitons localisés, qui peuvent étre dus a des défauts (absents dans I'image de la région
3) ou a des excitons piégés dans le motif moiré. En effet, I’émission de ce type d’excitons
peut étre tres étroite (< 1 meV) en raison de leur longue durée de vie. Ici, la présence du
graphene peut réduire leur durée de vie a quelques ps, résultant en des largeurs de lignes

proches de quelques ~ meV. Dans I’ensemble, ces observations indiquent que la qualité de
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I'interface, que ce soit au sein de I’hétérostructure ou entre I’hétérostructure et la surface

Au, joue un role crucial dans I’émission provenant des excitons.

Discutons maintenant du pic a basse énergie qui accompagne la ligne X° observée
dans les spectres de la figure 4.8b. Dans la région 1, le pic décalé vers le rouge de 30 meV
peut facilement étre attribué a un trion. Le dopage n identifié dans le spectre dI/dV de la
figure 4.7 suggere un trion chargé négativement (X ). La disparition de ce trion dans la
région 2 peut étre bien expliquée par la meilleure interface avec le graphéne qui conduit a
un transfert de charge statique entre les couches comme discuté dans le chapitre 3. Dans
la région 3, un pic apparait & nouveau mais il est situé a 15 meV sous X au lieu de 30
meV. Dans le paragraphe précédent, nous avons conclu que la région 3 est affectée par
un écrantage massif dit au meilleur couplage avec le substrat d’or. Comme observé pour
MoSey/1LG dans la figure 3.13, un écrantage accru réduit I’énergie de liaison des trions.
Nous attribuons donc la caractéristique énergétique inférieure de 15 meV dans la région
3 a un trion écranté. Nous pouvons sans risque exclure les biexcitons comme candidats
di au bas courant utilisé pour les mesures. Dans la région 3, la bonne interface avec le
substrat d’or a un effet direct sur la redistribution des électrons dans 1’hétérostructure
TMD/FLG qui peut conduire a un plus grand dopage n par rapport a la région 2 ou le
trion est absent. Cela fournit les conditions nécessaires pour la formation de trions et

explique la présence de la ligne X~ dans la région 3.

Il est intéressant de noter qu’a l'intérieur de chaque région, nous n’observons aucun
changement appréciable dans la position des résonances sur des distances aussi grandes
que 30 nm, méme a différents points du motif moiré. Une explication possible de ce
phénomene est liée a la période du motif lui-méme. En effet, dans notre cas, la péri-
odicité du motif moiré est comparable au rayon de Bohr excitonique dans les TMD.

Cela pourrait signifier que les excitons " ressentent " I'effet de moyenne du super-réseau.
Les conclusions tirées dans cette section sont basées sur un nombre solide mais limité
d’ensembles de données. Compte tenu de la complexité des processus en jeu et de la
morphologie tres changeante de 1’échantillon a ’échelle de 5 a 100 nm, une attribution
définitive des différentes caractéristiques spectrales - en particulier celle identifiée comme
X~ - nécessite des recherches supplémentaires sur des échantillons MoSe, /FLG/Au(111)

présentant des interfaces plus homogenes.

Dans le cas des zones inhomogenes contenant des bulles et des ondulations, les mesures
STM deviennent instables. En effet, il existe des situations ou les bulles sont suffisamment
découplées des électrodes pour rendre les mesures STM presque impossibles. Cependant, il
pourrait étre intéressant d’étudier ’émission de tels défauts macroscopiques et d’observer
la modification qu’ils produisent dans la luminescence du TMD. La figure 10a montre une
vue en 3D d'une aire de 50 x 40nm? contenant une zone plate & co6té d’une bulle de 1
nm d’hauteur. Des spectres de STML correspondants aux deux endroits marqués par des

croix (bleu sur la bulle, rouge sur la zone plate) sont présentés sur la figure 10b. Le spectre
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Figure 10: Emission non-homogéne dans les TMD(a) Image STM d’une surface
MoSey /FLG présentant une bulle. L’image a été acquise sous une tension de -2.1V et un
courant de 4 pA. Un inset montre un profil de la surface pris le long de la ligne reliant
les marques bleues et rouges. (b)Spectres de STML normalisés enregistrés aux positions
marquées dans I'image précédente. Le facteur d’échelle entre le pic X° dans les deux
spectres est de 4, et indiqué dans le panneau supérieur. Le spectre rouge (bleu) a été acquis
sous une tension de -3.2 V et un courant de 4 pA (10 pA). (c¢) Image STM des surfaces
MoSey /FLG montrant un pli et une partie endommagée de la couche. Les parametres
d’acquisition étaient -1.85 V et 5 pA.(d) Spectres de STML pris lors du balayage des
zones entourées par les carrés colorés. Dans la zone endommagée, le spectre est composé
de nombreux pics provenant d’excitons localisés. Les deux spectres ont été acquis sous

une tension de -1.85 V et un courant de 5 pA.

enregistré sur la zone plate est composé d’une résonance située a 1.590 eV. Cette résonance
est attribuée a la recombinaison radiative du X°. Dans la bulle (représentée en bleu), nous
observons deux pics situés a 1.587 eV et 1.547 eV. Le premier pic correspond & un X°
décalé vers le rouge, probablement dii a la contrainte légerement plus élevée dans la bulle.
Le pic inférieur n’est visible qu’au voisinage de la bulle, et nous I’associons a un exciton
localisé X. La multiplication par 3 du signal STML sur la bulle est une conséquence
du caractere découplé de cette derniere qui réduit le transfert d’énergie vers le substrat.
De plus, I'apparition de X suggére que I'exciton est émis a proximité immédiate de la

pointe, car les spectres acquis a quelques nm de distance fournissent des caractéristiques
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d’émission différentes.

Le signal STML change radicalement a proximité d’inhomogénéités plus prononcées
telles que des plis et des fissures dans la couche. Les figure 10c et d montrent respec-
tivement une image STM d’une zone contenant ce type de défauts et des spectres STML
correspondants. Les spectres STML ont été acquis lors du balayage des zones affichés
sur la figure 10c. Dans la région de référence (zone rouge), le spectre est composé d’une
seule résonance correspondant & X°. En revanche, dans la région anormale (zone bleue),
nous observons un spectre STML composé de plusieurs résonances avec des largeurs allant
de 2.9 meV pour X°, jusqu'a ~ 700 peV pour X¥. Des observations similaires ont été
rapportées dans les TMDs avec des contraintes importantes [30]. Ces pics proviennent
d’états semblables a des quantum dots qui peuvent se comporter comme des sources de
photons uniques. Des mesures de corrélation seraient nécessaires pour confirmer cette

hypothese.

Mécanisme d’emission

Examinons maintenant le processus physique qui donne lieu a la luminescence. Dans ce
but, un étude de la dépendance en tension de I’émission est cruciale car cette caractéris-
tique est généralement différente en fonction du mécanisme d’excitation. Dans tous les
spectres STML présentés jusqu’a présent, une tension négative a été utilisée. Nous avons
également étudié des tensions allant de 1.6 V a 3.5 V et des variations de courant d’au
moins deux ordres de grandeur. Aucune émission de lumiére n’a été observée dans tout
I’espace de parametres exploré. Ceci suggere déja un mécanisme médié par l'injection de
porteurs dans la bande de conduction ou de valence. Pour explorer davantage ce mécan-
isme, nous avons enregistré une série de spectres a différentes tensions négatives (illustrées
sur la figure 11b) enregistrés a la position indiquée sur la figure 11a. Les lignes pointillées
grises marquent les positions des résonances X° et X~. Nous observons de I’émission
de lumiére & environ -1.65 V. A cette tension et jusqu’a -1.7 V, seuls des pics de faible
énergie situés 30 & 50 meV sous la ligne X sont observés. Ces pics peuvent étre attribués
soit a des excitons localisés et/ou a des trions et peuvent provenir des inhomogénéités de
I’entourage observées dans I'image STM. En augmentant la tension, nous observons un
changement drastique dans la forme des spectres. En effet, la raie d’emission associée a
X0 apparait a une tension de -1.75 V et devient dominante pour des tensions plus élévés.
De plus, les pics a basse énergie liées aux excitons et trions localisés disparaissent entiere-
ment. Ce phénomene est probablement lié a l'effet Purcell di a la proximité de la pointe
a 1’échantillon et il est discuté dans la section 4.5.5. Pour le moment, concentrons-nous
sur I’émission de X°. La figure 11c montre un spectre de conductance différentielle pris
au méme endroit que le spectre de STML. Nous avons superposé a ce spectre l'intensité
intégrée de la raie X° en fonction de la tension appliquée. L’accord entre les tendances

de la conductance et l'intensité indique que les excitons sont excités plus efficacement
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lorsque nous augmentons la tension a partir du maximum de la bande de valence. En

fait, le début de la bande coincide trés bien avec le début de 1'émission X°.
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Figure 11: Meécanisme d’excitation.(a) Image STM d'une zone sur la surface
MoSey /FLG. L’image a été acquise sous une tension de -2 V et un courant de 5
pA.(b)Spectres de STML enregistrés a différentes polarisations sur la position marquée en
(a). Les lignes pointillées correspondent a la position des résonances X° et X . Ces spec-
tres ont été enregistrés & un courant de 30 pA. (c¢) Spectre de conductance différentielle
pris au méme endroit que dans (b). Le spectre est superposé avec I'intensité intégrée de la
ligne X° en fonction de la tension appliquée. L’accord entre les deux supporte un scénario
d’injection de charge pour le mécanisme d’excitation. Le code de couleur correspond a
celui utilisé dans la figure (b). (d) Diagramme énergétique du mécanisme d’excitation.
Premierement, un électron est extrait de la bande de valence, laissant un trou derriere
lui. Ensuite, un exciton est formé lorsque les électrons natifs du TMD se lient au trou.
Enfin, ’exciton se recombine et émet un photon.

Cette observation, ainsi que I’absence de STML a tension positive, suggere une émis-
sion provenant de l'injection de trous dans la bande de valence. Nous proposons un

mécanisme d’excitation en trois étapes (figure 11d) :

1. Injection de trous: Lorsque la tension correspond au début de la bande de valence,

un électron peut étre extrait, laissant derriere un trou chargé positivement.

XXX1



Resumé

2. Formation d’éxcitons: Ce trou interagit ensuite de maniere électrostatique avec
les dopants natifs dans ’hétérostructure. D’apres le spectre dI/dV, nous pouvons
déduire que la couche est dopée n. Par conséquent, I'interaction de Coulomb entre
les électrons natifs et le trou entraine la formation d’excitons. Remarquez que ce
processus est également valable pour la formation de trions. En effet, lors de la
formation de l'exciton, il peut arriver qu’il interagisse avec les dopants natifs et

forme un trion.

3. Recombinaison radiative Une fois formé, X° peut se recombiner de maniére

radiative, ce qui se traduit par la luminescence observée.

La figure 4.10d présente un diagramme énergétique résumant ce processus.

0.4 Conclusion

Dans ce manuscrit, nous avons présenté 1'’étude du couplage entre couches dans les
hétérostructures TMD/graphene a 1'échelle sub-nm. Cette these est basée sur deux
chapitres principaux. Le chapitre 3 est consacré a 1’étude du couplage entre couches
dans les hétérostructures TMD /graphéne a ’aide de spectroscopies optiques. Le chapitre
4 est consacré a I’étude des propriétés optiques des TMD/graphene en utilisant le STML.

Dans le chapitre 3, nous avons montré que le couplage avec le graphéne a deux ef-
fets majeurs sur les propriétés de luminescence de la TMD. Il s’agit de la neutralisation
complete de la TMD due au graphene et d’un filtrage résultant du transfert d’énergie
des especes excitoniques a longue durée de vie vers le graphene. Par conséquent, les
spectres PL a basse température de différentes TMD présentent une ligne d’émission
unique et étroite provenant de l’exciton neutre. Ce processus est également vrai pour
les TMDs présentant des excitons sombres qui ne respectent pas la conservation du spin.
Nos résultats suggerent que le mécanisme a l’origine du couplage entre couches dans les
TMD/grapheéne est compatible avec le transfert d’énergie de Dexter.

En outre, nous avons montré que le graphéne offre des voies de recombinaison non
radiatives efficaces pour les excitons dans le cone de lumiere ainsi que pour les excitons
chauds ayant un momentum en dehors du cone de lumiere. En utilisant une approche
combinée entre la spectroscopie de photoluminescence résolue dans le temps, la spectro-
scopie de réflectance différentielle et la spectroscopie de photoluminescence résolue dans
I’espace, nous avons pu estimer un temps de transfert des excitons froids vers le graphene
de 'ordre de 75 ~ quelques ps.

De maniére remarquable, tous les effets physiques (filtrage, réduction de la liaison,
extinction du PL, etc...) que nous observons se produisent en utilisant une seule couche
de graphéne. En bref, I'ajout de couches supplémentaires de graphéne et/ou d’une couche

supérieure de hBN affecte marginalement les processus physiques susmentionnés. Cela
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établit le TMD/1LG comme une hétérostructure photostable qui peut étre facilement
contactée et qui est compatible avec les études STML.

Dans le chapitre 4, nous avons poursuivi nos recherches sur les hétérostructures TMD /FLG
en utilisant la STML a basse température et sous ultravide. Nous avons pu démontrer
pour la premiere fois, la luminescence intrinseque induite par un STM d’une hétérostruc-
ture vdW tout en préservant la résolution atomique. Un objectif qui, jusqu’a présent,
n’avait pas été atteint. Nous avons ensuite exploité la résolution ultime fournie par la
STML pour étudier 'effet de I’environnement atomique sur la luminescence du TMD.

Tout d’abord, nous avons montré que l'interface entre le TMD et le graphéne joue
un role important dans 1’élargissement des lignes d’émission. Dans les interfaces propres,
un motif de moiré a été observé ainsi qu’'une réduction des largeurs des pics de 11 meV
dans les zones sans motif de moiré jusqu'a 4 meV dans les meilleures zones que nous
avons trouvées. Ces largeurs sont comparables a celles obtenues dans des échantillons
encapsulés par hBN de haute qualité. Deuxiemement, nous avons montré que la qualité
des interfaces (par exemple, TMD/FLG et FLG/Au) joue un réle important dans les
propriétés d’émission de I’hétérostructure. Nos résultats suggerent que l'interface entre
I’hétérostructure et 1'or, définit fortement 1’écrantage ressenti par les excitons. Ceci peut
étre mis en évidence a la fois dans la PL et la STML, ou des variations de 1’énergie
d’émission excitonique de 'ordre de 70 meV ont été observées.

Enfin, nous avons pu explorer 'effet des défauts macroscopiques tels que les bulles
et les fissures dans le TMD sur 1’émission excitonique. Nous avons observé que ces in-
homogénéités donnent lieu a des spectres STML composés de différents pics qui peuvent
provenir d’excitons localisés. Il est intéressant de noter que certains de ces défauts macro-
scopiques affichent des spectres avec des pics avec largeurs proches de 700 pueV. Cela mérite
des investigations plus approfondies car ils pourraient étre un signe des sources de photon
uniques présents dans les TMDs. Nos résultats nous permettent de mieux comprendre
I'origine des spectres complexes observées avec des techniques macroscopiques comme la
PL.

Enfin, nous avons étudié le mécanisme qui donne lieu a la luminescence observée. Une
dépendance de la tension a révélé que 1’émission excitonique est induite par 'injection
de trous dans le MoSes. Ceci n’est possible qu’en raison du caractere dopé n du TMD
qui agit comme un réservoir d’électrons avec lequel le trou peut interagir. De plus, nous
avons observé des signes de controle a 1’échelle atomique de la luminescence des TMD.
En modifiant la distance pointe-échantillon, nous avons observé ’émission de différentes
especes excitoniques, ce qui suggere une interaction non négligeable entre les excitons et
la pointe métallique. Dans I’ensemble, nos études établissent le TMD /graphéne comme

une plateforme pour étudier 'interaction lumiere-matiere a 1’échelle nanométrique.
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Figure 12: Tailoring the luminescence of atomically thin semiconductors at
the sub-nm scale. Top: 3D-scheme of a monolayer TMD /graphene heterostructure.
Exciton generation occurs either through photoexcitation (green wavy arrow) or using
an STM current. We can identify the different nanoscopic environments an exciton can
experience. These are defects, adsorbates and Moiré patterns among others. Bottom:
Interlayer coupling mechanisms that can arise at the interface of the heterostructure.
These are charge transfer, energy transfer and electron redistribution.

0.5 Motivation

2D materials are covalently bound layered crystals held together by van-der-Waals inter-
actions. Ever since the first isolation of graphene with the scotch tape technique [1], a
whole new toolkit of 2D materials has been fabricated. These atomically thin layers dis-

play a wide range of properties ranging from 2D metals such as graphene, semiconductors
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such as transition metal dichalcogenides (TMDs) and insulators such as hexagonal boron
nitride (hBN). These unique set of properties combined with their atomically thin nature
is what makes 2D-layered structures such interesting systems both for fundamental re-
search and applications. Moreover, their atomically thin nature also makes them highly

sensitive to their local environment.

Another remarkable property of 2D materials is the absence of dangling bonds on
their surfaces. This allows us to readily stack them and form new artificial materials
called van-der-Waals (vdW) heterostructures. Since the 2D toolkit is extensive,
one has a large number of possible architectures to explore. Historically, the first vdW
heterostructure was created few years after the seminal work of Novoselov and Geim on
graphene [1]. This heterostructure consisted of a stack of graphene on top of hBN [2].
The inert character of hBN, together with its atomically flat terraces, provided an ideal
substrate for graphene, resulting in improved conductive properties. This marked the be-
ginning of the "van-der-Waals era," where a new generation of heterostructures was created
displaying an increasing set of emerging properties [3]. For instance, superconductivity
was demonstrated in twisted bilayers, and trilayers of graphene [4, 5].

These emerging phenomena are a consequence of the interlayer coupling inherent to
these stackings. Indeed, the atomically thin nature of its components and the sub-nm
interlayer separation make vdW heterostructures ideal platforms to investigate near-field
interactions. Going further, one would like to exploit these proximity effects to create
new materials with tunable properties. This is particularly promising in the case of
heterostructures made of semiconducting transition metal dichalcogenides (TMDs), whose
unique optical properties make them ideal bricks for optoelectronic devices.

However, defects, adsorbates, and dielectric disorder can play an important role in
the photophysics of TMD-based vdW heterostructures. Indeed, the optical properties of
TMDs are defined by tightly bound excitons with a typical Bohr radius of ~ 1 nm meaning
that the underlying dynamics can be strongly modified due to nm-scale inhomogeneities.
An interesting example is the trapping of excitons in the Moiré patterns arising from
the relative orientation between different 2D materials. These trapped excitons have
been shown to behave as single-photon sources in TMDs [6, 7]. Therefore, to unveil the
intrinsic properties of 2D materials and vdW heterostructures, one needs sensitive probes
capable of characterizing the photophysical properties of TMDs, with both in-plane and
out-of plane nm-scale resolution.

The aim of this thesis is to tailor the properties of 2D materials at the sub-nm
scale. This implies developing strategies that allow us to access interlayer coupling and
investigate the effect of inhomogeneities in the properties of vdW heterostructures. As we
shall see throughout this manuscript, an ideal system to carry out these studies is a TMD
monolayer stacked onto graphene. Indeed, the optical properties of this heterostructure

are defined by efficient energy transfer mechanisms occurring at the interface [8, 9, 10]. For
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instance, at room temperature, the emission yield of the TMD is massively reduced in the
proximity of graphene. Moreover, due to the lattice mismatch between the layers and the
lack of control on the rotational alignment between the lattices, Moiré patterns can appear,
inducing a local modulation of the surface potential. These patterns, combined with
defects and contaminants created during the fabrication process of the sample, provide
a rich environment to study the excitonic dynamics. In our investigations, we will delve

into the following questions:
o What is the nature of the interlayer coupling mechanism between TMD and graphene?
o What is the effect of this coupling in the luminescence of the TMD?
o To which extent is there a charge transfer between the layers?
o Can we exploit this coupling to tune the luminescence of the TMDs?
o What is the effect of defects and adsorbates in the luminescence of TMDs?
o (Can we probe the effect of Moiré patterns on excitonic emission?

First, we can use optical spectroscopies to thoroughly characterize the interlayer cou-
pling in the TMD/graphene heterostructure. For instance, using spatially- and time-
resolved photoluminescence spectroscopy, we can directly probe the excitonic dynamics.
This technique consists on the photogeneration of excitons, and it allows us to obtain in-
formation in the timescales in which the energy transfer occurs. We will complement this
by using the inelastic scattering of light as well. This is known as Raman spectroscopy,
and it provides us with information regarding the structure, strain, and doping trends of
the material. Both approaches allow us to build a picture of the interlayer coupling in
TMD/graphene.

However, these techniques do not allow us to investigate the effect of the in-plane
nanoscopic landscape. Such investigations require a resolution that can not be achieved
with diffraction-limited techniques. This is why we used a unique approach involving the
ultimate resolution provided by a scanning tunneling microscope (STM) working at low
temperatures and ultra-high-vacuum conditions to excite and probe the luminescence of
the heterostructure. In these conditions, we can achieve a spatial resolution 3 orders of
magnitude better than with optical spectroscopies. This technique is known as STM-
induced luminescence (STML).

Experimentally, this requires that the investigated samples are compatible with STM
measurements. Moreover, the electromagnetic field inside an STM junction is far from
being trivial, and there can be processes that hinder intrinsic emission. For instance, due
to the presence of the metallic substrate, non-radiative decay paths become efficient. This

has been explored before in the context of single molecules where different decoupling
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strategies needed to be developed in order to observe intrinsic luminescence [11, 12].
For monolayer TMDs, the current state of the art points towards a trade-off between
resolution and intrinsic emission. Indeed, intrinsic STM-induced luminescence (STM-L)
of TMDs has been observed only at room temperature and at air [13, 14, 15]. Under
these conditions, it is not possible to obtain the required resolution for our experiments.
On the other hand, at low temperatures and under ultra-high vacuum (UHV), atomically
resolved information can be readily obtained. However, the luminescence observed in
these experiments is of extrinsic origin [16, 17]. Therefore, the first question a game-
changing experiment would need to tackle is related to the feasibility of intrinsic TMD

emission while preserving the atomic resolution.

This project started in 2017 as a collaboration between the team of Stéphane Berciaud,
focused on the properties of 2D materials, and the team of Guillaume Schull, focused on
STM-induced luminescence. The idea was to combine the expertise of both teams to
investigate the origin of single-photon sources in monolayer TMDs using STML, which
to this day remains unknown. Our starting point was an article published by Krane
et al. [16] on which an attempt at obtaining intrinsic STML of a monolayer TMD was
made. In the article, the observed luminescence was of extrinsic origin, suggesting that the
proximity of the metallic electrode necessary to perform an STM measurement strongly
quenched the luminescence of the TMD. This motivated us to design architectures that
could bypass these limitations while preserving the properties of the TMDs unaffected.
However, this proved to be a challenge since in all of our experiments no STML of TMDs

could be achieved.

Finally, in a collaboration with the team of Eric le Moal in Paris, STML from mono-
layer TMDs was observed at room temperature and at air [13]. To avoid the coupling
with the electrodes, they used a non-plasmonic substrate. The main limitation how-
ever remained to achieve atomic resolution simultaneously, which is not possible in these

conditions.

At this point during my Ph.D., we had investigated the photophysics of TMD /graphene
extensively. The natural follow-up was to address this heterostructure at the atomic scale
with the STM. The hope was that graphene would act as a decoupling layer while provid-
ing an atomically flat substrate for the TMD. Moreover, the relatively small separation
between the TMD and the metallic substrate would allow us to benefit from an enhance-
ment of the EM-field provided by the STM junction (See chapter 2). In these conditions,
we reported the intrinsic STML of atomically thin semiconductors with atomic resolution
for the first time. In doing so, we set the basis for future investigations on near-field

mechanisms that affect the excitonic dynamics in vdW heterostructures.
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0.6 Organization of this manuscript

This manuscript is divided into five chapters:

Chapter 1 introduces 2D materials and stresses the main properties that are relevant
to our studies. In particular, a summary of TMD, graphene, and hBN properties. This
is not an extensive description but a selection of the properties that are useful to follow
the results presented in the manuscript.

Chapter 2 is dedicated to the experimental methods used during this thesis. First, I
will introduce the fabrication techniques. I will explain how one can get monolayers of 2D
materials and the methods used to stack them into vdW heterostructures. Then, I will
describe the experimental setup used for optical spectroscopies. This setup consists of a
home-built confocal microscope on which we can perform PL and Raman spectroscopies
with spatial resolution. To conclude, I will introduce the working principle of STM and
the setup used in our experiments and how to use it to generate luminescence (STML).

Chapter 3 is the first chapter of results. It focuses on photoluminescence and Ra-
man studies of TMD/graphene heterostructures. I will characterize their coupling and
show that one can exploit it to obtain single and narrow emission spectra from a TMD.
Moreover, we will see that graphene acts as a reservoir for charges completely neutralizing
the TMD. Moreover, I will present our results regarding TMD and TMD /graphene valley
contrasting properties at different temperatures.

Chapter 4 is dedicated to STML in TMDs. First, I will present a detailed review of
the state-of-the-art regarding STML of TMDs. Then I will present the results obtained
on MoSe;/1LG studied at cryogenic temperatures. Finally, T will discuss the origin of this
luminescence and explore the effect of the local environment.

Chapter 5 concludes this manuscript and gives an outlook.
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CHAPTER 1

Introduction to 2D materials

In 1959 Richard Feynman gave a lecture called "There’s Plenty of Room at the Bottom:
An Invitation to Enter a New Field of Physics" at the annual meeting of the American
Physical Society. During the lecture, Feynman emphasized what a breakthrough it would
be to control matter at the atomic scale, to be able to "arrange the atoms the way we
want'. He wondered about the problems that electronics will face when reducing the
size of the circuits and about the conception of microscopes that allow us to ’see’ at the
smallest possible scale. He asked: "What could we do with layered structures with just the
right layers?". Nowadays, layered structures have been gaining attention as their range
of applications grows. In particular, the transition metal dichalcogenides (TMDs) have
sparked growing interest as they form a vast family with a broad range of optical and
electronic properties that makes them ideal building blocks for new-generation nanode-
vices[31]. In this chapter, I will present the main properties of different 2D materials

namely: graphene, hexagonal boron nitride and TMDs.

1.1 2D materials and van der Waals heterostructures
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Figure 1.1: Overview of different 2D materials. It comprises graphene and its analogues.
Their properties vary from insulators such as hBN, through semiconductors such as TMDs,
and from semi-metals to metals. Figure adapted from [32].

As mentioned before, ever since the isolation of graphene with the scotch tape tech-
nique [1], a whole toolbox of 2D materials has appeared [32]. These 2D layers display a
wide range of properties ranging from superconductors to insulators. An overview of this

toolbox is shown in figure 1.1. In particular, 2D materials made from semiconducting
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transition metal dichalcogenides (TMDs) quickly presented themselves as the new ele-
mental brick for optoelectronics. Indeed, in the monolayer limit, these materials display
unusually strong-light matter interactions as well as mechanical and electronic tunable
properties. The discovery of monolayer TMDs together with their relatively easy isolation
and inert surfaces, motivated the search for new artificial materials composed of different
layered structures [3].

A van der Waals (vdW) heterostructure consists of a stacking of different 2D materials.
Due to the affinity between adjacent layers, these heterostructures are characterized by
atomically sharp interfaces which are ideal platforms to study proximity effects. Indeed,
the interface between two adjacent 2D-materials is atomically flat and free of contamina-
tion due to the self-cleaning mechanism [33, 34, 35] where contaminants group together
in pockets due to the smooth adaptation of the layer to the substrate as a consequence,
one ends up with a patchwork of clean areas surrounded by bubbles and ripples. Figure
1.2 shows atomic force microscopy images of graphene transferred onto various crystals. In
particular, we observe the self-cleaning mechanism only for interfaces involving graphene

and other 2D materials.

BN graphene p graphene

‘:
’ -

Figure 1.2: Self-cleaning mechanism. Atomic force microscopy images of monolayer
graphene stacked onto different substrates. When graphene is stacked onto other 2D ma-
terials such as hBN (a) and MoS, (b) we observe that the contamination is concentrated
in bubbles. In contrast, in other substrates such as mica (b) and BSCCO (d), the con-
tamination is spread uniformly all over the surface. This proves that the self-cleaning
mechanism is inherent to van-der-Waals heterostructures. Figure extracted from [35].

VAW heterostructures add a new dimension to the 2D-playground, since now not only
do we exploit the individual properties of its components, but we can also investigate

new emerging phenomena. Historically, the first vdW heterostructure was made by Dean
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et al. [2], it consisted of a monolayer of graphene deposited onto a hexagonal boron
nitride (hBN) flake. hBN is an insulator and provides a flat inert terrace for other 2D
materials. In these conditions, they observe a significant increase in the electron mobility
in graphene. It has been shown that by encapsulating TMD-based vdW heterostructures
in hBN, one can improve their optical quality and even control their excitonic dynamics
[25]. Another example is TMD/Graphene heterostructures. These have been shown to
harbor efficient energy and charge transfer mechanisms which can be exploited to tailor
their luminescent properties (See chapter 3). More recently, it has been shown that a
slight misalignment in homojunctions can dramatically change the properties of graphene
and TMDs. For instance, superconductivity has been demonstrated in twisted bi-, and
trilayer graphene [4, 5]. This opened a new branch of studies and the field of twistonics.
In the following, I will present selected properties of the 2D materials I used during my
Ph.D.

1.2 Selected properties of 2D Materials

1.2.1 Graphene

Graphene is a 2D semimetal composed exclusively of carbon atoms arranged in a honey-
comb lattice. Since it was first isolated in 2004 [1], graphene has sparked an important
amount of research and it has become a building block for nanoelectronics. For instance,
graphene is known to have remarkable conductive properties with a typical mobility of
1 x10* cm?V~'s~! at room temperature and it is transparent to optical frequencies which
makes it an ideal electrode [1, 36]. The remarkable properties of graphene arise from its
cone-shaped dispersion relation which endows it with unique electronic properties that
are better described in terms of relativistic massless particles. In this subsection, I will

summarize its main properties.

Structure

As it was mentioned before, graphene is an allotrope of carbon in which the atoms are
arranged in a honeycomb lattice structure. One has to be careful since even though all
atoms are carbon, not all lattice sites are equivalent. Indeed, the honeycomb lattice can
be considered as two triangular sublattices made of atoms A and B as shown in figure
1.3a. In graphene, neighboring lattice sites are separated by a distance of 1.42 A and
are connected through o-bonds'. The remaining p.-orbitals form 7-bonds which in the

crystal picture become half-filled electronic bands. Using a tight-binding model, it can be

!These bonds arise from the interaction between the sp?-hybrid orbitals of each atom.
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shown that the dispersion relation of graphene reads [37]:

V3 ) (1.1)

By (ks ky) = itJ 3+ 2cos (\/gkya) + 4 cos (?k@a) cos <2kma

Where t is the hopping constant, k is the electron wavevector and the = sign distin-
guishes between the conduction and valence band respectively. From this equation, we
can deduce that near the K (K’) points the two bands are degenerate. If we do a Taylor
expansion of the dispersion relation in the neighborhood of the K and K’ points, we can
show that:

In this expression, v is the so-called Fermi velocity, and IZO is the momentum of the
electron with respect to the K point, that is, k=K + I;O. This dispersion relation is the

origin of the famous Dirac cones of graphene (See figure 1.3b)?.

Figure 1.3: Graphene structure.(a) Lattice structure of graphene. This lattice can be
described in terms of two triangular lattices of inequivalent atomic sites. a; and ay are the
primitive vectors of the lattice. (b) Electronic dispersion relation of graphene. Zooming
on the K point we can see a conic dispersion relation. Figure adapted from [38]

Massless Dirac Fermions

Equation 1.2 resembles the dispersion relation of photons E = hck. The main difference
between the two is that instead of the speed of light, we have vp. Moreover, since the
honeycomb lattice’s unit cell contains two atoms, the electronic wavefunction has a 2-
spinor like structure. In fact, the electronic wavefunction near K and K’ satisfies Dirac
equation for massless fermions and defines a robust valley-dependent chirality. This en-
dows graphene with remarkable properties that allow the observation of phenomena such

as Klein tunneling and the integer quantum Hall effect [39, 40].

2For relatively large values of kg, trigonal warping occurs. This effect is the deformation of the cone
shape due to higher-order terms in the Taylor expansion.
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Optical properties of graphene

Graphene can absorb light either from interband or intraband transitions depending on
the doping level and spectral range. In the visible range, the main contribution to the
absorption of light comes from interband transitions [36]. Moreover, the absorption coef-
ficient "A" of graphene in the visible range is constant and does not depend on the Fermi
velocity. This can be shown by estimating the ratio between incident (P;) and absorbed
power (F,).

A= (1.3)

g
P,

B
4

contrast, the absorbed power depends on the coupling between electrons in graphene and

The incident power depends on the incident wave and it is given by P, = In
light 7,, and it is given by P, = n,Aw. n, represents the probability rate to jump from an
initial state |7) in the VB to a final state |f) in the CB. This rate depends on the matrix

element M connecting both states and it is given by Fermi Golden’s rule:
|M|"DoS(E) (1.4)

In this expression, DoS(E) refers to the density of states of graphene which can
be estimated from equation 1.23. M can be calculated from the 2D Dirac light-matter

interaction Hamiltonian.* Using these results, the absorption coefficient can be estimated:
A=ra~23% (1.5)

This result has been verified experimentally and establishes graphene as a candidate

for a transparent atomically thin electrode [41, 36].

1.2.2 Raman spectroscopy of graphene

Raman scattering occurs when a photon is inelastically scattered by a dynamic inho-
mogeneity, such as a vibrational state, in a crystal. Raman spectroscopy is a technique
that focuses on this type of scattering. An incident photon with frequency v, triggers a
transition to a virtual state E* and is re-emitted with frequency 1, such that v; # vy and
E* = hlvy — 1| (figure 1.4). The shift in frequency that the photon undergoes is called
the Raman shift and it’s measured in wavenumbers (cm ™' being the most common unit
of measurement). For positive shifts (1o > 1) one says that the photon underwent a

Stokes process, whereas in the opposite case (1, < v7) it is called an anti-Stokes process.

*DoS(E) = ey
2
M = Bgey)
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To convert between wavelengths and wavenumbers of the Raman shift one can use the

following relation:

1 1
Ak = _ 1.
g <A Aem> (16)

where k represents the wavenumbers, M., is the excitation wavelength and .., is the
emitted light wavelength. A Raman spectrum is a chemical fingerprint of a material and
it gives us information about its chemical structure, intrinsic strains, contamination, and
impurity levels among others. To understand a typical Raman spectrum, we need first to
understand how the scattering of light works in crystalline systems.

Stokes Rayleigh  Anti-Stokes

Raman  Scattering Raman
Scattering Scattering

- Virtual states

V3

NN\~

Vibrational
states

. 7

Vi<Vy Vi1 =Vy V>V

Figure 1.4: Raman scattering.Scheme of a scattering process in which an incident pho-
ton (Upwards arrow) of frequency vy induces a transition into a virtual state. Depending
on the frequency vy of the scattered photon we can identify three possible events. If
11 < o the process is referred to as Stokes scattering. On the contrary, if 14 > vy the
process is called Anti-Stokes scattering. If there is no change of frequency we talk about
Rayleigh scattering.

Let us consider an incident monochromatic electromagnetic wave of amplitude Ey
and frequency wy. For simplicity, let us assume that it has the following form: E =
Eocos(wot — Eo - 7). Upon incidence, the electric field will induce a polarization of the
crystal described by:

P =¢yxE (1.7)

In this expression, Y is the electric susceptibility and €3 the vacuum permittivity. The
incident wave will induce lattice vibrations which can be modeled in terms of normal
modes (phonons) of the form @ = wycos(Ut — ¢+ 7). @ is the displacement vector of the
atoms in the crystal, ¢ the phonon momentum and € its frequency®. These vibrations

induce a change in y. We can take this into account by doing a first-order expansion in

5To avoid confusion, we are going to use {2 for phonon frequencies and w for photons.
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ox\ -
X =Xo+t <6€[>0'u (1.8)

Substituting this into the polarizability we obtain:

— — 1 8 — - - — —
P = coxoE+5e (ag,) tio o (cos((Q +wo)t — (k + ko) - 7) + cos((Q — wo)t — (K — ko) - 7))
0
(1.9)

This equation shows that P acts as a secondary source of scattering and has three
main terms. The first one is called the Rayleigh scattering term and is resonant with the
incident frequency. The other two modes are the aforementioned anti-Stokes and Stokes
scattering. We can understand this as an induced oscillation of the dipoles in the material
which behave like antennas reemiting the scattered wave. We can calculate the intensity
of the emitted field [42] and show that:

— 2
g . Ix Yo o
*\oa) i

where €, and €y are the unit vectors of the scattered and incident fields polarization.

I ocw? o] E| (1.10)

To keep generality, we are going to consider that x is a tensor and we are going to define
the Raman tensor as follows:

R = <a)_<,> . @ (1.11)

ou ) il

From this definition, we see that the Raman tensor has the same symmetry as the corre-
sponding phonon. This will be of importance because it tells us whether the corresponding
phonon can be observed (Raman active) or not in the experimental configuration. In fact,
it can be shown that if a given mode has an irreducible representation with a quadratic
basis function, it is Raman active [43]. In this thesis, we are going to use Raman spec-
troscopy to characterize TMD /graphene heterostructures (Chapter 3). As we have seen
in section 1.2.2, by studying correlations between the G- and 2D-modes of graphene, we
can obtain direct information regarding doping trends and strain in this material. There-
fore, this would be an important probe to monitor static charge transfer that can occur
between the layers in a heterostructure.

In this thesis, Raman spectroscopy will be used to characterize TMD/graphene het-
erostructures (Chapter 3). In the following, we will discuss the main characteristics in-
volving the Raman spectrum of graphene. All of the concepts developed here will be
useful later to understand our results. Figure 1.5 shows a typical Raman spectrum of
graphene. The spectrum is characterized by two main peaks situated at ~ 1580 cm™!
and 2675 cm™! (the G- and 2D-mode, respectively). In the following, we will discuss the

origin of these peaks:
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Figure 1.5: Raman spectrum of graphene. The spectra is characterized by two main
resonances at 1580cm ! and 2670cm ™! associated with the G and 2D modes of graphene.
This measurement was done on a graphene layer deposited onto a SiO, substrate under
cw laser illumination at a wavelenght of 532 nm.

G-mode

Graphene has two atoms per unit cell and, in consequence, six phonon branches (see figure
1.6a). The G-mode is the only one-phonon Raman active mode in graphene. It involves
a phonon in the I' point and it corresponds to the out-of-phase vibration of the two
sublattices with respect to each other. A diagram of this process is shown in figure 1.6b.
Experimentally, we can model the G mode with a Lorentzian profile [44]. By studying
how the linewidth (') and the frequency (wg) of the G mode change with external
perturbations, we can study the properties of graphene. For instance, I'¢ and wg depend
sensitively on doping and their evolution is deeply connected. Intuitively, the presence
of electrons (holes) modifies the lattice constant due to the softening (hardening) of the
carbon-carbon bonds. A change of the lattice constant translates into a modification of
the phonon frequency. In reality, due to strong electron-phonon interactions in graphene,
we observe a similar effect regardless of the sign of the doping (See figure 2.7). Indeed, the
overall change in frequency can be understood as a sum of two terms named: adiabatic

and non-adiabatic (Aws and AwX* respectively).

Awg = Awd + Awd? (1.12)

The first term comes from the adiabatic adaptation of electrons to the motion of the
nuclei. This term is within the Born-Oppenheimer approximation limits, and it tends to
soften (harden) the carbon-carbon bonds upon electron (hole) doping. The second term
arises from electron-phonon interaction and it leads to a renormalization of the G-mode

phonon energy [45]. This strong coupling is a consequence of energy and momentum-
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conservation near the I' and K (K’) points. Notice that at these points, the phonon
frequencies change abruptly. This is known as a Kohn anomaly and it strongly enhances
electron-phonon interactions. At finite temperatures, it has been shown that we can

express these contributions as follows [45]:

Awd = —2.13n — 0.0360n> — 0.00329n° — 0.226|n|*/* (1.13)
A  E’sgn(E)(f(E — Er) — f(E))
NA _ ' g F
Awht = 2PV [m T (1.14)

4

where PV is Cauchy’s principal value, Ar is the electron-phonon coupling constant and
f(E) is the Fermi-Dirac distribution. The variation of I'g also arises from this coupling.
Indeed, the zone-center phonons decay into virtual electron-hole pairs, increasing their
lifetime. This induces a sharpening of the peak as the doping increases. Using Fermi
golden’s rule it is possible to show that the modification of the width is given by:
huw huw

ATlg = );LFW((); X f(—T — Er) — f(T — Ep) (1.15)

We can summarize the effects of both electron and hole doping as follows:
o Upshift of the G-mode’s frequency.

o Sharpening of the G-mode’s width.

2D mode

The 2D-mode arises from a resonant two phonon process connecting the K and K’ points®.
These phonons belong to the iTO branch at K (K’) and have opposite momentum. Phys-
ically, they correspond to the breathing vibration of the six carbon atoms (A;’” symmetry)
as shown in the diagram in figure 1.6c. We can consider that the process happens in 4

steps (See figure 1.6¢):

1. An electron around the K point, with wavevector lgo and energy —hvp‘k?) - K ‘
is excited into a real state with the same wavevector and energy hvp‘k?) - K ‘ by
absorbing an incident photon of frequency wy. This creates an electron-hole pair

and is a resonant process.

2. The electron then interacts with a phonon of frequency 2p and momentum ¢, re-
sulting in the electron being scattered to another real state at the K’ point. This

. This is also a resonant

state has a momentum EQ =q— lgo and energy th’k; ~ K

process.

6Tn fact, the 2D-mode itself is an overtone of the D-mode
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Figure 1.6: Raman modes of graphene.(a) Phonon dispersion of graphene. The solid
lines represent theoretical calculations and the points are experimental data. We can
identify six phonon branches, three acoustic (iLA, iTA, 0TA) and three optical (iL.O, iTO,
0TO). Figure extracted from [46]. (b) 1D schematic representation of the G-mode in the
energy-momentum space. The green arrows represent the absorbed photons, the blue
and red ones represent the emitted phonon (of frequency Q) and photon, respectively.
Horizontal black dashed lines represent virtual states and occupied states are shown in
grey. (c) 1D representation of the fully resonant 2D-mode in the energy-momentum space.
This mode involves two phonons, each with frequency {2p and opposite momentum. The
green arrows represent the absorbed photons, and the blue and red ones represent the
emitted phonon and photon, respectively.

3. Afterwards, the electron is backscattered into a virtual state at the K valley by a

phonon of frequency €2p and momentum —g.

4. The electron-hole pair then recombines and emits a photon of frequency w, = wy —
20 p.

The resonant nature of this mode makes it depend on the energy of the incident photon”.
In practice, one can phenomenologically describe this mode in supported graphene using
a modified Lorentzian profile [47].

Experimentally, I'sp is essentially unaffected by doping, and wsp varies weakly at
moderate doping and stiffens (softens) at high hole (electron) doping. Conservation of
phonon momentum ¢ forbids the resonant decay of the 2D mode essentially 'protecting’
I'sp from doping effects. Moreover, since the phonons involved in the 2D mode are far

away from the Kohn anomalies at the K points, the main contribution of the doping to

"Even though we have described the case on which the process is resonant with the incident photon,
we can also have resonance with the scattered one. In such scenario, the first intermediate state is virtual.
There is even the fully resonant case in which all states are real.
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the wop comes from the adiabatic term [48]. As for Ip, Basko showed [47] that we can

express it as follows:

Lp o ( K )2 (1.16)

Ye—phonon + YD + Yee

where Ye_phonon is the electron-phonon scattering rate, vp is the defect scattering rate,
Yee 18 the electron-electron scattering rate, and yx the zone-edge scattering rate. We
can consider that the electron-phonon scattering can be approximated by a contribution
coming from the I' point and a contribution coming from the K point. In other words,
Ye—phonon ~ YK + yr. For Fermi energies lower than the incident photon energy, Basko

showed that we can write [49].

Ip
/1 \/ | Ep=0
ILD - o (’VD + “Ye—phonon + 006|EF|) (117)
G

Ye—phonon + YD

1.3 Hexagonal boron nitride

Nitrogen Boron

az

Figure 1.7: Hexagonal boron nitride. Lattice structure of hBN. Figure extracted from
[50]

Boron nitride is a compound made of boron and nitrogen with the chemical formula
BN. It exists in many different polytypes, the most stable one being hexagonal boron
nitride (hBN, shown in figure 1.7). It is an insulator with a bandgap of 6 eV and it has a
lattice constant of 2.5 A [51]. Due to the flatness and relatively inert nature of hBN, it

quickly presented itself as a useful substrate and protective layer for 2D materials.

hBN as a substrate

Due to the exposed surfaces of 2D materials, they are sensitive to environmental disorder
which can affect their electron mobility. To reduce this, one can, for instance, use sus-
pended samples. However, these samples tend to be quite fragile. This sparked a search
for a robust homogeneous substrate. In 2010, hBN was used as a terrace for graphene
(1LG), improving its mobility by one order of magnitude with respect to SiOs supported

samples [2]. These early samples were limited by the transferring techniques at the time
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Chapter 1 — Introduction to 2D materials

which lead to contamination in between the layers. Nowadays, hBN/graphene/hBN sam-
ples show ballistic transport over micron distances [52].

Scanning tunneling microscopy (STM) can be used to characterize with atomic resolu-
tion the surface roughness and charge inhomogeneity of hBN-supported samples [53, 54].
Figures 1.8a and 1.8b show STM images of hBN-supported graphene and SiOs-supported
graphene. It is clear that the presence of hBN induces a smoothing of the surface rough-
ness which we can visualize with the help of a histogram of the surface profile (figure 1.8c).
Using hBN as a substrate, one can diminish charge inhomogeneities which can reduce the

mobility of electrons [54].

—_
(@)
~

A Gr/hBN
B Gr/SiO,

0.5

Frequency (arb. units)

0
-700 =350 0O 350 700
Height (pm)

Figure 1.8: STM image of hBN- (a) and SiOy-supported graphene (b). hBN provides a
flatter substrate on which graphene can accomodate. (c) Histogram comparing the height
variations of hBN/Gr and hBN/SiO4 samples. Figure adapted from [53].

hBN-Capping: optical quality

Even though hBN-supported samples are ideal for shielding the material from substrate
disorder effects, the surface of the heterostructure remains exposed to air. We can solve
this by also putting an hBN layer on top of the material and fully encapsulate it. It has
been shown that with full encapsulation one can further improve the conductive properties
of graphene as well the optical properties of TMDs. This translates into emission spectra
with linewidths approaching the homogeneous limit (See section 1.5.2)[55]. Figure 1.9
shows an example of emission spectra of non-capped and capped TMD monolayers. The
origin of these peaks is discussed in detail in section 1.7. The narrowing of the emission
lines is a direct indication of the improved optical quality. Moreover, it has been shown

that one can use hBN to modify the lifetime of excitons in TMDs as we will discuss in
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1.4. Transition metal dichalcogenides

section 1.5.2.

T=4K
MoSe, W882 MOSQ W82

M0862 WSe2 M082 W82

PL intensity (arb. units)

1L\ A A L 4= \

16 1.8 20
Energy (eV)

Figure 1.9: Approaching the homogeneous limit with hBIN. Top: PL spectra of
MoSey, WSes, MoS, and WS, deposited on SiO, taken at 4K. Bottom: PL spectra of
hBN-capped MoSey, WSe,, MoS,; and WS, taken at 4K. We can see the optical quality
improvement of the TMDs through the sharpening of the emission peaks. Indeed, this is
a sign of a reduction of environmental disorder. Figure extracted from [55].

Furthermore, due to its inert nature, we can also use hBN as a spacer to tune interlayer

coupling in vdW heterostructures without affecting the underlying physics.

1.4 Transition metal dichalcogenides

1.4.1 Crystalline structure

Transition metal dichalcogenides are a family of covalently bound layered crystals held
together by Van der Waals interactions. They are composed of one atomic layer made
of transition metal atoms (M) sandwiched in between two layers of chalcogen atoms (X)
arranged in a trigonal prismatic structure. In this work, I used exclusively the 2Hc-
polytype semiconducting TMDs®(M=Mo, W ; X= S, Se). A scheme of this structure

8Unless otherwise specified I will use the TMD abbreviation to refer to 2Hc semiconducting TMDs.
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Chapter 1 — Introduction to 2D materials

is shown in figure 1.10a. Notice that due to the H2c stacking, this polytype presents a

broken mirror symmetry.

1T N

o
K2)

1
%

Energ.y
>

PL Intensity (a.u.)

Zleyers

—T -
14 16 1.8 20 22
Photon Energy (eV)

2Hc (/CaC AcA)

r MK r r MK rr MK rr MK T

Figure 1.10: Crystalline structure of TMDs. (a) Top and bottom view of the 2Hc
polytype. The primitive unit cell is shown with the diamond in the top view and the
square box in the side view. Figure adapted from [56] (b) Calculated band structure
from bulk to monolayer MoS, showing the indirect-to-direct bandgap transition at the
K point. Figure adapted from [57]. The arrows show the lowest energetic transition (c)
Photoluminescence spectra recorded at 300K on mono and bilayer MoS,. The inset shows
the quantum emission yield as a function of the number of layers. Figure adapted from
[58]

1.4.2 Band Structure: Indirect-to-direct transition.

In 2010, it was theoretically and experimentally demonstrated that TMDs undergo an
indirect-to-direct bandgap transition when thinning down from bulk to the monolayer
limit (Figures 1.10b and 1.10c)[58, 57]. A signature of this transition is the large increase
in photoluminescence (PL) emission signal coming from the atomically thin TMDs (figure
1.10c). This transition arises from the changes in the band structure as we approach the
monolayer limit.

In the bulk crystal, the maximum of the valence band (VB) is at the I' point, and
the minimum of the conduction band (CB) is midway in between the I' — K direction
(as shown in figure 1.10b). The proximity between adjacent chalcogen atoms affects the
relative position of the bands since their orbitals overlap?. Meanwhile, at the K (K’) point,
the electronic states are strongly localized over the transition metal'® and are composed
mostly of hybrid orbitals d,2_,2 & id,, in the VB and d,2 in the CB [59, 60, 61]. This
‘protects’ the gap at the K point by shielding it from the influence of adjacent layers. The
combination of these two effects results in an increase of the bandgap at I' as N decreases
until eventually, in the monolayer limit, the indirect bandgap becomes larger than the

direct bandgap at K (figure 1.10b).

9The electronic states at the I' point are influenced mostly by the p, orbital of the chalcogen and the
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1.4. Transition metal dichalcogenides
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Figure 1.11: Band structure of TMDs. Sketch of the band structure at the K and K’
valley of a monolayer TMD for (a) "bright’ (MoSey, MoTe,) and (b-¢) "dark’ (WSey, WSa,
and MoS,) TMDs. The lowest spin-allowed energy transition is called the A-exciton (X9)
whereas the highest is called the B-exciton (X%). (c) Sketch of band structure at the K
and K’ valleys of a dark monolayer TMD showing the spin-(s — X%) and momentum-
forbidden (k — X%) transitions.

1.4.3 Fine structure of TMDs: spin-orbit coupling

Due to the transition metal d-orbitals, TMDs exhibit strong spin-orbit interaction which

lifts the spin-degeneracy of the bands. The magnitude and sign of the split AgOBéVB

varies from 160

depend on the symmetry of the orbitals involved. For instance,
meV (in MoSe; and MoSy) up to 400 meV (in WSey; and WS,), whereas for ‘Aggc‘ is
one order of magnitude smaller [62, 63, 64, 65, 66]. More interestingly, depending on the
choice of the transition metal, the sign of AgOBéVB can be different for the CB and the
VB within the same valley. In W-based TMDs, the splitting occurs in the same direction
(ASE. > and AYS. > 0) and in Mo-based TMDs the opposite is true (A5, < 0 and
AY5. > 0). The immediate consequence is that in Mo-based TMDs, with the exception
of MoS,, the lowest energy transition is spin-allowed, whereas, in W-based TMDs, it is
spin-forbidden. As a result, Mo-based TMDs are referred to as "bright" whereas W-based
TMDs are "dark"''. The values of AggéVB for different TMDs are shown in table 1.1. A
sketch of the band structure of bright and dark TMDs is provided in figure 1.11. We can
see that the splitting of the bands happens in opposite directions for the K and K’ valley
and gives rise to two spin-allowed transitions per valley: X9 and X% (see figure 1.11).
The last ingredient necessary to understand the fine structure of the bands comes from
a symmetry argument. Due to their crystalline structure, inversion symmetry is broken
in monolayer TMD. Consequently, optical selection rules become chiral, and circularly

polarized light ( ot and ¢7) can couple selectively to one of these transitions. This

d,2 orbital of the transition metal.

10The contribution of the chalcogens is negligible in comparison.

HSometimes "dark" TMDs are referred to as "grey"'. The reason is that the lowest energetic transition
can be excited under appropriate geometries.
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Chapter 1 — Introduction to 2D materials

valley-dependent optical selection rule effectively ’locks’ the spin and valley degrees of

freedom.

System w (mq) Ey (meV) E, (eV) AYS.(meV) A§E (meV)
hBN/MoSey/hBN  0.275 + 0.015 221 2.160 160-200 20
hBN/WSey/hBN  0.350 + 0.015 231 1.874 400-500 -36
hBN/MoS,/hBN  0.175 £+ 0.007 180 2.238 140-150 -14

hBN/WS,/hBN 0.24+0.01 167 1.890 320-430 -30

Table 1.1: Table containing different parameters for TMDs such as effective mass u, the
excitonic binding energy Ej, the electronic bandgap F, and the VB and CB splits due to
spin-orbit coupling.These values are extracted from the following articles [66, 62, 63, 64,
65, 67, 68]

1.4.4 Optical properties of TMDs

A semiconductor can be excited by promoting an electron from the valence band to the
conduction band, leaving an empty electronic state behind. This empty electronic state
behaves like a positively charged particle referred to as hole. Electrons and holes can bind
together through the Coulomb potential. This bound electron-hole pair can be described
in terms of a quasiparticle known as the exciton. It is essential to distinguish between
the energy required to induce an interband transition (the energy required to create a
free electron-hole pair) and the energy required to create an exciton (i.e., bound electron-
hole pair). The former is referred to as the electronic bandgap or free particule
bandgap, and the latter is referred to as the optical bandgap. The difference between
the two lies in the binding energy of the exciton (see section 1.8). Furthermore, in TMDs,
excitonic effects are important due to the reduced dimensionality and relatively large
effective masses, as we will discuss in section 1.5. As a result, the optical properties of
TMDs are entirely dominated by excitons, which, as we will see now, appear as sharp

resonances in both absorption and emission spectra.

Optical absorption in TMDs

In section 1.4.3, we have seen that there are two allowed electronic transitions per valley.
As a result, one has two absorption bands associated with these transitions denoted A-
exciton (XY) and B-exciton (Bjs). The X corresponds to the lowest energy transition
and Bj; to the highest. Figure 1.12 shows a differential reflectance spectrum (see chapter
2) on which we can observe dips associated with the absorption from these quasiparticles.
The resonance marked as X* originates from another excitonic species that we will discuss

in section 1.7.
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1.4. Transition metal dichalcogenides
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Figure 1.12: Reflectance contrast of hBN-capped MoSe,. The neutral A-exciton
(marked X©) is signaled as well as the B exciton (Bj,) and a charged exciton (X*).

The reflectance of the TMD contains information on the monolayer’s absorption and
therefore on the light-matter interaction in TMDs. This quantity is linked to the absorp-
tion coefficient and as a first approximation, it can be modeled in terms of a modified
Lorentz oscillator [62, 69, 70]. However, one must be careful since this does not take into
account interference effects that can modify the DR spectra. Nevertheless, the Lorentz
oscillator model provides us with a simple picture to describe the underlying physics. In
this approximation, excitons act as oscillating dipoles with energy £, in a medium of
complex refractive index n, + iky. As a result, the dielectric constant of the medium can
be written as:

Aye
B2 — E? —iy,E

E(E) = (’I’Lb —|— ikb)Q —|— Z

p

(1.18)

Where A, is an amplitude, /3 is a phase factor, and 7, is the damping that accounts
for the width of the resonances. This is a phenomenological model that captures well the
interaction between the TMD and light. The phase factor S allows us to include the effect
of additional processes that can alter the absorption profile. For instance, the interaction
between excitons and a continuum of states can induce Fano-like shapes of the dielectric
constant [62].

Emission spectra of TMDs

Similar to absorption, the emission of TMDs is dominated by excitonic effects. Figure
1.13a shows room temperature photoluminescence (PL) spectra of 4 different TMDs.
These spectra are characterized by one intense resonance corresponding to the radiative

recombination of the A-exciton. This resonance has a linewidth given by ~kgTand is
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Chapter 1 — Introduction to 2D materials

broadened further due to the presence of inhomogeneities in the environment. At low
temperatures, the PL spectra are much sharper and more complex (figure 1.9). These
spectra display a manifold of transitions arising from other excitonic particles that we will
discuss in section 1.7).

In PL, one uses a photon to induce an electronic transition between the VB and the CB
of the TMD (see figure 1.13b). After this process has occurred, the hot carrier population
rapidly relaxes through phonon emission and forms excitons in the process. These excitons
can be formed either inside (cold excitons) or outside (hot excitons) the light cone. The A-
exciton is the lowest energetically allowed transition and therefore defines the threshold
for optical absorption and emission (and, in consequence, corresponds to the optical
bandgap). Hot luminescence from higher-lying states can also appear in PL, but it is

less intense (e.g., small shoulder in the green spectra in fig. 1.13a).

(a) | | (b)
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Figure 1.13: Photoluminescence of TMDs.(a) Typical room temperature photolu-
minescence spectra of hBN-capped MoSe,, hBN-capped WSey, hBN-capped MoSs and
WS, /ITO. For each TMD, the spectra are composed of a sharp resonance corresponding
to the recombination of the neutral A:1s exciton (X°). The position E and FWHM (T")
of each peak are indicated in the table on top of the spectra. (b) Scheme of the photo-
luminescence process in TMDs. The electronic (F¢g) and optical bandgaps (Fx) of the
TMD are shown in black and red, respectively. An incident photon of energy hr; (shown
in blue) is absorbed by the TMD. Upon non-resonant excitation, excitons can be formed
in highly excited states. Afterward, excitons recombine radiatively by emitting a second
photon of energy hry = Ex (shown in red).

1.4.5 Phonons in TMDs

TMD layers have three atoms per unit cell and, as a consequence, host nine different
phonon modes (Figure 1.14). In contrast to graphene, no Kohn anomalies are present and

as a consequence, electron-phonon interactions are weaker than in graphene. Furthermore,
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1.5. Excitons in TMDs

due to their heavier atoms, their typical phonon frequencies are lower as well. These range
from 150 cm ™! to 500 cm ™.

400 I" phonons
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Figure 1.14: Vibrational properties of TMDs. Phonon dispersion relation calcu-
lated for MoSe2 monolayer. The diagrams on the right hand side of the graph represent
the atomic displacement associated with each phonon mode. Figure extracted from [71]
(original data from [72]).

These properties can be probed using the Raman effect as described for graphene in

section 1.2.2. However, this is out of the scope of this thesis.

1.5 Excitons in TMDs

Strictly speaking, excitons arise from the direct Coulomb interaction between an electron
and a hole. To understand what is meant by this, we need to look at the Coulomb
interaction at small scales. Indeed, when we consider the fermionic nature of electrons, we
can discriminate between two different contributions arising from the Coulomb potential.
The first contribution corresponds to the classical Coulomb interaction and it is the term
that defines the binding energy of the exciton. The second contribution arises from a
purely quantum phenomenon: Pauli’s principle. This term is dominant at short distances
and takes into account the electron and hole spin as well as their valley index. This has a
direct impact on the separation between different states involving bright and dark excitons
and therefore defines the fine structure of the excitonic states. Let us illustrate briefly
these terms using a simple example. Consider two charged particles (e.g. an electron and

a hole) interacting in a vacuum. The Hamiltonian for such a system is given by:

H=H,+H,+ V¢ (119)

In this expression H, and H, are the free-electron and free-hole Hamiltonians and Vg

is the Coulomb interaction. Suppose that we know the free-particle wavefunctions |a;)
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Chapter 1 — Introduction to 2D materials

and |bg), such that H,|a;) = E,|a1) and Hy |by) = Ej|be). Where E, and Ej are the
associated eigen-energies. Then, we can construct an Ansatz to solve the Schrodinger
equation for this system. To simplify things further, let us assume that we can separate

|W) in its spatial- and spin-dependent parts (’¢S/A> and ‘9‘4/ S > respectively).
@) = [9/4) [94/%) (1.20)

The superscript S/A indicates the symmetry of the wavefunction (S for symmetric
and A for anti-symmetric). Since the Coulomb potential does not depend on the spin of

the charges we can forget momentarily about ‘GA/ S > and write:

[554) = 5 (ali$)b(7%)) & b)) (1.21)

It is interesting to notice that it is the Pauli exclusion principle that imposes the sym-
metry of the spin-dependent part of the wavefunction even though the Coulomb potential
depends only on the spatial part. From this expression we can compute the expectation

values of the Coulomb potential:
(V)sya = {a1bs| Vo |arba) £ (arbe| Vo |ashy) (1.22)

The first term on the right-hand side corresponds to the direct term (D(7, 7)) and
the second one to the exchange term(J(7,7)). Let us express these terms in their

integral form:

[@a (P[5 (72)[”
D(7, ) //d3r dry R (1.23)
5. . 9a(T1) 05 (72)Pa(72) 96 (1)
J (71, 72) / d’rid’r Py (1.24)

From these equations, we can conclude that the exchange term becomes negligible at
large distances. Indeed, this integral depends on the term ¢,(7%)@,(71) (orbital overlap of

the wavefunctions) which vanishes at large separations [73].

1.5.1 Exciton binding energy

At first order, solving the "exciton problem" is equivalent to solving a Schrodinger equation
for a hydrogen-like system. Therefore, it presents a Rydberg-like series of excited states.
Indeed, using the effective mass approximation, the calculated exciton binding energy can

be written as:

~Ry(H) = —X (1.25)



1.5. Excitons in TMDs

In this equation, p is the reduced mass of the electron-hole system'?, my is the free
electron mass, n is the principal quantum number, € is the dielectric constant of the
medium, and R, is the Rydberg constant for hydrogen. However, equation 1.25 applies
for a 'bulk’ semiconductor where the electron and hole can move freely. In the monolayer
limit, quantum confinement becomes important, and the 3D-hydrogen model is no longer
accurate. To account for the confinement, one can add a potential Vj to the Hamiltonian
of the system!®. The corresponding 2D hydrogenic series can be written as'4:
Ex

TR TR

(1.26)

This equation captures the effect that dimensionality plays on the Coulomb inter-
action. As we approach the monolayer limit, the screening of the surrounding medium
decreases, and therefore the Coulomb interaction becomes stronger. Indeed, we can verify

this if we combine equations 1.25 and 1.26:

TL2

EPJEP = OV > 1

A back-of-the-envelope calculation allows us to estimate exciton binding energies in
TMDs in the 500 meV range!®. This is a substantial value compared to other more
common semiconductors such as bulk GaAs or AlGaAs/GaAs quantum wells where the
binding energies are 4.3 meV and 21 meV, respectively [76]. This enormous binding energy
is the reason why excitons in TMDs can be observed even at room temperature. Typical
values for excitonic binding energies and effective masses of TMDs are reported in table
1.1.

Despite the success of the 2D hydrogen model, experimental evidence showed that
it is not enough to describe the full Rydberg series of excitonic states [77]. Figure 1.15a
shows the differential reflectance contrast spectrum (see section 1.4.4) of a monolayer WS,
measured at low temperature. Each resonance is a signature of an excited excitonic state.
Plotting the energy position of the resonances as a function of the principal quantum
number n (figure 1.15b), one can see that for small values of n, the trend does not match

the expected 0 dependence. Instead, for small n, the Coulomb potential behaves as

1
n—1/2)2
log(r), where r is the electron-hole distance. To understand this non-hydrogenic behavior,

we must look at some of the limitations of the 2D-hydrogen model:

1. We have neglected the interaction along the z-direction. The electric field permeates

12The latter is given by pu = WZC:;% where m} and mj are the electron and hole effective masses
respectively. '

13This confinement potential is usually assumed constant, and it is equal to the work function of the
surface.

MFor simplicity, we have omitted the solutions on the "z" direction. The confinement leads to an
additional term on the binding energy similar to an electron trapped in a finite quantum well.

15The parameters taken for the calculations were = 0.25 mg and .5 = 5 [74, 75].
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Figure 1.15: Non-hydrogenic Rydberg series.(a) Derivative of the reflectance contrast
for monolayer WS, on SiOs. The 1s A-exciton is visible as well as its corresponding
Rydberg series up to the 5s state. The inset shows the full spectra and the absorption
line corresponding to the B-exciton as well. (b) Experimental and theoretical values of
the transition energies as a function of the quantum number. The 2D-H model is not
sufficient to explain the behavior at low n. The inset shows the effective screening as a
function of the quantum number n. Figures adapted from [77].

both the TMD and the region outside the monolayer (See figure 1.16a).

2. We did not take into account the different dielectric constants of the TMD and its

surroundings.

In consequence, the Coulomb potential does not behave like a % function. Instead, to
take into account the effect of the geometry and the dielectric properties of the surround-

ings one can use the Rytova-Keldysh potential [77, 78]:

Vi) = (H) B (D) v (D) (1.27)

In this expression, Hy and Y, are respectively the Struve and Neumann functions,
r is the distance between the hole and the electron and ry is a parameter that can be
understood as a screening length. In reality, r( is a crossover term between two electron-
hole distance regimes. The typical value for rg varies depending on which method was used
to compute it; in general, it ranges from 30 up to 80 A[??, 74]. The "effective medium'
model agrees with the observed deviations from the 2D hydrogenic series (figure 1.15b).
Interestingly, one can recover the % distance dependence for r > rq. We can understand
this in terms of an interplay between the screening and the spread of the electric field
lines (See figure 1.16b). In the long-distance regime (r > ry), the screening is essentially

that of the surroundings, and the electron-hole pair behaves as a 2D-hydrogenic system.
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1.5. Excitons in TMDs

In contrast, for » < 7y, most of the field is confined inside the TMD, and the effective

screening increases.
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Figure 1.16: Effective medium model.(a) Real-space comparison between a 3D and a
2D-exciton. The 3D exciton ’feels’ the full e3p screening, whereas the 2D excitons 'feel’
the effect of the surrounding medium. (b) For larger n states, the field permeates more
the weaker surrounding medium, and therefore the effective screening decreases. Figures
adapted from [77]

One can go further into the formalism; some of the hypotheses should be revisited
and justified further. For instance, since excitons are tightly bound, their Bohr radius
is small (~ 1 nm), and in consequence, their spread on the reciprocal space is large.
This means that they could be sensitive to the non-parabolicity of the bands, and the
effective mass approximation is then questionable. Nevertheless, the effective medium
approximation agrees quite well with the experiments and gives us an excellent simple

model to understand the physics behind excitons in TMDs.

1.5.2 Exciton dynamics

As it moves through the crystal, an exciton interacts with its environment. This inter-
action gives rise to energy and momentum transfers that eventually open new exciton
relaxation pathways. This process is called exciton recombination and it happens on a

typical timescale 7x which depends on both intrinsic and extrinsic factors.
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Radiative recombination

Radiative recombination is an intrinsic process that occurs when an exciton loses its energy
through photon emission. This corresponds to the spontaneous decay of the exciton and
it happens on a characteristic timescale 7,.,4 which depends on the coupling between the
exciton and the surrounding EM field. Due to the strong Coulomb interaction in TMDs,

radiative recombination occurs in ps-timescales at low temperatures [19].

Non-radiative recombination

As its name suggests, this process occurs when the exciton loses its energy through any
other mechanism that bypasses light emission. For instance, excitons can be scattered
by defects in the lattice or give their energy away to phonons. These processes and their
efficiencies are therefore entirely driven by extrinsic factors such as strain, temperature,
and energy and charge transfer towards nearby materials. We are going to denote the

characteristic timescale for non-radiative recombination as 7,,..

Quantum yield

From the previous discussion, we conclude that the excitonic dynamics are determined by
a competition between radiative and non-radiative recombination. We define the emission

quantum yield 7 as

Frad

1.28
Frad + Fnr ( )

’]’/:

Where I',.4, I’ are the radiative and non-radiative recombination rates. The total rate

I' =T,,q + ', is given by the inverse of the exciton lifetime.

or equivalently:

= = + — (1.29)
TX Trad Tnr

At room temperature, excitons in TMDs have lifetimes in the order of a few ns.
However, at low temperatures, non-radiative processes become less efficient and radiative
recombination dominates the dynamics. As a result 7x shortens down to few ps [19]. In

the following, we are going to discuss briefly both the low and room temperature regimes.

Low temperature dynamics

Radiative decay is driven by spontaneous emission and it is a fully intrinsic process. To
decay radiatively, the exciton must be able to couple to light. This coupling depends on

many factors such as:
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1.5. Excitons in TMDs

¢ Occupation number of VB and CB: The transition occurs from an occupied

CB state to an unoccupied VB state.

o The density of states of the bands: There must be an initial electronic state
and a final one. That is, DoS(Ecp/vg) # 0.

e Energy conservation: The emitted photon of energy hr must respect energy
conservation. This means that for an exciton with a center-of-mass momentum

Koy :
R K?
hy = By + ©exe 1.
YV, (1.30)

e Momentum conservation: To couple to free propagating light, the center-of-mass
momentum of the exciton has to match the in-plane momentum of the photon ¢y,
such that:

Qo = Koae (1.31)

This means that there is a continuum of photon states that satisfy the condition:

hv
= — = /K2 +¢2 1.32
q C exc qZ ( )

Where ¢ is the momentum of the emitted photon, and ¢, is its out-of-plane momen-
tum component. Notice that the freedom of choice of ¢, gives rise to completely
intrinsic recombination paths. In the ideal 3D case, momentum conservation would
impose that K. = (Ky, Ky, K) and ¢ = (¢4, qy, ¢-) must be equal. This is satisfied
only by 1 photon mode. Moreover, as this photon propagates through the crys-
tal, a nearby lattice site can reabsorb it, creating another exciton in the process.
This everlasting emission-reabsorption process can be described in terms of a hybrid
quasiparticle called exciton-polariton giving rise to radiative recombination rates

that depend on extrinsic processes such as scattering with defects or with phonons.
We can deduce the following relation from equations 1.31 and 1.32:

q > Ke:vc

This condition defines a region on which excitons can couple to light. For optical
frequencies at normal incidence, this so-called lightcone has a width of ¢'= 27” ~ 10" m~!
which is much smaller than the typical size of the first Brillouin zone k= %” ~ 10 m~1
This means that we can consider essentially vertical transitions. To recombine radiatively,

excitons residing outside of the lightcone must give away their momentum either to de-
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fects or phonons. For 2D-Wannier excitons and light propagating perpendicular to the

monolayer, the intrinsic radiative lifetime can be written as:

1 1 he / Ex \?
0o _ _ 1 2D2 1.33
Trad 2F0 2qu (thK> (a‘B ) ( )

Where € is the dielectric constant, a2 the exciton’s Bohr radius and vy is a parameter
related to the interband matrix element of the electron’s momentum'®[79]. With this
in mind, there have been theoretical approaches to calculate the parameters shown in
equation 1.33. For a binding energy of 500 meV, a radiative lifetime of 0.3 ps can be
estimated [19]. This lifetime is shorter than the measured values which are in the 2
ps range. The disagreement between theory and experiment comes from the out-of-
equilibrium nature of the initial exciton population. Indeed, as a consequence of the
quasi-resonant excitation, the exciton population resides entirely within the light cone
and is not in equilibrium with the lattice. Exciton-phonon interaction thermalizes such a
population on a timescale that is much slower than the intrinsic recombination lifetime.
As a consequence, light emission occurs prior to thermalization. This has been confirmed
in time-resolved photoluminescence spectroscopy measurements (TRPL, see section 2.3.4)
where 7y can be directly accessed. Figure 1.17a shows a series of TRPL spectra recorded
at different temperatures. The inset in the figure shows the extracted value for the lifetime
as a function of temperature. We can see that 7y remains constant from 4K up to 40K
for monolayer MoSes. To understand why this is a signal of non-equilibrium dynamics,

let us discuss the effect of temperature.

Temperature effect on the exciton dynamics

Figure 1.17b shows a scheme of the dynamics of an out-of-equilibrium excitonic popula-
tion. In general, this population should thermalize either by exciton-exciton interaction
or through phonon emission. These thermalization paths can ’kick out’ a fraction of the
excitons from the lightcone on a timescale 7.... This appears as a second longer decay
time in TRPL spectra. Therefore, the experimentally measured excitonic lifetime (7x)
has two competing components: the exciton-phonon interaction and the intrinsic radia-
tive recombination. In other words, we can consider i =+ + -1 As we ramp up

Trad Tesc

the temperature, exciton-phonon interaction becomes more frequent and therefore, 7.,
becomes smaller. When 7., < Tfad, temperature-driven effects become dominant and
the recombination dynamics can be considered as coming from a thermalized excitonic
population. This means that for intrinsic radiative times shorter than the typical exciton-
phonon interaction time, 7y is temperature independent as shown in figure 1.17a for
T < 40K.

16Usually referred to as the Kane velocity.
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Figure 1.17: Low temperature excitonic dynamics.(a) TRPL spectra of MoSe; from
7K to 125K. The inset shows the evolution of the decay time as a function of T. We can
see that up to 40K the lifetime remains mostly unaffected. (b) Scheme of the excitonic
population before thermalization (left), at short times some of the population escapes
from the light cone. At longer timescales, once the population is thermalized (right) we
end up with an effective recombination lifetime which is longer than the intrinsic one. (c)
TRPL spectra of MoSe; from 100K to 300K. The intensity of the excitonic emission line
is shown in the inset as a function of temperature. The sharp decrease of intensity occurs
because non-radiative processes are no longer negligible. Figure adapted from [19]

If we want to describe the regime for which a thermalized population can be considered,
we must perform a thermal average on the exciton decay rate. It can be shown that the

corresponding correction to the radiative lifetime is given by'?[79, 19]:

eff o SkBT 0

_ b 1.34
Trad 2EOT (3)

rad

where FEy = (hKx)?/(2Mx) is the kinetic energy of the excitons within the lightcone
and T is the temperature of the lattice. 7¢f represents an effective radiative lifetime and
scales linearly with T. This expression is correct as long as kg7 is significantly larger than
the homogeneous linewidth of the exciton and its kinetic energy. The inset in figure 1.17a
shows that this effective model explains the behavior of 7x for T" > 50 K. As a broad
estimation, at 60 K (kgT ~ 5 meV) 7°% ~ 1 ns for Ey < (hkg)?/2M =~ 13ueV. Although
the qualitative agreement between this model and the experiments is remarkable, we
need to consider non-radiative processes. Indeed, for 7" > 100K, non-radiative processes

become important. This translates into a sharp decrease in PL intensity as shown in the

inset of figure 1.17c.

17 Althought not included in the calculation, it is important to mention that this rate will also be
affected by spin- and momentum-forbidden inter- and intra-valley scattering.
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This temperature-induced quenching can be understood if we come back to equa-
tion 1.28. As temperature increases, Tyaq and 7, change. On one hand, 7, is (among
others) given by thermally activated phonon-induced processes, and hence 7, decreases
with temperature. On the other hand, the radiative lifetime is an increasing function of
temperature (equation 1.34). In TMDs, the situation is made more complex since the
lowest-lying exciton may be either optically bright (for MoSe; and MoTey) or dark (for
WSesz, WSs). In the former case, an overall decrease of the luminescence quantum yield
is observed as T increases [62]. In the latter case, the PL signal will be reduced at low
temperatures because the dark excitonic state will be mostly populated [80]. As the tem-
perature increases, the higher-lying bright exciton (located typically ~ 30-40 meV above
the dark state) is thermally populated, giving rise to an overall increase of the lumines-
cence yield as T augments [62, 80]. The existence of a lowest-lying dark or bright state
therefore has major consequences on the low-temperature emission spectra of TMDs as

shown in figure 1.20.

1.5.3 Tuning the excitonic dynamics with hBN

In section 1.3 we saw that encapsulating a TMD with hBN led to narrow emission lines
approaching the homogeneous limit. This is directly linked to the homogeneous substrate
provided by hBN as well as the protection from environmental contaminants. However,
the encapsulation of hBN also has a fundamental effect on the excitonic dynamics. For
practical reasons, in PL spectroscopy, one uses laser excitation higher than the excitonic
energy. As it was discussed before, this creates an out-of-equilibrium excitonic population
that will relax rapidly through phonon emission towards excitonic states within the light
cone. This relaxation time 7, depends sensitively on the environment and its homogene-
ity and is typically in the order of hundreds of fs. The first effect of hBN encapsulation is
to provide a homogeneous environment; as a result, exciton-phonon interaction is reduced,
and T, increases up to 18 ps [25]. However, hBN encapsulation also affects the recombi-
nation dynamics. Indeed, from equation 1.15 we can see that dielectric screening modifies
the radiative recombination lifetime. The higher the dielectric screening, the longer the
radiative recombination time. Furthermore, there is a second effect that is also present
and can dominate the intrinsic dynamics of the excitonic population. It has been shown
that the encapsulation with hBN modifies the local density of optical states since hBN
defines an optical cavity together with the underlying Si/SiOs substrate (Figure 1.18a).
This modification gives rise to a Purcell-like effect which modifies 7%, In fact, it modifies
it in such a way that we can selectively tune 72 ;, by appropriately choosing the thickness
of the bottom hBN layer [25], as it is shown in figure 1.18b. Therefore, by encapsulating
with hBN, we have a way to tune the dynamics of excitons in TMDs. We will exploit this
effect in chapter 3.
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Figure 1.18: Tunable excitonic dynamics. (a) Scheme of the hBN-capped samples.
(b) Radiative recombination lifetime as a function of the Bottom hBN thickness. We can
see that by selectively choosing this thickness we can tune the value 7. Figure extracted
from [25].

1.6 Spin-Valley properties

The remarkable spin-valley properties of TMDs arise from the combination of spin-orbit
coupling and the lack of inversion symmetry. Indeed, these two effects cause the spin and

valley degrees of freedom to lock. To understand why, let us discuss each effect separately:

1. Spin-orbit coupling: Spin-orbit coupling (SOC) is important in TMDs because
of the d-orbitals contribution coming from the transition metal. Time-reversal sym-
metry imposes that the consequent band splitting occurs in opposite directions for
the K and K’ valleys. This can be understood by taking a look at the spin-orbit

Hamiltonian.
Hso x L-S = (Fx hk)-§ (1.35)

Where L is the orbital angular momentum, S is the spin of the carrier, 7 is the
position and k is its wavevector. This expression explicitly shows the coupling

between k and S. From this, one can deduce the following relations:

HSO(K7 T) = HSO(_K7 \L) = _HSO(K7 \l/) = _HSO(_Ka T) (136)

Meaning that for different valleys, the split must be of opposite sign: E(K,?T) =

2. Lack of inversion symmetry: In section 1.1.2, we saw that the CB is influenced
by d,». This means that for the corresponding electronic states [ = 2 and m = 0. In
the case of the VB, we have | = 2 and m = +2 instead. In a crystal with inversion
symmetry, K and K’ are completely equivalent. In monolayer TMDs this is not

the case, meaning that the value of m must be different for each valley. Since o*
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polarized photons carry +1 units of angular momentum, dipole-allowed transitions

become chiral and therefore valley dependent.

To summarize, the consequence of the strong spin-orbit coupling is that the lowest
allowed transitions in each valley have opposite spins. The consequence of the lack of
inversion symmetry is that we can address one valley only with one handedness of light
and not the opposite. If we combine both, it means that one can deliberately create spin-
polarized excitons in one valley or the other with a suitable polarization of the incident

light. This is what is called spin-valley locking.

Valley polarization and valley coherence

In TMDs, spin-valley locking allows us to draw an analogy between the K and K’ valley
and a spin—% system. Indeed, since the exciton’s components can be in either valley, we
can define a "pseudospin" that accounts for this. An exciton whose components are in the
K valley can be labeled as having a valley pseudospin of |+1) whereas in the K’ valley its
pseudospin is |—1)!¥. With this analogy, we can see that the binary nature of the valley
pseudospin could be interesting for information storing [81]. Any application, however,
is limited by the spin-polarized population lifetime and its coherence. In a device, the
exciton must preserve its pseudospin at least as long as a gate operation time. Therefore,
it is imperative to understand the dynamics of valley polarization. To quantify the degree

of polarization, we use the following quantity:

B ]Co(o.i) _ ]Cross(o.i)
pP= ICO(O-i)+ICr0ss(Ui)

(1.37)

Where p is the degree of polarization and I°°(c*) and 1°5(o*) are the o* (u = =)
component of the emitted light when exciting with the same (Co) and opposite (Cross)
polarizations respectively. Experimentally, we can choose to excite with linearly polarized
light instead of circularly polarized. In this situation, we excite a coherent superposition
of both pseudospins. Indeed, let us write linearly polarized photon states in a circularly

polarized base.
V) = \;5 (Jo) = o)) (1.38)

|H) = \}5 (lot)+1]o)) (1.39)

In these expressions, |V) and |H) stand for the vertical and horizontal polarization

states of light. From the expressions above, it is clear that each component will excite

18Tt is important to emphasize that the exciton is created with zero momentum. This means that the
exciton itself is located at I'.
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populations with different valley pseudospin.

|y Lacites, j§<|+1> —|-1) (1.40)

1

V2

These coherent superpositions provide us with a probe for decoherence. If the emitted

|H) <200~ (|41) + |—1)) (1.41)

light remains with the same polarization as the excitation, then the valley coherence is

robust. We can quantify the degree of valley coherence for a given polarization as:

1) = 19 ()
T T+ 1)

(1.42)

Where I5°(11) and I77°% () stand for the p polarization-component of the PL intensity
(u,v =V, H) under Co-polarized and Cross-polarized excitation respectively. In the ideal
situation, v and p should be equal to 1. However, in realistic systems, this is not the case.
Decoherence and spin relaxation arise naturally from the interaction between the exciton
and its environment. For example, coherence will be lost when the exciton undergoes
scattering events with defects, phonons, or other excitons. These events randomize the
exciton’s phase and as a consequence v decreases.

Similarly, some of these interactions can flip the exciton pseudospin and effectively
destroy the degree of valley polarization. For this process to occur, the electron and the
hole must jump from one valley to the other. The mechanism behind this is still a matter
of debate. The values of v and p, therefore, depend on the interplay between the exciton’s
lifetime 7x and both the intervalley scattering time (7,) and the decoherence time (7).
Indeed, we can model this process using rate equations for the excitonic populations. For
circularly polarized light, the intensity of emitted light in a given valley is proportional

to its excitonic population n. Using this, we can rewrite equation 1.37 as:

nt —nt

—_ 1.4
nt +nF (1.43)

p:

Where nt (n7) is the excitonic population in the K (K’) valley. Let us suppose that

we begin with n* in the K valley, the rate equation for the population in the K’ valley

reads:
nt(t) n () n(t
Ty Ty TX
In the stationary limit n~ = 0 and the previous equation can be written as:

1,1
— + —_
nt = (T“lTX) n- (1.45)
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Substituting this result into equation 1.43 we obtain:

B 1
_1+27X

T

p (1.46)

This is the expression for the valley polarization as a function of the characteristic
timescales of the system. If the TMD is excited slightly off-resonance, the relaxation of
the hot excitons can create a finite population in the K’ valley. We can take this term

into account by multiplying the former expression by a value py < 1.

£o
p= s (1.47)

In the case of coherence, we can use a similar approach to quantify it. This time,
instead of defining rate equations for each valley, we are going to define rate equations for
the coherent and decoherent populations. Let us assume we create a coherent population
n., this population can either lose its coherence and 'feed’ the decoherent population ny
or recombine and emit coherent light. That means that for the decoherent population:
ng N Ne

g =——2
TX Te

(1.48)

If no other dephasing mechanisms are present, then intervalley scattering is responsible
for the destruction of the coherence. In other words 7. = 7,. This allows us to rewrite the
former expression as:

Mg 1 E

g = ——
X Ty

(1.49)

To calculate v, let us take a look at equation 1.42. The intensity of the detected light
depends on the contribution of the coherent and decoherent populations. The decoherent
part of the emitted light contains both polarizations equally (V and H), whereas the
coherent part preserves the excitation polarization. That means that for co-polarized
detection, the intensity consists of the coherent population and half the decoherent one,

and for cross-polarized detection, it contains only half of the decoherent one. In other

words: .
I19°(p) o< ng + JMd
Cross 1
19 (1) o< =g
2
Then equation 1.42 can be reduced to:
Ne

= 1.50
i Ne + Ng ( )

Finally, substituting the stationary solution of equation 1.48 into the former expres-
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sion, we obtain:

(1.51)

If we compare equations 1.51 and 1.47, we see that coherence is more robust than the
polarization. This is true only if intervalley scattering is faster than any other dephasing
mechanism in the system. In addition, we must not forget that to undergo an intervalley
scattering, both the electron and the hole must flip their spin. Therefore, to understand
intervalley scattering we must investigate spin relaxation in TMDs. In general, for a

semiconductor there are 4 main ways in which spin relaxation can occur!®:

@ o<1 i
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Figure 1.19: Mechanisms of spin relaxation in semiconductors. (a) Depiction of
the Elliot-Yaffet mechanism in which successive collisions induce an admixture of spin
up and spin down states. (b) Dyakonov-Perel mechanism: interaction with scattering
centers can be modeled as effective magnetic fields which can induce a spin flip. (c)
Exchange interaction: Both electron and hole act as a dipole and can induce the creation
of an exciton with opposite pseudospin. (d)Hyperfine interaction: Spin flip caused by the
interaction with the nuclei of atoms. Figures (a),(b) and (d) are extracted from [82].

(d)

1. Elliot-Yaffet (EY): This process is shown on figure 1.19a. It happens when an
electron scatters with impurities or with phonons. The exciton feels an electric field
close to impurities that generate SOC. This interaction mixes spin-up and spin-down
states making the coupling matrix element (1| Hsoc |[{) # 0. After several scattering
events, the spin can be flipped. It happens in semiconductors with and without an
inversion center but is not an efficient process. The EY mechanism induces 1 spin
flip every 10° collisions more or less [82]. In TMDs, due to the spin-valley locking,

EY processes are not significant. Indeed, to relax the spin, the electron and the hole

9This part is based in reference [82)]
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have two options: either they undergo an intraband transition within their valley or
they jump to the opposite valley in an interband transition. In the case of intravalley
scattering, the hole must jump across a ~ 100 meV energy barrier (see table 1.1).
In the case of intervalley scattering, spin-valley locking imposes that both electron
and hole must simultaneously flip the spin and jump to the other valley. This means
that we expect long spin relaxation times and therefore high degrees of polarization.
However, this is not the case, it has been shown that the neutral exciton has a fast
depolarization time. In other words, to undergo an EY process we need a sharp

magnetic scatterer that increases the possibility of a spin flip [64, 83].

2. Dyakonov-Perel (DP): This process is shown in figure 1.19b. It is typical of
semiconductors without an inversion center. In a DP process, SOC manifests as an
effective magnetic field in the medium that arises from the interaction between the
charge carriers and the crystal potential H,,. = uggeff - 0. Where Hgpoc is the
spin-orbit Hamiltonian and ¢ = %5’ . Moreover, it can be shown that the effective
magnetic field is proportional to the momentum such that: Ee Ff X DX E [82]. Where
E is the lattice electric field felt by the charge carriers. Every collision event changes
p, and consequently §eff changes as well. This change in the precession axis can
induce a spin flip. One of the major differences with respect to the EY mechanism
is that the spin scattering rate is inversely proportional to the momentum scattering
rate. Indeed, in the high scattering limit, the precession axis undergoes a random
walk which averages to zero. This means that the scattering is effectively "fixing"
the precession axis. In a way, EY mechanism is similar to collisional broadening
whereas DP is similar to motional narrowing®. In TMDs the fluctuations of the
effective magnetic field due to the DP mechanism are negligible in comparison with

the valence band splitting [64].

3. Bir-Aronov-Pikus (Exchange interaction): This process is shown in figure
1.19¢c. It is due to the Coulomb exchange interaction. The k- P interaction induces
an admixture of the electronic and hole states of different valleys. This admixture
couples the excitons with opposite pseudospin and therefore can be thought of as
an in-plane magnetic field [84, 85]. It is important to point out that this process
is not an intervalley scattering or spin-flip of individual carriers, but rather two
simultaneous intraband transitions arising from the Coulomb interaction. Another
way to understand this is to think of excitons as oscillating dipoles. When created,
an exciton in the K valley interacts with an exciton in the K’ valley and vice-versa.
This interaction can result in a virtual recombination process where the exciton in
the K valley is annihilated and an exciton is created in the K’ valley. This mechanism

is akin to energy transfer. It can be shown that the effective in-plane magnetic field

20which arises from motion in inhomogeneous media.
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depends on the momentum of the exciton. This mechanism is the most popular
candidate to explain spin-relaxation in TMDs as evidence continues to support it
[59, 85, 86, 87, 88|.

4. Hyperfine interaction: This process is shown in figure 1.19d. The spin of the
electron can interact with the magnetic moment of the nuclei. In TMDs, this mech-
anism is suppressed partly because the overlap between the d orbitals of the hole

with the nucleus is negligible [64, 83].

Even though the evidence supports the exchange interaction as the most likely explana-
tion, the debate is not settled yet. Recent studies show that phonon- and disordered-based
mechanisms can play a major, even dominant role in the spin relaxation process [89, 90,
91, 92, 93, 94, 95]. A detailed temperature-dependence study of p and v could be helpful
to settle this debate.

1.7 The zoology of excitonic particles

So far, we have described neutral excitons (X?), that is, a single electron coupled to a sin-
gle hole. A typical low-temperature PL spectrum of monolayer TMDs reveals that there
are other lower-lying energy peaks which neutral excitons cannot account for. Figures
1.20a-d contain examples of different low-temperature photoluminescence (PL) and elec-
troluminescence (EL) spectra of W- and Mo-based monolayers?!. First of all, we can see a
qualitative difference between the W- and the Mo-based TMDs. The PL from Mo-based
TMDs is characterized by two well-defined sharp peaks: The exciton (marked X°) and
the charged exciton at a lower energy (marked X* or X*). In contrast, the PL spectrum
of W-based TMDs contains a more significant number of peaks arising from defects or
other excitonic particles. This difference in PL comes from the bright vs. dark nature of

the TMDs. Let us discuss some of these excitonic particles.

o Trions:

All monolayers have native doping coming from the fabrication process*>. These
residual charges can be captured by a free neutral exciton and form a bound system.
This three-particle system is called a trion (X*) and can be positively (XT) or
negatively (X ) charged. Trions can play an important, even dominant role in a
monolayer’s luminescence spectra and are visible for both bright and dark TMDs
(see figures 1.20a-d). In state-of-the-art hBN-capped samples, singlet (X¥) and
triplet trions (X7) have been observed as well (figures 1.20b and d). Table 1.2
shows the currently reported values for the trion relative position (binding energy)

with respect to X°.

21EL is a process where excitons are created through electrical excitation.
221t is challenging to find a perfectly neutral sample.
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Figure 1.20: The zoology of excitonic particles. Photoluminescence (a,c and d)
and electroluminescence (b) spectra of hBN-Capped TMDs recorded at 14 K. For each
spectrum we have indicated the quasiparticle associated to each resonance. The spectrum

in (b) was adapted from [96].

System X0 — X*

X0 — Xy XY-X.

(meV)
MoSe, 30
WSey, 21 (XT)
MoS, —
WS, -

(meV) (meV)
35-39 28-31
27 37

35-36.6 30

Table 1.2: Currently reported values for X*. This values are given in relative shift with
respect to X. [96, 9, 97, 98, 99, 100, 101, 102]

e Dark excitons:

Dark excitons arise from spin- or momentum-forbidden transitions. When excited

out of resonance, hot excitons can create populations that cannot recombine radia-

tively due to conservation laws. These excitons are called dark excitons (XP)
(figures 1.20b and d). The spin-forbidden dark exciton has also a fine structure. All
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intervalley excitons are momentum-forbidden for normal incidence of light. Table
1.3 shows the currently reported values for the position of the spin-forbidden dark

exciton with respect to X°.

System X° - XP X0 xP+

(meV) (meV)
MoSes -1.4 -
WSey 40-45 56.5
MoS, -14 —
WS, 46-55 -

Table 1.3: Currently reported values for X. These values are given in relative energy
with respect to X.[96, 98, 103, 9, 100, 68]

o Biexcitons: If the density of excitons is high enough, they can interact with each
other. The consequence of this interaction is varied. Most of the time, they undergo
exciton-exciton annihilation reducing the yield of the PL. However, sometimes they
can form bound states in a sort of 'excitonic molecule’. The latter has been reported
in high excitation power regimes and are called biexcitons. Moreover, just like
excitons they can be neutral (X X), or charged (XX, XX ). Figures 1.20b and d
show PL spectra of WS, and WSes where emission from these particles can be seen.
The physics of biexcitons and other exotic particles lying in the high power regime
is beyond this thesis’s scope. Nevertheless, it is essential to point out that they are
a useful tool to understand exotic phases of matter [104, 100]**. Table 1.4 shows the

currently reported values for the position of the biexcitons with respect to X°.

System X°—-XX X0 XX- X°_-XX*

(meV) (meV) (meV)
MoSe, 20 5 5
WSes 17-20 49-52 -
WS, 19.2 50.4 -

Table 1.4: Currently reported values for the biexcitons. These values are given in relative
energy with respect to X°.[96, 9, 97, 98, 100]

» Localized excitons: The impossibility of avoiding the accidental creation of defects

or residual impurities during the fabrication process is a source of localized excitons

23Interestingly, at even higher excitation power, the TMDs undergo a Mott transition, and the electron-
hole pairs are no longer considered to form bound states. Instead, a correlated phase interpretation is
more suited [105, 106, 107]
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(marked as L in figures 1.20b and d). Indeed, it creates very efficient quantum traps
that take away the kinetic energy of the exciton and bind it around the defect. The
overall energy of the bound exciton is reduced by an amount that depends on the
defect itself. Therefore, the luminescence is extrinsic by principle. Moreover, some
of these defects behave as single-photon sources (SPS) [108, 30].

1.8 Electronic vs optical bandgap: determining the

binding energy

As discussed in section 1.4.4, the electronic bandgap corresponds to the energy required
to create a free electron-hole pair. In contrast, the optical bandgap represents the energy
required to create an exciton. Moreover, we have seen that one can measure the optical
bandgap (Exo) using the optical emission and absorption from the TMD. If one is able
then to measure the electronic bandgap (E,), one could determine the exciton binding
energy using the relation:

Ey,=E, — Exo (1.52)

Experimentally, the determination of the exciton binding energy can be difficult. The
problem lies in the precise determination of the electronic bandgap. For instance, in PL
measurements, the intense emission of the excitons and their excited states can shadow
the onset of the free carrier continuum. However, one could use the Rydberg series of
excitonic states to extrapolate the bandgap (see section 1.5.1). A good approach consists
in using a combination of differential reflectance (DR), photoluminescence (PL), and
photoluminescence excitation spectroscopy (PLE) to precisely determine the position of
these excited states.

Another technique to experimentally determine the electronic bandgap is scanning
tunneling spectroscopy (STS). This technique monitors the tunneling current in an STM
junction as a function of the voltage applied. The idea is that by changing the voltage,
we can probe the local density of electronic states (LDOS) near the bandgap and, with
it, determining the onset of the lowest unoccupied CB state and the highest occupied VB
state (see section 2.4.4). However, the precise determination of the band onsets in ST'S
spectra is not straightforward. Regardless of the voltage applied, a tunneling current is
always measurable, even inside the TMD gap. When the applied bias is within the gap,
the TMD essentially acts as an additional tunneling barrier, and we end up probing the
electronic states of the material below. Then, one complements these measurements with
the optical gap measured through PL and obtains the binding energy.

Moreover, this technique is more sensitive to states with low in-plane momentum [109].
As a result, we can probe the gap at the I point more easily than that at the K point.

Therefore, to accurately determine the bandgap, one needs to be able to explore different
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Figure 1.21: Electronic bandgap determination.(a) dI/dV spectra of a MoSe,/BLG
sample. We can see four resonances in the negative side arising from different bands
being probed (b) Zoom on the dI/dV spectra showing the determination of the bandgap.
Figures b-d extracted from [26]

orders of conductance within a given voltage window. To facilitate the determination of
the bandgap, one can look at the gaps in logarithmic scale. Figures 1.21a and b show a
dI/dV spectrum on MoSe, deposited on bilayer graphene (BLG) in linear and logarithmic
scale, respectively. The onset of the conduction is difficult to estimate. It is only when
we look at the spectrum in logarithmic scale that the V; feature becomes clear. This
V) feature corresponds to the valence band onset at the K point. The reader can find a
summary of reported values for the electronic bandgap of different TMDs in table 1.5.
Unless otherwise specified, STS spectra were taken at cryogenic temperatures (5 K) and
ultra-high vacuum (UHV).

1.8.1 Optical vs electronic measurements

Let us compare the values reported in table 1.1 and table 1.5. We can see that the
estimated FEj using purely optical spectroscopies give systematically smaller values than
the ones estimated using a combined approach between PL and STS. Different reasons

could explain this discrepancy:

Determination of the onset

As mentioned before, STS is weakly sensitive to states with & # 0. This means that one
would be weakly sensitive to the gap at the K point, which can lead to uncertainty in the

determination of the band onsets.

Tip induced band bending

At first order, the tunneling current I can be expressed as follows (see section 2.4):

I x exp(—2k2)
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Sample Electronic bandgap Fabrication method Reference
MoSe, /BLG 2.18 £0.04 eV MBE 26]
MoSe; /HOPG 1.9+ 0.01 eV @300 K CVD [110]
MoSe; /HOPG 2.15+0.06 eV @300 K MBE [111]
MoSes/Graphene 2.25 eV MBE [112]
WSey, /HOPG 2.08 +0.01 eV CVD [113]
WSe,/HOPG ~2eV CVD [114]
WSe,/HOPG 2.12 4 0.06 &V CVD [111]
WSe, /HOPG 2.57 eV CVD [115]
MoS, /HOPG 2.15+0.01 eV CVD [113]
MoS,/Quartz 2.17+£0.04 ¢V @300K  Mechanical Exfoliation [116]
MoS, /HOPG 2.154+0.06 eV Q77 K CVD [117]
MoS, /Graphene ~2eV CVD [118]
MoS,/Au(001) ~ 1.5 eV QTTK CVD [119]
[120]

MoS,/Quartz 2.16 £0.04 eV @300K  Mechanical Exfoliation
WS, /quartz 2.38+£0.06 eV @300 K Mechanical Exfoliation [116, 120]
WS, /BLG ~ 2.5 6V CVD [112]

WS, /Au(001) ~2 eV Qr7K CVD [119]

Table 1.5: Electronic bandgap measured in different systems using STS. *Estimated from
the graphs.

Where z is the tip-sample distance and k is a constant. In reality, x can depend on
both the bias voltage applied and the tip-sample separation, leading to changes in the
measured conductivity. Furthermore, the presence of the tip can induce a bending of the
bands (called tip-induced band bending or TIBB [121, 122]), which can lead to changes
in the occupation of states. For instance, a situation that might arise is that states of the
semiconductor can be "pulled down" below the Fermi energy of the sample leading to a
supplementary contribution to the tunneling current modifying the measured gap (figure
1.22). This has sparked a search for techniques that allows one to accurately measure the
electronic bandgap of monolayer TMDs. Recently, an approach involving the acquisition
of STS spectra while simultaneously varying the tip-sample distance has been gaining
momentum as a suitable technique to determine the bandgap of monolayer TMDs [123,
124, 125, 126]. In this case, there will be a slight distortion of the magnitude of the
features in the spectra. This is usually not a problem since we are interested in the onset

of the bands, which should not change using this technique.
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Figure 1.22: Tip-induced band bending. The proximity of the tip induces a deforma-
tion of the conduction and valence band of the material. This can lead to the creation of
additional channels of conductance and modify the observed onset.

PL is non-local

Usually, to determine the binding energy, one measures the optical bandgap with PL
spectroscopy (See section 2.3). However, this technique is by nature diffraction-limited,
and as a result, one is measuring the average optical bandgap in the TMD. STS, on the
other hand, is a local measurement. As a result, one is sensitive to the local environment
of the TMD. It could be helpful to measure the luminescence locally as well. STM-induced
luminescence (STM-L) is a technique where one uses the tunneling current to induce the

luminescence of a material with atomic resolution. This will be discussed in chapter 2.

Sample composition

The experimental conditions required to perform an STM experiment usually involve the
presence of a conductive substrate. As a result, this could lead to a renormalization of

the measured bandgap.

Nature of STS measurements

Finally, one should also discuss the physical quantity measured in STS. In principle, the
charge injection may modify the measured bandgap. This has been observed in the case

of single molecules, where instead of probing the gap of the molecule, one can measure
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the gap of its charged state. A priori, there could be a similar phenomenon occurring in

extended systems such as TMDs.

1.8.2 Near-field interaction in VAW heterostructures

Due to their atomically thin nature and sub-nm interlayer distances. VAW heterostruc-
tures are sensitive to phenomena that happen at the interface between the layers. These
phenomena can ultimately dominate the optical and electronic properties of the het-
erostructure. Understanding them is of utmost importance as they can provide us with
valuable information regarding near-field processes. Moreover, by better understanding
the possible processes that can take place at these atomically sharp interfaces, we could
exploit them to tune the properties of the heterostructure. In this section, I will briefly

describe a few examples of such mechanisms.

Band alignment and interlayer excitons

Conventionally, when two semiconductors are put into contact, they will form depletion
regions to ensure the continuity of the bands (figure 1.23a). Similarly, in semiconductor-
metal junctions, the semiconductor bands will bend forming Schottky barriers at the
interface (figure 1.23b). However, in the 2D limit, there is a big problem that arises from
the fact that the typical size of the depletion regions is much larger than the monolayers
themselves. This means that the vision of band-bending must be revisited in these sys-
tems. A more conservative approach would be to consider the new band structure as a
superposition of bands instead of a mixing [127, 128] (See figure 1.23¢c and d). With this
simple approximation, we can deduce some interesting properties of vdW heterostruc-
tures. For instance, one could think of forming a type II heterojunction from TMDs. In
this case, if charge separation takes place between layers, one could end up with an elec-
tron in one monolayer and a hole in the other. This exciton is called interlayer exciton
and it has sparked interest recently due to its robust out-of-plane dipole moment [129,
130, 131] (figure 1.23e).

Charge and energy transfer

Out of the different coupling mechanisms that can take place at the interface between
two adjacent 2D materials, we will put our attention on charge and energy transfer (fig-
ure 1.23e). For practical reasons, I will describe these mechanisms in the context of
TMD /graphene heterostructures. As an initial condition, let us consider the TMD as a

two-level system that is currently in its excited state.

o Charge transfer:

42



1.8. Electronic vs optical bandgap: determining the binding energy

Macroscopic Junctions 2D Junctions
() pn-junction ©) TMD/TMD @)
p-doped |n-doped TMD 1 I TMD 2
E E Interlayer excitons

EF ECB cB -_— ECB EF

e KB T
VB ‘p\.
\yiEVB
Xp Xo Xn X Xg X
(b) Semiconductor-metal (d) TMD/Graphene (f)
Graphene TMD Energy transfer
E Metal sC E ~"— Charge transfer
Ew )(‘w:x+ QQ(E() ™D
\ = R
Er Ecs — Euw Graphene
\[—EVB
Xo Xp X Xo X

Figure 1.23: Near field interactions in vdW heterostructures.(a) pn-junction be-
tween two macroscopic semiconductors. At equilibrium, a band bending region is formed
between the layers. (b) Semiconductor-metal macroscopic junction. Upon contact, Schot-
tky barriers form at the interface. (¢)TMD/TMD junction. Since these materials are
thinner than the typical band bending region size, we must adopt a new model. We
consider that the bands superpose as shown in the figure. (d) TMD/Graphene junction.
In this case, no Schottky barrier is formed. Instead, we can consider the bands to remain
unaltered. (e) Scheme of an interlayer exciton where an electron can be located in one
layer and a hole in the other one. (f) Scheme of energy and charge transfer processes in
the context of TMD/Graphene heterostructures.

As its name suggests, this occurs when an electron (hole) in the conduction(valence)
band is spatially transferred towards the adjacent layer into an available state. This
transfer must respect energy and momentum conservation and it will result in a
quenching of the luminescence as well as a net doping in both layers. Indeed, since
the TMD transfer its electron (hole) it can no longer recombine radiatively and
it leaves the TMD positively (negatively) doped. This mechanism is behind the
formation of interlayer excitons in TMD/TMD heterostructures. Charge transfer in
TMD /graphene can occur by means of static charge transfer "in the dark" or it can
be photoinduced. The latter has been reported in MoSes /graphene heterostructures
and it occurs in timescales close to several minutes [8]. In this case, electrons transfer
to graphene effectively leaving the TMD positively doped. This will be discussed in

detail in section 3.2.

o Energy transfer: This mechanism occurs when instead of one charge physically

transferring from one layer to the other, the whole exciton transfers its energy to an
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excitonic state in the second layer. This type of energy transfer is mediated by the
Coulomb interaction. If the transfer happens through dipole-dipole interaction it is
called Forster energy transfer (FRET) and if it happens through charge tunneling,
it is known as Dexter energy transfer (DET). FRET is a long-range mechanism that
remains important up to a 10 nm separation distance. Dexter, on the other hand,
has a much shorter range (< 1 nm) because it depends on the overlap between
the excitonic wavefunctions in each layer?*. Notice that DET resembles a charge

transfer mechanism, however, in DET there is no net charge transfer.

In practice, all mechanisms can be present, and differentiating between them can be
difficult since all induce a quenching of the PL signal. We are going to come back to this

point in chapter 3.

1.9 Conclusion

In this chapter, we have introduced the main properties of atomically thin TMDs. We
have discussed how one can probe and measure these properties and we have briefly dis-
cussed more complex excitonic particles. Furthermore, we have introduced two other 2D
materials: graphene and hBN which are going to play an important role in our experi-
ments. We have shown the main properties of each and discuss the mechanism that can

arise when we combine them with TMDs.

Take home messages

The main aspects of this chapter can be summarized as follows:

o Monolayer TMDs are direct bandgap semiconductors whose optical properties are

entirely governed by tightly bound excitons.

o Photoluminescence spectroscopy is a practical technique that allows us to probe
excitons in TMDs. In particular, it provides us with a direct measure of the optical
bandgap of the TMD.

e Spin- and valley-polarized excitonic populations can be created in TMDs under

appropriate incident light polarization.

o At low temperatures, the luminescence from TMDs contains contributions from
other more complex excitonic particles such as trions, biexcitons, spin- and momentum-

forbidden dark excitons, localized excitons, and their respective fine structure.

24More precisely, FRET comes from the direct term of the Coulomb potential and DRET from the
exchange term.
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1.9. Conclusion

o Graphene is a 2D semimetal that when coupled with a TMD enables non-radiative

decay paths for excitons.

o We can use the Raman spectrum of graphene to obtain information regarding strain

and doping trends in a graphene-based heterostructure.

o Encapsulating a TMD with hBN has three effects: First, it protects the layer from
external contaminations. Second, it improves the optical quality of TMDs resulting
in linewidths close to the homogeneous limit. Third, it can be used to tune the

radiative recombination lifetime by choosing the thickness of the substrate below.
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CHAPTER 2

Experimental Methods

In this chapter, I will present technical details on the experimental techniques I used
during my Ph.D. The first part will focus on the sample fabrication. I will described the
techniques used to isolate (section 2.1) and transfer 2D materials in order to build vdW
heterostructures (section 2.2). In the second part, I will discuss the optical spectroscopy
techniques that we used in our investigations of TMD/graphene (section 2.3). The third
and final part is dedicated to scanning tunneling microscopy and its applications (section
2.4).

2.1 Sample Fabrication

In this section, I will introduce the techniques used to fabricate all samples studied in
my Ph.D. All samples were fabricated in the ST-Nano clean room and the 2D lab at the
IPCMS.

2.1.1 Mechanical Exfoliation

Mechanical exfoliation of graphene and 2D materials was popularized by Geim and Novoselov
in 2004 [1]. They used the so-called "scotch tape technique" to isolate single layers of
graphene starting from a bulk graphite crystal'. Although it seems incredible, by putting
scotch tape directly onto the bulk crystal, one can cleave atomically thin layers of high
quality. During this thesis, I exclusively used mechanical exfoliation to isolate mono- and
few-layers of TMDs, graphene, and hBN. The steps to exfoliate monolayers with high

reproducibility are summarized as follows:

1. Put the bulk crystal on a scotch tape (Fig. 2.1-1).
2. Fold the tape around the crystal and peel it off (Fig. 2.1-2).

3. Put a second scotch tape on top of the first one and apply a small pressure (Fig.
2.1-3).

!This technique has been used before for instance in ref. [132] but it was popularized by Geim and
Novoselov.
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Figure 2.1: Scheme of the exfoliation process. (1) A bulk crystal is put onto a scotch
tape. (2) The scotch tape is folded over the crystal and peeled off afterward. (3) A second
scotch tape is put on top of the first one. (4) The second scotch tape is peeled off and the
same procedure is repeated until transparent areas of the crystal appear. (5) The scotch
tape is placed onto the target substrate. (6) Carefully peel off the scotch tape. Figure
extracted from [38]

4. Gently peel off the second scotch tape. Iterate step 3 with the same tapes until
transparent areas of the crystal appear (Fig. 2.1-4).

5. Stick the tape onto the target substrate and massage gently for a few minutes®(Fig.
2.1-5).

6. Peel off slowly® the adhesive tape from the substrate (Fig. 2.1-6). One can also heat
the substrate before peeling off the scotch tape. This has been shown to increase

the average size of the exfoliated layers [133].

In my case, I used silicon substrates with a 90 nm oxide layer on top. The substrates
are cleaned with acetone, ethanol, and isopropyl alcohol before exfoliation. After this,
their surfaces were activated by exposing them for 20 min to an oxygen plasma. The
activation step is crucial for graphene exfoliation since it increases the adhesion between

graphene and SiOs.

2.2 Transferring Techniques

Mechanical exfoliation is, by nature, a non-deterministic process. Indeed, after exfolia-

tion, monolayers are distributed at random locations all over the substrate. This ran-

2You can introduce a middle step where you heat the sample to 100-120°C before exfoliation for 1
minute. This can generate large areas but the longer the time and higher the temperature the more
residues from scotch tape you will have [133].

3In some substrates like PDMS one must quickly peel off the scotch tape.
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domness limits our ability to build van der Waals heterostructures. One solution consists
on exploiting viscoelastic polymers as intermediate substrates and using them to deter-
ministically stack monolayers onto a target substrate. During my Ph.D., I used three
different polymer-based methods to build van der Waals heterostructures. I will now

briefly describe each one of them, their assets and their limitations.

2.2.1 Full dry transfer

This technique relies on a polymer called polydimethylsiloxane (PDMS) and is based on
the work of Castellanos-Gomez et al. [134]. The idea is to exfoliate the material onto
a PDMS stamp instead of the target substrate. After this, we look at the PDMS on a
microscope to directly search for monolayers. Once identified through optical contrast, we
can deterministically transfer the monolayer using PDMS with help of a transfer station
built as a part of the Ph.D. of E. Lorchat (figure 2.2). The transfer station is composed
of an optical microscope with three different large working distance objectives: 5x, 10x,
and 20x. Then there are two independent movable stages. The first one is an XY stage
that allows us to move the microscope with respect to the sample. The second one is an
XY7Z stage that allows us to move the stamp with respect to the substrate. The sample
is held using a pump and is on top of a heating stage that can reach 200 ° C. Finally, the
heating stage is placed on a rotational stage allowing us to control the relative orientation
between the stamp and the substrate. This process can be iterated as many times as
one needs with different monolayers, and one can build the heterostructure layer by layer.
The main problem with this technique is that with every iteration, the risk of damaging
the stack increases. It is particularly risky for complicated samples (more than four layers

for instance).

Figure 2.2: Scheme of transfer station. A glass slide containing the sample can be put
in the XYZ movable stage. The target substrate is fixed on the heating stage by pumping
underneath. An optical microscope interfaced with a camera allows us to manage the
transfer. Figure extracted from [71].
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2.2.2 PC-method
Preparing the stamp

This technique uses a polymer called PC (Poly bisphenol A carbonate). The idea is to
directly pick up the TMDs or graphene from a substrate and then assemble the het-
erostructure on the polymer stamp. To do this, we need to prepare a stamp that will act

as the "pick-up" layer. This stamp is composed of three layers:

« The first layer consists of a PDMS stamp on a glass slide (figure 2.3a).

o Then a layer of PC is gently put on top of the PDMS (figure 2.3b). It is recommended
to heat the two to 200°C for 20 seconds to improve adhesion. In general, we need
to have a smooth and clean interface between the two; otherwise, we risk breaking

the heterostructure during the stacking.

 Finally, a thin hBN layer is put on top of the PC (figure 2.3c-d). The procedure to
pick-up the hBN will be explained in the next subsection.

b
® oms ® PC
| /
- Glass slide / Z / /
(c) (d) Side-View
hBN

J/

Figure 2.3: Fabrication process of the PC stamp.(a) Put PDMS on glass. (b)On
top of the PDMS a PC thin film is deposited. (c) Finally a hBN is picked-up from a
substrate. (d) Side view of the stamp.

To prepare the PC, we made a 6 % mass solution of PC in chloroform, and we left
it stirring up overnight using magnetic agitators. A few drops of the solution are then
poured onto a glass slide and sandwiched with a second one. Finally, we slide the glasses
one relative to the other along their longest side to obtain a homogeneous film of PC

covering each glass.
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Pick-up

The adhesion between PC and hBN becomes more significant than between hBN and
SiOy when heated at 80°C. This allows us to pick-up the hBN layer from the substrate.

The precise steps are summarized as follows:

o Identify the hBN on the silicon substrate. It is better if the hBN is thin. If the hBN
is too thick, one won’t be able to look through it, and assembling the heterostructure

becomes challenging.
e Preheat the substrate to 40°C.

o Approach the stamp to the hBN with the positioning stage. A contact line will
appear on the image. The contact line will move slowly towards the hBN as we

continue to approach.

o It is essential that the contact between the PC and the hBN happens as smoothly
and slowly as possible. To control this, we can increase the temperature slightly.
This increase makes the polymer expand, which in turn makes the contact line

advance.
e Once the stamp has fully covered the hBN, increase the temperature to 80°C.

o Slowly withdraw the stamp.

The result is a stamp composed of hBN/PC/PDMS. Now, the heterostructure can be
built directly on the stamp exploiting the strong adhesion between TMDs and hBN*. The

steps to pick-up any other layer are the same as we just described.

Deposing

Once the heterostructure is built on the stamp, it is time to put it on the target substrate.
To do this, we repeat all the steps for the pick-up except that instead of increasing the
temperature to 80°C, we will increase it to 200°C. This will melt the PC on top of the
target substrate, and we will finish with a heterostructure encapsulated by the molten

PC. Notice that this technique allows us to make only samples with a top hBN®.

Cleaning

To clean the sample, we can dissolve the PC in chloroform overnight. The next day, we

rinse it with ethanol and isopropyl alcohol and dry it with nitrogen. The general problem

4The same applies for graphene.
5Tt is possible to avoid the hBN stamp however, this will render this method difficult as TMDs and
graphene adhere weakly to PC.
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with this technique is that eventually, one can find some PC residues on the layers. These
residues emission can shadow intrinsic signals of the monolayer’s PL spectra (See chapter
3).

2.2.3 Mixed PC/PDMS method: "hybrid" method

Sometimes, the choice between a full dry transfer and a full PC transfer depends on the
complexity and for what use the sample is being built. On the one hand, dry transfer
is well adapted for quickly transferring 1. TMDs and building simple heterostructures.
However, since the PDMS is in contact with every layer of the heterostructure, it can leave
some contamination which can hinder the coupling between adjacent layers. Furthermore,
1L graphene transferred with PDMS is often broken and difficult to spot due to its low
optical contrast. On the other hand, the PC-method is well adapted for complex samples
involving a top hBN-layer. However, the risk of breaking the heterostructure or the
stamp increases with every iteration. Furthermore, after the deposing stage, there is a
large portion of residues remaining on the sample. The emission from these residues may
shadow the spectral range of interest. One can then combine both methods to build

complex samples, reducing the risk of destroying them or contaminate them.

2.3 Optical spectroscopies

In this thesis, we use a combination of optical excitation-based techniques to investi-
gate vdW-heterostructures. This section is dedicated to briefly describe their working

principles as well as the setup used to perform these measurements.

2.3.1 Setup at IPCMS

The setup used for PL, DR, and Raman spectroscopy is shown in figure 2.4a. It consists
of a home-built confocal microscope in backscattering geometry. For clarity, a scheme of
the experimental configuration is shown in figure 2.4b. To ensure mechanical stability,
the setup is mounted on an optical table that stands on a pneumatic system. A laser is
focused on the sample with the help of an objective, which in turn can be chosen between
several different magnifications. In our current setup we can choose between three lasers:
two continuous wave (CW) lasers with wavelengths 532 nm and 633 nm and an NKT
pulsed laser with a tunable repetition rate from 2 MHz up to 78 MHz and a pulse width
of 50 ps. Moreover, its emission wavelength can be tuned from 480 nm to 2400 nm. To
select a particular wavelength, we use a super-K select acousto-optical filter which allows
us to obtain single-line emission from 450 nm up to 1100 nm.
We can perform variable-temperature measurements in our setup. For room-temperature

studies, the sample is fixed on a piezoelectric XYZ stage (200 pm x 200 pm x 200 pm) and
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Figure 2.4: Optical setup. (a) Optical microscopy setup used in the IPCMS. (b)
Schematics of the setup. A laser is focused on the sample with help of an objective.
Then the emitted and backscattered light passes through the same objective and is later
filtered with a dichroic mirror (DM) and a set of two lenses and a pinhole. This ensures
the confocality of our measurement. Then the beam is redirected towards a spectrometer
coupled to a CCD camera.

is moved relative to the microscope objective. For low-temperature studies, the sample
is placed in a liquid helium flow optical cryostat, and measurements were performed at
variable temperature. To optimize stability, the temperature is kept between 11K and
20K. The temperature is measured at a cold finger situated about a couple of centimeters
away from the sample and thermally connected to it. The cryostat can be adjusted with
precision relative to the optical axis of the setup and fine positioning with sub-micrometer
precision is achieved by moving the objective (now mounted on the piezo-stage) relative to
the cryostat. At low temperatures, the measurements were done using a x50 (NA=0.65)
long working distance objective. Room temperature measurements were performed using
a x150 (NA=0.95) air objective.

To control the intensity of the incident laser we use a set of optical densities (OD)
as well as a half-wave plate together with a polarizing cube for fine-tuning. This is to
ensure that the dynamics remain in the linear regime, i.e. avoid non-linear processes
such as exciton-exciton annihilation and creation of biexcitons (See section 1.7). The
emitted /scattered light (in red) is focused by the same objective and then passes through
a dichroic mirror (DM figure 2.4). The beam is again filtered with two lenses and a
pinhole. The main idea being that the first lens (L) will concentrate the light on the
pinhole (which is conjugated with the laser spot) and a second lens (L) will collimate the
beam, in order to ensure that we are recording only images originated from the particular

area of the sample.

Finally, the remaining beam goes to a diffraction grating that we can choose between
150, 300, 900, 1200 and 2400 grooves/mm and a monochromator with a 500 mm focal
length coupled to a liquid nitrogen cooled CCD (charge-coupled device) array; each pixel

on the detector corresponds to a particular frequency and the intensity corresponds to
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the number of incident photons on each pixel over a time window.

Furthermore, our setup can be adapted to make time-resolved photoluminescence
(TRPL, upper branch in figure 2.4b). These measurements resemble that of the nor-
mal PL spectroscopy except that here, we used the NKT laser and we are interested in
the dynamic behavior of the exciton populations. Short pulses will excite the system
and then we look at its PL over time. To do this, a movable mirror (M in figure 2.4)
can be added to the detection path and we can deviate the emitted signal into a set of
avalanche photodiodes (APD) that are connected with the tunable laser to a TCSPC
board (PicoHarp 300) allowing us to measure the lifetime of the formed excitons. Each
emitted photon has a corresponding delay time At between the laser emission of the
pulse t; and their arrival at the APD t,. Then, a histogram is formed and by fitting a
multi-exponential to this histogram, one can extract the average value of the excitation’s

lifetime.

Measuring the optical bandgap

As we have seen in section 1.4.4, one can use PL and DR to measure the optical bandgap.
Indeed, in both cases, the spectra are dominated by intense resonances arising from exci-
tons. Then, one can determine the energy position of the A-exciton and, in consequence,
determine the optical bandgap. In DR spectroscopy, the incident light is broadband. In-
stead of a photon of a given energy, one shines white light onto the heterostructures and
collects the reflected light. Experimentally, a DR spectrum requires two measurements
to be made. First, a reference spectrum on the bare substrate must be taken to establish
a baseline of absorption. Second, a reflectance spectrum is acquired on top of the het-
erostructure. These two spectra are then subtracted and normalized by the baseline in

the following manner:

DR = ITMD - Isubstrate (21)

Isubstrate

This expression is linked to the absorbance « of the layer, which in turn is proportional
to € (see section 1.4.4). In PL spectroscopy, the incident light is monochromatic and is
used to induce an intraband transition in the TMD. Then, one collects the emitted light.
One can also use PL spectroscopy to measure the optical bandgap since the A-exciton

completely dominates the emission.

Measuring the zoology of excitonic particles

In section 1.7, we showed that the low-temperature dynamics in TMDs are dominated
by exciton and other excitonic particles. These particles, together with emission arising
from defects, appear as prominent peaks in the PL of TMDs. In contrast, in DR, one is

weakly sensitive to these particles. In fact, trions can be observed only at intermediate to
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high doping. Therefore, if we want to investigate the physics of complex quasiparticles,

PL spectroscopy is a valuable technique.

Measuring excitonic Rydberg states

In section 1.5 we showed that excitons display a series of excited states associated with
their band structure. If one can determine with precision the energy position of these
states, one could estimate the exciton binding energy. We can access these Rydberg
states using a combination of different techniques. First, one can use DR spectroscopy.
Indeed, it has been shown that Rydberg states can be readily measured this way [77]. PL
spectroscopy can also be used to measure Rydberg states. However, their signatures are
weak, and high photon fluences are required to observe them. This implies high exciton
generation resulting in PL. dominated by non-linear processes.

There is a third approach involving PL at different detunings A = FElgr — Exo.
This is called photoluminescence excitation (PLE) spectroscopy and is a complementary
technique for PL. Figure 2.5 shows a PLE spectrum of a monolayer of WSe,. The spectrum
represents the emission intensity of the neutral exciton as a function of the incoming
photon energy. The observed peaks arise from an enhancement of the X° emission when
an excited state is resonantly excited. A diagram for this process is shown to the left of

the spectrum.
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Figure 2.5: Photoluminescence excitation. Left: Scheme showing the resonant excita-
tion of the 2s state. Right: X° PL Intensity as a function of the incoming photon energy.
The resonances correspond to different excited states of the sample. Image adapted from
[135].

In our case, we will combine DR, PL, and PLE to estimate the binding energies of the
heterostructures studied in this thesis. To perform the PLE measurements, we used the
NKT laser since it provides us with a tunable source. However, for each measurement, we
need to filter the laser carefully. As we have mentioned before, we use an acousto-optical
filter to select a particular wavelength. Even though the emission stems mainly from the
selected wavelength, there are small contributions from shorter wavelengths in the output

of the filter. Therefore, one needs to filter them to ensure monochromatic excitation. To
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do this, we used short- and long-pass tunable filters. These filters allow the user to tune
the position of the long- or short-wavelength edge by changing the relative angle between
the laser and the filter. The short-pass filter (V}) is used to clean the laser signal and

ensure a monochromatic excitation. The long-pass filter (V3) is used to filter the laser

before entering the spectrometer.
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Figure 2.6: Photoluminescence excitation setup.

2.3.2 Measuring the doping and strain in vdW heterostructures

In section 1.2.2 we have introduced Raman spectroscopy as a technique that allows us to
probe the vibrational properties of a material. In particular, we have discussed the case of
graphene which can be characterized using the G- and the 2D-modes. In fact, one can use
correlations between the linewidths and frequencies of these modes to extract universal

behaviors that allow us to characterize graphene-based samples. For instance:

e wg - 'g correlation: We can probe the doping in these samples by plotting
the variations in the G-mode linewidth as a function of the variations in frequency

(figure 2.7b). We can deduce this from equation (1.15).

e wg - wyp correlation: Figure 2.7c shows the evolution of wyp as a function of
wq. Just as before, we can see there is a clear correlation between these parameters.
The slope of this correlation gives us information regarding the sign of the charge
doping and even the strain on the sample. Indeed, for electron doping ‘98%—25 =0.2,

Qop _

for hole doping a0 = 0.55 and for strain %%25 =2.2.

2.3.3 Setup for polarized PL spectroscopy

The setup can also be adapted for polarization-dependent studies. As explained in the
previous chapter, we can exploit spin-valley locking to obtain information regarding de-

polarization and decoherence mechanisms in TMDs. Therefore, it is important to have
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Figure 2.7: Probing doping with graphene. (a) G-mode frequency Qg (red) and
relative width T'g (blue) as a function of the Fermi energy. The insets show two Feynman
diagrams. These diagrams show the renormalization of the phonon frequency (left) and
the broadening of the phonon lifetime (right) due to its conversion into an electron-hole
pair. (b) Correlation between the change in FWHM (AI') and the change in the frequency
(Awg) of the G mode. The points correspond to experimental data, the solid and dashed
lines correspond to theoretical predictions for electron and hole doping, respectively. This
predictions can be derived from equations (1.12) and (1.15).(c) Correlation between the
G- and 2D- mode frequencies. The solid and short-dashed lines correspond to linear fits of
the electron and hole doping branches. The long-dashed line corresponds to the evolution
of this correlation under pure strain[136]. All figures were extracted from [38]
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Figure 2.8: Setup for polarization-resolved measurements.

good control over the initial polarization of the laser. To ensure this, we use a linear po-
larizer and a half-wave plate in the path of the laser beam (see figure 2.8). For circularly
polarized excitation, we added a quarter waveplate behind the microscope objective. This
quarter-wave plate transforms the incident linear polarization into right- or left-handed
polarization (See figure 2.9 a). Then the backscattered signal and the emitted one will
pass through the same quarter-wave plate and will be transformed into linearly polarized
light. To analyze the polarization, we used a Wollaston prism in the detection path. Due
to its birefringence, this crystal splits the incident beam into two divergent beams with
mutually orthogonal linear polarizations (See figure 2.9 b). In our setup, we can address

individually each one of these beams.
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(a) (b)

__ Circular polarization
—

[ % / . Linear polarization

Figure 2.9: (a) Scheme of a quarter-wave plate transforming circularly polarized light
into linear polarization. By symmetry, the inverse process is also possible. (open source
image from wikimedia commons) (b) Wollaston prism separating the incident beam into
two divergent beams with mutually orthogonal polarizations.

2.3.4 Time resolved photoluminescence spectroscopy (TRPL)
at LCPNO

All the low-temperature TRPL measurements reported in this thesis were done in a collab-
oration with Cédric Rober, Delphine Lagarde, and Xavier Marie at LCPNO in Toulouse.
The setup is similar to the one we used at IPCMS for PL measurement with the excep-
tion that instead of a CCD camera, the emitted signal goes into a streak camera. The

latter allows us to record temporal traces of the photoluminescence signal arising from
the TMDs.

The working principle of a streak camera is shown as a scheme in figure 2.10a. For
simplicity, the scheme depicts the case of a monochromatic signal. When an optical
signal enters the camera it gets directed towards a photocathode. Upon impact with
the photocathode, electrons will be ejected in proportion to the intensity of the incident
signal. These electrons are then collected and pass between two electrodes on which
a time-varying voltage is applied. As a result, these electrons that arrived first to the
photocathode get deflected differently than electrons that were emitted later. Finally,
these deflected photoelectrons reach a fluorescent screen which is coupled to a CCD camera
where a spatial distribution of the signal is obtained. The resulting image forms a "streak"
of light, from which the duration and other temporal properties of the light pulse can be
inferred. An example of a spectrally resolved TRPL image obtained in a streak camera

is shown in figure 2.10b.

The TRPL measurements were carried out by E. Lorchat, D. Lagarde, and C. Robert.

I focused on the data analysis.
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Figure 2.10: Streak camera working principle.(a) Scheme of the working principle
of a streak camera. (b) Streak image of a monolayer MoSe; at 4 K. A and T denote the
exciton and trion respectively. Figure (b) was extracted from [71]

2.3.5 Data acquisition and data analysis

To acquire spatial information about the homogeneity of the heterostructures, we used
hyperspectral mapping. This could be done thanks to a program created by Michelangelo
Romeo. He interfaced the piezo stage with the detection of the spectrometer. This allows
us to do raster scans and therefore hyperspectral maps of our sample. This is extremely
useful as it gives us information about the homogeneity of the emission and coupling
between layers in our sample. We used Matlab routines, which I have written or adapted

from previous routines, to fit® all the acquired spectra.

SWe use either Lorentz, Gauss or Voigt profiles for the fit.
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2.4 Scanning Tunneling Microscopy

To investigate TMDs at the atomic scale, we have used a scanning tunneling microscope
working at low temperatures and under ultra-high vacuum (LT-UHV). In this section, I
will briefly introduce the working principle of an STM as well as the information we can

obtain thanks to this technique.

2.4.1 Working principle

Consider an electron with energy E, moving towards a potential barrier of height W > F
(figure 2.11). Classically, the electron would be reflected by the barrier. However, the
wave-particle duality of electrons allows for non-classical behaviors. There is a non-zero
probability for the electron to tunnel through the barrier. This probability depends on the
barrier’s thickness and height. An STM exploits this dependence to obtain sub-nanometer
resolution of the system it addresses. In this section, I will present only the main results
regarding the working principle of an STM. The reader can find a more detailed calculation

of the results presented in this section in Appendix A.

(a) (b)

e AE

— TATAVLY o SOV

0 a 0 a

Figure 2.11: Scheme of a particle interacting with a potential barrier. (a) classically
the particle not having enough energy to surpass the barrier would be reflected (b) In
quantum mechanics, a non-zero contribution of the particle can exist on the other side of
the barrier. This non-zero contribution is enough for the particle to have a probability to
“tunnel" through the barrier.

2.4.2 Tunneling current

The first work regarding the calculation of a tunneling current was done by John Bardeen
in 1961 [137]. This work was a follow-up of experimental results obtained in supercon-
ducting junctions presented by Giaever [138]. Bardeen’s contribution set the theoretical
basis for the development of the theory behind the tunneling current. In essence, he
modeled the evolution of an electron in a tunneling junction. Assuming that the isolated
wavefunctions of the tip and the sample were approximately orthogonal, he showed that

the tunneling current is given by:

1= TS 58S BDIMo P (F(ES + V) — F(ED) 2.2
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Where [ is the tunneling current, M is a matrix, f is the Fermi-Dirac distribution
and EJ (E) corresponds to the eigen-energy of the sample (tip) wavefunction in the
absence of the tip (sample). This expression depends on three different terms, each one
of them accounting for a different part of the tunneling process. The first term with the
delta assures conservation of energy, and it is the main reason this type of tunneling is
called elastic. The third term regarding the Fermi-Dirac distribution f(FE) accounts for
the availability of states” and for the temperature. The middle term is perhaps the richer
one since this term is related to the probability of transferring an electron, and it depends
on the coupling between tip and sample states. Indeed, we can simplify this expression
by making the relevant approximations corresponding to our measuring conditions. That

is, at low temperatures and low bias, equation (2.2) can be written as:

4
I~ %621/'25(&75 — Ej — eV)S(ET — EF)| M, ? (2.3)

oo

Where Eg/ 5 corresponds to the Fermi energy of the tip/sample respectively. The only
unknown remaining is the tunneling matrix M,,. This term accounts for the electronic
structure and the geometry of the tip, which makes it difficult to estimate. Tersoff and
Haman did a fundamental step in this direction in 1985 [109]. They showed that if the
electronic structure of the tip is approximated by an s-orbital (sphere), the matrix element

can be considered as a constant®. This allows us to rewrite equation (2.3) as follows:

B 4rre

= ———
h

M [ dB e (B V)" (Br) (2.4

Where p is the local density of states. In other words, as long as the tip can be
considered a sphere, we can interpret the STM current as a convolution of the density
of states of the tip and the sample at a particular energy (given by the bias) and probe
position. From this expression, we can see that we are sensitive to the Local Density
of States (LDOS) of the sample.

WKB approximation

The final element towards a more complete theory for STM is to consider the potential

barrier. Indeed, the matrix element M, = <wﬂ Vr(z) \¢;§ > has three main ingredients:
1. The surface electronic structure encrypted in the term ‘¢§ > (Can be treated exactly).

2. The tip electronic structure encrypted in the term <¢§‘ (Tersoff-Hamann approxi-
mation [109]).

"you can only tunnel from an occupied to an unoccupied state

8This has been done under the supposition that only the outermost states of the tip overlap with
the sample states, however, this is questionable. Chen proved that this is not the case, and other states
should be included to fully explain corrugation in STM-images [139]
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3. The shape of the potential barrier Vr(z).

To take this into account, one can use the WKB (Wentzel-Kramers-Brillouin) approx-
imation. For a slowly varying potential in space, the corresponding wavefunction should
also slowly vary in space relative to the constant potential case. If we model the tun-
nel barrier using the WKB approximation, we obtain the following expression for the

tunneling current at low temperatures:
eV
I / PS(EVT(2, E,V)dE (2.5)
0

T(z,E,V) is the transmission coefficient that encompasses the dependence on the
shape of the barrier. For a barrier with a trapezoidal shape, we can compute the following

transmission coefficient:

T(z,E,V) x eV 5 0= F+5) (2.6)

Where ¢ is the average work function of the electrodes. This expression means that the
transmission sensitively depends on the electron energy. The higher the energy, the higher

the probability of tunneling. In the limit of low voltages, the expression 2.5 becomes:

I o e 2V (9) (2.7)

To get an idea of the effect of such coefficient, first, let us rewrite this in terms of a decay

k2 and perform a small back-of-the-envelope calculation. For silver

constant k: I; o< e~
and gold ¢ is typically ~ 5 eV [140]. With this, we can estimate k =~ 22.9 nm. This
means that for a variation of Az = £0.1 nm we get an order-of-magnitude change in the

current. This explains the extreme sensitivity of STM.

2.4.3 STM imaging modes

Now that we have all the background to understand how an STM image is recorded and
its physical interpretation, we can address the experimental side. In practice, the STM
tip is mounted on a piezoelectric tube which can move precisely in three directions by
applying three different voltages. This piezoelectric is connected to a feedback loop as
sketched in figure 2.12 which regulates the tip’s position relative to a given setpoint. One

can make an STM image using one of the following two modes:

Constant Current Mode

In this mode -as its name suggests- the current is kept constant. This is ensured thanks to
the aforementioned feedback loop, which makes sure that the current is kept at the given

setpoint. This is done by regulating the tip-sample distance while the tip is scanning the
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n_n

sample in the x and y directions. During the scan, the "z" position of the tip is being
tracked and a "topographic"' image can be reconstructed. However, one must remember
that the STM image depends on the local density of states of the surface and depends on
the voltage applied.
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Figure 2.12: Principle of imaging modes of an STM. (a) Scheme of an STM circuit.
(b) constant height imaging mode. (c) constant current imaging mode. (d) Sketch of
a junction where the tip is at a lower potential than the sample. In this configuration,
one is probing the occupied states of the sample. (e) Conversely, if the potential of the
tip is higher than the potential of the sample, one probes the unoccupied states. Figures
extracted from [141]

Constant height mode

In this mode, the tip is kept at a constant height and current variations are recorded.

This mode is less used as it has the risk of crashing the tip onto the surface.

2.4.4 Scanning Tunneling Spectroscopy (STS)

STM goes beyond imaging. It allows us to obtain information about the electronic struc-
ture of the surface. To understand this, let us go back to the expression we derived for

the tunneling current:

L) [ Y DoSS(B)T (=, B, V)AE
t ) ’

Er
we can see that the information regarding the local density of states (LDOS) is embedded

in the integral. To isolate it, one possibility is to take the derivative of this expression

with respect to the voltage applied:

— x D T(z, E ED E)—(z, FE 2.
& 0S”(eV)T(z, Ep + eV, V) + - dEDoS”( )av(z, V) (2.8)

Notice that the first term is directly proportional to the LDOS at the energy eV.

The second term can be neglected for small voltages. The expression % represents the

conductance of the junction. This means that when an electron has a non-negligible

63



Chapter 2 — Experimental Methods

probability of tunneling into an available state, there will be a proportional increase in
the junction’s conductance. This increase appears as a peak in the dI/dV curve, indicating
that a new conductive channel has been opened. This means that by scanning over a span
of bias voltages, we can get direct information on energy states present in the probed
window. In practice, to extract this signal, we applied a small oscillating voltage dV,,(t)
on top of the bias V4. Since this voltage is small, we can express the overall change in

current as follows:

I(Vy + 8V (1)) = I(Vy) + 6Vm(t)j‘[/(%) T (2.9)

For simplicity, we will consider that V,,(t) = V,,,cos(wt). Equation (2.9) reads:

I(Vo+0Vu(t) = I(Vo) + Vmcos(wt)j‘i(%) +... (2.10)

Consequently, we can use a lock-in amplifier to select a particular frequency of the
Taylor development of the current. This is done by exploiting the orthogonality of sinu-
soidal functions and it grants us access to the local density of states of the sample at the

energy eVj.

2.5 STM induced luminescence (STML)

The first observation of light coming from a tunneling junction was reported in 1976 by J.
Lambe and S. McCarthy [142]. Their system consisted in a macroscopic tunneling junction
composed of two metallic electrodes separated by a thin oxide layer. The luminescence
was broadband and presented a cutoff at a photon energy FE. that depended exclusively
on the bias Vj applied between the electrodes, such that E. = e|Vp| (figure 2.13a). The
spectral shape changed depending on the electrodes’ chemical nature and the geometry
of the junction. These observations raise many questions such as What is the physical
process behind this emission? To which extent can we control this process?
Can we observe such phenomenon in an STM junction?, and if so, What can
we learn from this? This introductory section aims at familiarizing the reader with the
technique known as STM-induced luminescence (STML). Each sub-section is presented to
address one of the previous questions and slowly build an understanding of the phenomena
one needs to consider when investigating optical properties with an STM. Ultimately, this

will create the context required to discuss our results.

2.5.1 The plasmonic STM-junction

Figure 2.13b shows two emission spectra originating from a metal-vacuum-metal STM

junction (shown in the inset). For the moment, let us focus on the red curve. This
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Figure 2.13: (a) Light emission spectra of an Ag and Au macroscopic tunnel junction.
The spectra were recorded at 77K. Figure adapted from [142]. (b) STM-induced light
emission from a gold-tip gold-sample STM junction. The two curves were taken at a bias
of 3V (black) and 1.8V (red) at a current of 10 nA. Figure adapted from [141].

spectrum is characterized by a broad resonance with a cutoff at an energy of £ = 1.8
eV. This value precisely matches the bias voltage used to acquire the spectrum. We can
understand this emission in terms of an inelastic tunneling process where electrons lose
their energy through photon emission (figure 2.14a). This allows us to explain most of the
observed phenomenology. For instance, the maximum energy that an electron can lose
is equal to the bias applied. As a result, one would expect a cutoff for photon emission
precisely matching this bias. Moreover, the inelastic character of this process explains the
broad nature of the spectra since one can have lower energetic transitions as well (blue
arrows in figure 2.14a). However, as we will see now, these considerations alone cannot

fully explain the phenomenology.

Let us come back to figure 2.13b and focus on the black curve instead. In this case, we
observe no light emission above 2.1 V. This secondary "cutoff' cannot be accounted for by
inelastic tunneling alone. Instead, we need to take a step back and study the STM junction
from an electromagnetic perspective. We will see that the proximity between the tip and
the metallic substrate induces collective oscillations of electrons that are localized within
the junction. These modes are referred to as localized surface plasmons (LSP) or gap
plasmons and are essential to understand the light emission process in the tunneling

junction. In the following, we are going to discuss their origin briefly.

Bulk plasmons

Let us consider a metal subjected to an incident electromagnetic field. The incident field
acts as a driving force for the free electron gas in the metal which will oscillate in response.

The natural frequency for this collective oscillation is called the plasma frequency and can
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be derived classically using Maxwell’s equations:

2
ne
Wy = 4 — 2.11
p =y (211)
In this expression, n is the density of electrons, ¢, the vacuum permittivity and m the
free electron mass. In the same way, electromagnetic waves can be described in terms of
photons, this collective oscillation can be described in terms of quantized quasiparticles

called plasmons which play an important role in the optical properties of metals.
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Figure 2.14: (a) Energy diagram of a biased tunneling junction. In the diagram, both
elastic and inelastic are depicted as well as the photon emission arising from the inelastic
tunneling. (b) Surface plasmon dispersion relation (solid line). The dashed line represents
the light cone. Since the SPP dispersion lies below the light cone, momentum needs to
be compensated by an amount dk for SPPs to emit light. Figure adapted from [143]

Surface plasmons

Strictly speaking, the previous discussion corresponded to the so-called bulk plasmons.
These quantized collective electron oscillations about the positive ions in the bulk. How-
ever, it can be shown that if there is a change of sign in the dielectric constant across the
interface between two media, surface charge oscillations can be similarly present. These
are called surface plasmons and exist only at the interface between the two media. The
charge motion associated with the surface plasmons generates decaying electromagnetic
fields on both sides of the interface. Strictly speaking, the plasmon is both the charge
oscillation and the EM-field. Naturally, these charge oscillations can couple with the elec-
tromagnetic far-field. For this reason, surface plasmons are also referred to as surface
plasmons polaritons (SPP). Using Maxwell’s equations, one can prove that SPP obey
the following relation:

W | €g€m

kspp = —
c\ €g+ €n

(2.12)

where ¢4 and ¢, are the dielectric permitivities of the dielectric and the metal respec-

tively. If we approximate €; to a constant and substitute €,,(w) given by the Drude model
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in the case of negligible loses (I' &~ 0) we can write:

cq(w? — w?
b a( ) (2.13)
c\ (g +1w? —w,
Notice that when k — oo (€, = —¢4), this expression allows a maximal frequency of:
Wp
opp = 2.14
Wspp T 7 sy (2.14)

This dispersion relation resides entirely below the light cone as shown in figure 2.14b.
Therefore, SPPs cannot couple to EM waves in free space unless momentum
conservation is compensated. This can be achieved in many ways, such as through
symmetry breaking due to roughness in the surface, the use of gratings, or even interaction
with tunneling electrons [144, 145]. In the case of an STM junction, the tip can provide

momentum compensation as well.

Localized surface plasmons

To fully describe the STM junction, we need to consider the tip as well. For simplicity, we
can consider the tip as a metallic nanoparticle with sub-wavelength size. In this case, the
charge oscillations we described before are confined to the nanoparticle’s volume. These
modes are called localized surface plasmons (LSP) and, in contrast with SPP, are
not propagating modes. Indeed, the curvature of the nanoparticle exerts restoring forces
on the oscillating electrons. These localized modes can be modeled as an oscillating
dipole® which, in contrast to SPP, can radiate EM waves without the need for momentum
compensation.

Having described both the tip and the surface separately, we can now discuss the effect
of their proximity. As a whole, the STM junction can be modeled within the nanoparticle-
on-mirror approach (NPoM). In such geometry, the SPP of the surface and the LSP of
the tip hybridize, generating quasiparticles quantized in the nanogap. These modes are
referred to as nanocavity plasmons (NCP), and they are known to greatly enhance the EM
field intensity in the junction. NCPs can be excited by the inelastic tunneling electrons
and decay through photon emission giving rise to broadband spectra.

Moreover, the shape of the spectra will be entirely dominated by the NCP eigen-
modes. Therefore, if we can modify the latter, we can tailor the EM field in the junction
accordingly. Since these modes form a continuum, we can understand the emission from a
tunneling junction within the Fermi golden rule formalism. Indeed, Rendell et al. showed
that if one considers the tip as a sphere, the lowest LSP-mode corresponds to a dipole

located inside the junction and aligned along the tip axis [146]. Therefore, we can write:

r = 2[4 d15)[ DoSxer(AE) B(M) (2.15)

90nly in the quasi-static regime
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Where d is the dipole moment associated with the inelastic transition from the state (1]
to the state |f), DoSncp is the density of states of the NCP at an energy AE = E; — E;
and F(M) the spatial density of the electromagnetic field at the position M.

2.5.2 STML of noble metals
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Figure 2.15: Tuning the plasmonic response.(a) Optical emission spectra of Ag(111),
Au(110) and Cu(111) surfaces. The top row corresponds to the emission at high voltages
(field emission regime). The middle row corresponds to the emission in the tunneling
regime. The bottom row corresponds to the calculated spectra based on [147]. Fig-
ure adapted from [148]. (b)Optical emission from Au(111) junctions(top) obtained with
different tip apex geometry (bottom).Figure extracted from [149]

We have seen that the plasmonic response of the junction strongly enhances the lu-
minescence arising from the STM. Therefore, it is worth investigating to which degree we
can control this response. The first thing one can try is changing the chemical nature
of the electrodes. Indeed, the plasmonic response depends on the dielectric function of
the materials involved. This was proven in the context of noble metals by Berndt et al.
[148]. In their experiments, they investigated the emission arising from different metallic
surfaces, in particular Ag(111), Au(110), and Cu(111). Figure 2.15a shows the measured
(middle row) and predicted (bottom row) plasmonic responses of each junction. We can
see that the emission is centered at an energy that depends on the dielectric function of
the chosen metal.

Another interesting approach to tune the plasmonic response of a junction consists
in modifying its geometry. This was demonstrated by Meguro et al. in 2002 in Au(111)
junctions [149]. Figure 2.15b shows two optical spectra obtained in such junctions with
different tip shapes. The corresponding shape of each tip is shown below each spectrum.
We can see that the main peak is composed of secondary resonances, which are directly
linked to the shape of the tip apex. This means that we can change the EM response of
the STM junction to a certain degree by modifying the latter.
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2.5.3 STML on single molecules: the decoupling problem
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Figure 2.16: STML on single molecules.(a) Scheme of a molecule deposited on top of a
metallic surface. (b) Energy diagram of a biased STM junction with a molecule in contact
with the sample electrode. The resonances shown in the figure represent molecular states
onto which electrons can inelastically tunnel.

One of the most promising aspects of STML is the sub-nm resolution it can provide.
Indeed, in STML, the excitation resolution is defined by the tunneling current. This
aspect sparked many investigations in the context of single-molecule fluorescence. In the
early experiments, the idea was to evaporate molecules directly on a metallic surface
and then use the STM to excite them (figure 2.16a). The expectation was that inelastic
transitions could induce the fluorescence of the molecule. However, this proved to be more
challenging than expected. Indeed, instead of a sharp emission arising from intrinsic
processes, a broad emission more akin to plasmons was observed. These spectra were
different from the ones obtained on the bare metallic surface but remained plasmonic in
nature. We can understand this difference by taking into account inelastic transitions
towards molecular states [150, 151, 152]. Figure 2.16b shows an energy diagram of such
process. In this example, the molecular levels act as channels into which electrons can
inelastically tunnel. This results in a molecule-induced modification of the plasmonic
response of the junction. Nevertheless, this is not intrinsic in nature. The proximity
between the molecule and the metal opens efficient non-radiative decay paths resulting
in a complete quenching of the molecule’s fluorescence similar to the case of TMD and
graphene discussed in chapter 3.

A breakthrough came in 2016 when the intrinsic luminescence of molecules was demon-
strated in two different configurations. The first one consisted in suspending the molecule
in the junction using molecular wires. This configuration is shown in the top panel of
figure 2.17a. In this geometry, one can precisely control the distance between the molecule
and the surface and, therefore, the coupling. This was demonstrated experimentally by
M. Chong et al. in porphyrin molecules suspended by oligothiophene wires [153]. STML

spectra of this system for different molecule-surface separations are shown in the bottom
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Figure 2.17: Decoupling strategies.(a)Top: Scheme showing the suspended molecule
configuration. A molecular wire is used to suspend an emitter and precisely decouple it
from the substrate. Bottom: STML spectra from the suspended emitter. The spectra
were acquired at different tip-sample distances indicated next to each spectrum. Sharp
emission (7 meV) arising from the intrinsic process can be observed at large separations.
Figure extracted from [153]. (b)Top: Scheme showing a ZnPc molecule being decoupled
from the Ag(100) substrate by a NaCl layer. Bottom: STM images (left) and STML
spectra (right) recorded on the positions indicated in the figure. The emission corresponds
to the fluorescence of the molecule and the dimer. Figure adapted from [154].

panel of figure 2.17a. We can observe that once the molecule is sufficiently far from the
substrate, narrow (7 meV) emission arising from intrinsic processes in the molecule is
obtained. The main constrain of this strategy is the lack of spatial resolution inherent to
the suspension. The same year, Zhang et al. proposed a new approach involving NaCl as
a decoupling layer between the molecule and the metal'® [154] similar to early works by
Qiu et al. in which they used oxides as decoupler [155]. This configuration is shown in the
top panel of figure 2.17b. They investigated Zinc-phthalocyanine molecules (ZnPc) de-

posited on an Ag(100) substrate. In this configuration, one retains the spatial resolution

10NaCl provides a relatively inert substrate for the molecule similar to the use of hBN. See chapter 3
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of the STML approach that allows probing fluorescence characteristics with sub-molecular
resolution. STML spectra obtained in such configuration are shown in figure 2.17b (bot-
tom panel). The spectra were recorded on top of a single ZnPC molecule and a nearby
dimer. This is direct proof that one can perform single-molecule spectroscopy with atomic

resolution.

2.5.4 STML on semiconductors
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Figure 2.18: (a)Photonmap of a quantum well taken at -4V and 1 nA. The luminescent
area corresponds to GaAs luminescence [156].(b) STM-F and PL spectra of GaAs/AlGaAs
at 200K. The parameters for the STM-F acquisition were -1.6V and 1 pA. [157] (¢) STM-F
spectra of CdS(1120) at room temperature. The parameters for aquisition were -7 V and
10 nA for the spectra (a), (b) and (d). The spectra (c) was taken at 10 V. [15§]

STML was also investigated in the context of extended systems such as semiconductor
surfaces. The idea is similar to that of single molecules, but instead of molecular levels, the
semiconductor has bands. These measurements were pioneered by the works of Gimzewski
et al. [159], and Alvarado et al. [156] at the end of the 80s. In these early experiments,
the authors pointed at inelastic tunneling towards the band edges as the origin of the
luminescence. Interestingly, they were able to measure highly resolved photon maps on
individual quantum wells in GaAs/AlGaAs heterostructures (figure 2.18a).

The first spectrally resolved intrinsic STML spectra of semiconductors were obtained
in 1992 by Montelius et al. on InP at low temperatures[157], and by Berndt et al. on CdS
at room temperature [158]. These spectra are shown in figures 2.18b and c, respectively.
The intrinsic nature of the spectra was demonstrated by comparing them with reference
PL spectra of the same samples. From their observations, they concluded that the lumi-
nescence steamed from charge carrier injection into the bands and impact ionization of

hot carriers with excitons.

2.5.5 Summary

We can summarize the main key points of this discussion as follows
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e An STM junction presents localized EM-modes that can strongly enhance the EM

field inside the junction when noble metals are used.

e These plasmonic modes can be excited by inelastic tunneling electrons resulting in

broadband optical emission.

e The plasmonic response of the junction depends on the tip geometry and the chem-

ical nature of the electrodes.

o The proximity of a plasmonic structure to an emitter can quench its intrinsic emis-
sion. This motivates the realization of different strategies to decouple the emitter

from the electrodes.

o Intrinsic STML emission has been demonstrated in the context of single molecules

and bulk semiconductor surfaces.

2.5.6 Our setup

I used a commercial low-temperature STM produced by Unisoku Co., Ltd (figure 2.19).
The cryogenic system is composed of one cryostat that can be filled with liquid nitrogen
(LNg) or liquid helium (LHe), depending on the temperature range we want to work
with. This STM has an approximate standing time of 48 hours at 6 K. The STM-head
is in thermal contact with the cryostat, which allows us to cool down to 6 K. Thanks
to an ionic pump, the STM is kept in UHV conditions (P ~ 10~'mbar). External
vibrations are minimized thanks to two damping systems in place. The first one allows us
to decouple the STM-head from the rest of the chamber by suspending it through springs
and magnetic dampers. The second one involves suspending the whole STM chamber
with pneumatic feet. Thanks to this, we can isolate efficiently the STM from vibrations
in the building.

The STM chamber is connected to a preparation chamber which is also kept under
ultra-high vacuum. This chamber is used to prepare the samples and the tips used in the
measurements. It is equipped with an ion gun and a sample stage on which we can do
thermal annealing. Although I did not use it for my experiments, the preparation chamber
is also equipped with an evaporator that allows one to sublimate molecules. To introduce
samples and tips in the STM, we use a load-lock that is connected to the preparation
chamber by a gate valve. Before opening the valve, a preliminary vacuum is done in the
load lock.

1 This system can descend to 1K by pumping on the cryostat.
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Figure 2.19: Scheme of the unisoku STM. Source: Unisoku

Tip preparation

Two kinds of tips were used for all STM studies done during this work: Ag and W tips. W
tips were prepared from a 0.25mm thick wire. The wires were etched in a NaOH solution
as described in [160]. After etching, the tips are annealed and argon sputtered. In the
case of Ag tips, instead of NaOH, a 1:4 solution of HCIO,4 and ethanol was used. After
etching, the tips are only argon sputtered.

The sputtering is done to further clean and sharpen the tip. In the case of the W tip,
one must indent it on a metallic surface. The idea is to cover the tip with the metal and

optimize its plasmonic properties (See section 2.5.2).

2.5.7 Light detection in our setup

During my Ph.D., I participated in designing and preparing the optical table for the
Unisoku STM. A scheme of this setup is shown in figure 2.20. The setup is mounted on
a platform attached to the STM. The emitted light (in red) is collected using two lenses
(L1 and L2) inside the STM chamber. The collimated beams go to two different paths
leading to two different kinds of measurements. The lower path is used for STML and
in-situ PL. For STML, the collimated beam is aligned on an optical fiber using a set of
mirrors and lenses. If needed, a linear polarizer (P1) can be added to the setup.

For the PL, a 532 nm continuous wave laser (green) is used. To control the power, a

series of optical elements composed of a half-wave plate (1/2), a linear polarizer (P2), and
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a second half-wave plate is used. Indeed, the laser is already polarized, and we can use
the first 1/2 to turn this polarization. Then, the polarizer at P2 is fixed such that only
light propagating perpendicular to the table is transmitted. By rotating the first plate,
we can continuously modulate the power of the laser. The second half-wave plate is in
place in case one wants to turn the incident polarization. After this, the laser is shone
onto the junction using a dichroic mirror (DM 532). To avoid laser backscattering, we
added a notch filter in front of the optical fiber.

The upper path is used for time-correlated measurements. After emission, the signal
can be split using a 50/50 beam-splitter cube. The new paths are aligned to a set of
avalanche photodiodes (APD). We have adapted the setup to measure in the Hanbury-
Brown and Twiss configuration [161]. This part of the setup was not used during my
Ph.D.

2.5.8 Detection efficiency

The in-situ collection system consists in a lens (diameter= 20 mm, focal distance= 11
mm) fixed at an angle of 35 degrees with respect to the sample. The collected light then

depends on the solid angle covered by the lens which can be estimated using:
O =27(1 — cos(arctan(d/2f))) ~ 1.63 sr (2.16)

Supposing light is emitted isotropically in the upper hemisphere of the sample, this
would imply that the lens collects /27 &~ 26 % of the emitted light. However, this value
must be adapted to the directional emission of the tunneling junction. Indeed, it has
been shown that the emission intensity from metallic junctions has a maximum at 30°.
To correct for this, let us suppose that all the emission occurs in a spherical segment at
30° with a height equal to the lens diameter. Using this, we estimate an upper limit for
the collection efficiency of the lens at 38 %.

The emitted light then travels through the UHV windows (whose transmission in the
IR and visible is ~ 90%) and the optical path shown in figure 2.20. In optimal conditions,
the transmission between the lens and the optical fiber can reach up to 90%. In the
best-case scenario, we estimate that around 50% of the photons collected by the in-situ
lens arrive at the spectrometer. Therefore, we can calculate an overall detection efficiency
between 13% and 19%.

Spectral analysis

We used a Princeton SCT-320 spectrometer coupled with a Pylon 400BR eXcelon CCD
camera. After the signal is collected with the optical fiber, the beam goes to a diffraction

grating that we can choose between 150 gr/mm, 300 gr/mm, and 1200 gr/mm. Each pixel

74



2.5. STM induced luminescence (STML)

APD 1

Counter
Module

L3

L4

Optical
Fiber

P1 L5 N532
DM 532
Spectrometer

+ CCD camera

Laser

M3

/2 P2 12

Figure 2.20: Scheme of the STM optical table. The emitted light is divided into two
paths. The upper path is used for time-correlated measurements. The lower path is used
for STM-F and in-situ PL spectroscopy. A series of halfwave plates and polarizers allow
us to control the power of the incident laser and a dichroic mirror is used to filter the
laser. The emitted light deviates to an optical fiber coupled to a CCD camera.

on the detector corresponds to a particular frequency and the intensity is related to the

number of incident photons on each pixel.
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CHAPTER 3
Tailoring the luminescence of

monolayer TMDs with graphene

3.1 Motivation

o
o
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Figure 3.1: hBN-supported MoSe;/1LG sample. (a)Optical microscopy image of a
hBN/MoSe;/1-2LG sample. (b) Lateral view of the sample. (c) Room temperature PL
spectra of hBN/MoSe, (top) and hBN/MoSe,/1LG (bottom). The FWHM of the peaks
is indicated in the figure. Spectra recorded with a 532 nm cw-laser with an intensity of

1 pW/pm?.

In chapter 1, we have mentioned the different phenomena that can arise at the inter-
face between the layers in a van der Waals heterostructure. These phenomena ultimately
influence or even define the optical and electronic properties of a heterostructure-based
device. Therefore, it is essential not only to identify them but also to control them to a
certain degree. A monolayer TMD stacked onto graphene is an example of a heterostruc-
ture whose properties are dominated by near-field coupling mechanisms at the interface.
Let us look at the graphene/MoSe;/hBN heterostructure shown in Figure 3.1a. This
sample was fabricated using the method introduced in section 2.1. The highlighted areas
correspond to a monolayer graphene (1LG, highlighted in orange), a bilayer of graphene
(2LG, highlighted in red), and a monolayer of MoSe, (shown in blue). A scheme showing
a lateral view of the heterostructure is shown in figure 3.1b. Two PL spectra characteris-

tic from the 1LG/MoSes/hBN (orange) and MoSe; /hBN (blue) areas are shown in figure
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3.1. The spectra are composed of a resonance corresponding to the recombination of the
neutral exciton and are normalized to the maximum of the exciton emission. A scaling
factor between the two is shown next to the orange spectrum. We observe a two-orders of
magnitude reduction of the PL signal coming from the TMD/1LG heterostructure with
respect to the bare TMD. This suggests a shortening of the excitonic lifetime due to non-
radiative decay paths towards graphene as it was shown in reference [8]. Since excitons
in TMDs display ns-lifetimes at room temperature, non-radiative decay must happen in
much shorter times. In fact, it has been shown that the exciton lifetime in TMD/graphene
is of the order of few ps [8, 162]. The exact mechanism through which the non-radiative
decay occurs is to this day a matter of debate. The principal difficulty is that different
processes can lead to the observed quenching (see section 3.2). Therefore, to obtain in-
sights on the photophysics of TMD/1LG, one cannot rely exclusively on PL spectroscopy.
Instead, to investigate the microscopic origin of this coupling we need to complement PL
with other techniques such as DR, Raman spectroscopy, TRPL, PLE which provide useful
information regarding doping trends and excitonic dynamics.

Among the different mechanisms that can arise at the interface between TMD and
1LG, let us start our discussion with electron redistribution. As mentioned in section
3.2, TMD/1LG cannot be understood in the same terms as a macroscopic semiconduc-
tor/metal junction. In the latter, Schottky barriers form at the interface. However, both
graphene and the monolayer TMD are smaller than the typical band bending region.
Therefore we need to reconsider our approach. For simplicity, let us suppose that the
bands remain unchanged and instead undergo rigid shifts. In this scenario, just as for
macroscopic junctions, electron redistribution can occur through charge tunneling upon
contact (figure 3.2). This is called static charge transfer and it depends on the relative
band offset between the TMD and graphene. This process happens entirely in absence
of photo-excitation and leads to a charge redistribution between the layers. In the case
of photo-excited carriers and excitons, energy and charge transfer processes are the main
coupling mechanisms. Energy transfer can occur either through Forster energy transfer
or through Dexter energy transfer (as mentioned in section 3.2 ). Charge transfer occurs
when the electron and the hole have different tunneling probabilities towards graphene.
If this difference is big enough, there will be a time on which the heterostructure is in a
charge-separated state. This state can be short (~ 1 ps) or long-lived (>> 1 ps). In the
case of long-lived charged separated states, this could lead to photodoping which can have
an intrinsic (through charge tunneling) or extrinsic origin (adsorbates, residual doping,
etc... ). Needless to say, a device would benefit from such effect since one can enhance
the photoconductivity of this heterostructure by harvesting the charges from graphene
before relaxation takes place. Our studies regarding these points will revolve around the

following questions:

« What is the impact of electron redistribution (static charge transfer) in TMD/Graphene
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heterostructures?

e How can we understand photodoping in these heterostructures?

An interesting situation might arise at low temperatures where the radiative lifetime
of excitons in TMDs reduces down to few ps [19]. This means that there will be a
competition between radiative decay and non-radiative decay towards graphene. We will
discuss the experimental realization of this concept in detail in section 3.3 and we will see
that one can obtain single- and narrow-line emission spectra from TMDs. In that case,

we would need to answer the following questions:

o What is the origin of this filtering effect?

o What is the underlying dynamics at low temperatures?

In this chapter, I will discuss the physics of TMD/1LG heterostructures. In section 3.2,
I will discuss with more detail the previously mentioned near-field coupling mechanisms
and the extent of their effects in the optical properties of the heterostructure. In section
3.3, I will address the filtering of the PL at low temperatures. Section 3.4, is dedicated
to giving microscopic insights on low-temperature excitonic dynamics. Finally, in section
3.6, I will conclude the chapter and give some perspectives. The results presented in this

chapter resulted in two publications on which I was co-author [9] and first author [10].
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3.2 Near field mechanisms in TMD /graphene

In this section, I will discuss the aforementioned interlayer coupling mechanisms.

3.2.1 Static charge transfer

Static charge transfer

(a) (b)

CB-@— CB —— CB—— CB — —
E ..................
F EF ..................
EF o — Bp o
VB —— VB —— VB —©— VB ——
Electron transfer Hole transfer

Figure 3.2: Static charge transfer process. Scheme illustrating electron redistribution
in TMD/1LG heterostructures. Depending on the relative offset between the bands and
the Fermi levels, charge tunneling can occur upon contact. This process is illustrated for
electrons (a) and holes (b).

Static charge transfer occurs when charges tunnel from one layer to the other. This
process happens in absence of photoexcitation and it depends on the band offset and
the Fermi level alignment between the TMD and graphene. In essence, graphene is a
broadband acceptor with a Fermi level located within the gap of TMDs. As a result,
electron redistribution can happen as long as graphene is not heavily doped (typically
for values of |E|. < 200 — 300 meV). Figure 3.2 shows a scheme illustrating this process.
Although this process happens in the dark, one can single out hints of charge transfer using
PL and Raman spectroscopies using the lowest possible powers to avoid photo-induced
effects. One example is the appearance of charged excitons. TMDs are known to display
residual doping arising from the fabrication process. In fact, it is challenging to obtain
perfectly neutral samples. Neutral areas can be found, but are reduced to localized spots
which are far from being reproducible. As a consequence, trions can be formed due to
the interaction between X° and native dopants. At room temperature, the luminescence
spectra of TMDs contain contributions arising from the radiative recombination of trions®.
This is possible because their binding energy varies from 30-40 meV depending on the
material (see table 1.2), which is is comparable to kT ~ 25 meV. As a result, we
can use this contribution to indirectly obtain information regarding the doping of the
TMD layer. Figure 3.3 shows room temperature PL spectra of TMD and TMD/1LG
heterostructures. In the former, trion recombination appears as a shoulder located 30

meV below the neutral exciton. In contrast, in TMD/1LG, we observe no such shoulder,

Tt is difficult to conclude whether X* is positively (X*) or negatively (X ) charged only by using
PL, especially at room temperature.
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which suggests a vanishingly small doping. Similar observations have been reported in
WS, /1LG heterostructures by Hill et al. [163]. This is promising since it could provide a
deterministic way of obtaining quasineutral or even completely neutral samples. We are

going to come back to this point in section 3.3.6.
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Figure 3.3: Signs of neutralization at room temperature. PL spectra at room
temperature of (a) MoSey (top), MoSey/1LG (bottom),(b) MoS, (top), MoS, /1LG (bot-
tom),(c) WSs (top), WSs/1LG (bottom),(d) WSes (top), Wes/1LG (bottom). The spec-
tra are fitted with double lorentzians. The spectra were recorded under cw-excitation at
532 nm and under a photon flux of 10! cm—2.

However, as this happens "in the dark" upon contacting the layers, charge redistribu-

tion can not account for the reduction of the excitonic lifetime.

3.2.2 Charge transfer and photodoping

Photo-induced charge transfer or photodoping occurs when charge carriers tunnel from
the TMD to graphene upon illumination or vice-versa. This process can have an intrinsic
origin (through a long-lived charge separation state) or an extrinsic origin (due to adsor-

bates, surface traps, or defects). In the former, photoexcited carriers rapidly tunnel from
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Figure 3.4: Photoinduced charge transfer. Scheme illustrating electron (a) and hole
(b) transfer upon photoexcitation.

the TMD towards graphene and reside in graphene as long as the illumination is on. The
sign of the carriers depends on the relative position between the bands and the Fermi level
in graphene (figures 3.4a and b). Ultimately, this results in a charge-separated state on
which both the graphene and the TMD are doped with opposite signs. Experimentally,
photoinduced charge transfer can be probed by monitoring the doping level of graphene as
a function of the incident photon flux. One of the first works reporting on this process was
done by Zhang et al. [164]. In this article, they focused on a MoS;/1LG heterostructure
and used the charge neutrality point (CNP) of graphene as a probe, and determined that
electrons are being transferred towards graphene. Nevertheless, there is no consensus on
how long the lifetime of this charged state is.

Extrinsic photodoping has been demonstrated in SiOs-supported TMD/1LG het-
erostructures [8]. This was a part of a study performed by two former Ph.D. students
in my group. In their work, they used a combined approach of PL. and Raman spectro-
scopies and compared 5 different MoSey /1LG/SiO5 samples in a vacuum and at air. They
observed that:

o At air, the Fermi energy of graphene in the heterostructure increases with the inci-

dent photon flux (¢) up to a saturation value close to ~ 300 meV.

e In a vacuum, the same saturation occurs but one can achieve at any given incident

photon flux. This happens slowly in timescales in the order of minutes.

This suggests the suppression of a charge leaking channel in air. Indeed, contaminants
present in the surrounding air can be adsorbed on the surface of the TMD and act as a trap
for excitons. In vacuum, an important proportion of contaminants is desorbed and one
recovers the intrinsic situation where the transferred carriers remain in graphene as long as
the laser is on. In contrast, in ambient air, the carriers can escape the graphene layer due to
the desorption process. Their work proves that photo-doping can occur in these samples,
however, it has little to no effect on the excitonic dynamics. Therefore, photo-induced
charge transfer alone can not be behind the observed PL quenching in TMD/1LG. This is
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further supported by a recent work done in collaboration with La Sapienza in Rome (T.
Scopigno’s team). In this study, time-resolved Raman scattering spectroscopy is employed
to demonstrate that no net charge transfer is observed in WS2/1LG after 3 ps. In other
words, if charge separation is at play, this study provides an upper bound of 3 ps for

the lifetime of the charge-separated state [162].
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Figure 3.5: Photodoping.(a) Correlation between wyp and wg extracted from a Raman
map of the sample in figure 3.1. The slope suggest native strain in the heterostructure
[165, 136].(b) Selected Raman spectra with different incident photon fluxes. The color
code corresponds to the explored incident flux range.(c) Correlation between I'¢ and wg
indicating low doping. The points are extracted from the spectra shown in (b) and are
color-coded accordingly. All spectra were acquired under cw excitation at 532 nm and in
vacuum.

Even though these processes are not behind the observed quenching, they can hamper
our access to intrinsic features. We can suppress this effect by studying the sample
in vacuum, however, there could be a similar effect arising from trapped charges in the
underlying substrates [166, 8, 167]. A workaround to this problem is to use inert substrates
that are less prone to dope the monolayer upon illumination. This is the case for the
sample shown in figure 3.1. The sample consists of a thick ( 100 nm) hBN flake on which
we transferred a MoSe;/1LG heterostructure. To probe the doping, we used Raman
spectroscopy as in reference [8], and focused on the G- and 2D-mode of graphene (See
section 1.2.2). As discussed in chapter 1, the presence of doping leads to a renormalization
of the Kohn anomaly at the I' point. This induces an upshift of the G-mode frequency
(wg) and a narrowing of its width (I'g). The 2D mode is expected to change similarly,
although the effect is much less pronounced. Then from the correlation between wg and
wop as well as between ' and wg, we can extract information on possible doping arising
from the substrate. Figure 3.5a shows the correlation between wyp and wg extracted
from a hyperspectral Raman map of the sample. We observe a linear correlation with a
slope equal to 2.2. From this value, we can deduce that the sample is subject to native
compressive strain [165, 136], probably originated during the fabrication process. No

contributions coming from residual doping are observable in this curve.
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Figure 3.5b shows a series of Raman spectra with increasing incident power. For this
data set, the power was varied from 10 yW /um? up to ImW /um?. We extracted wg and
' from these spectra and plotted their correlation in figure 3.5c. We observe that the
G-mode remains at a value equal to 1582.2 0.5 cm™!. I'g also remains constant around
~ 14 £ 1 cm™!. These values are matching a scenario on which we have quasi-neutral
graphene with at most 10''em™2[168]. Therefore, we can safely conclude that there is no
photodoping in this architecture. This proves that hBN not only provides a substrate
that improves the optical quality of TMD samples but also provides a good sample to get
rid of the photodoping.

3.2.3 Energy transfer

Energy transfer in TMD/1LG stems from the near field Coulomb interaction between
carriers in both layers. Formally, it can happen in two ways: either through dipole-dipole
interaction (Forster Energy transfer or FRET [169]) or through charge tunneling (Dexter
energy transfer or DET [170]) as shown in figures 3.6a and b. In both cases, no net charge

is flowing between the layers.

Energy transfer

(b)

Forster energy transfer Dexter energy transfer

Figure 3.6: Energy transfer mechanism. Scheme illustrating the energy transfer pro-
cess. (a) FRET process in which an exciton in the TMD transfer its energy to graphene
through dipole-dipole interaction (b) DET process in which an exciton in the TMD tun-
nels into graphene. Both processes end up in the same final state.

Notice that both processes end up in the same final state: an electron-hole pair in
graphene. However, the underlying physics is quite different. For instance, FRET is
a long-range process that depends on the spectral overlap between the emitter and the
acceptor. Furthermore, it is a process that becomes more efficient with increasing vol-
ume and dimensionality of the species involved [169, 145]. Since excitons in TMDs and
graphene have dipoles aligned in-plane, FRET can play an important role in the het-
erostructure. On the other hand, DET is a short-range mechanism that depends on the
overlap between the orbitals of adjacent layers. As such, this mechanism decays exponen-
tially with distance and becomes negligible at distances larger than ~ 1 nm. Therefore,

to differentiate between them, one could investigate situations in which DET can be ne-
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glected. For instance, by separating the TMD and graphene by more than 1 nm and study
the PL quenching. Altogether, energy transfer either through DET or FRET is currently
the main candidate to explain the PL quenching observed in TMD/1LG [8, 162].

3.2.4 Short-lived charge-separated state.

Short-lived charge separation state

t>r, (b) t=0 t>1,
Te = Th
_ ‘Q"/-\ —_— ;x ..........
—_— T
o << 1 ps" ..................
Electron transfer Hole transfer

Figure 3.7: Short-lived charge-separated state. This process occurs when electrons
and holes have different tunneling probabilities to graphene. As a result, a charged sepa-
rated state can be formed. Moments after the initial excitation one of the carriers instantly
transfers into graphene leaving the other one behind. After a timescale 75 the remaining
carrier tunnels into graphene resulting in non-radiative decay of the initial exciton. This
process is shown in (a) for electrons and in (b) for holes. Eventually, after a few ps, the
system ends up in the same final state as in the case of Forster or Dexter energy transfer.

Recently, a new scenario has been proposed. In this scenario, electrons and holes have
different tunneling probabilities to graphene resulting in a short-lived charged separated
state (as shown in figure 3.7). This has been demonstrated recently in a WS;/1LG het-
erostructure [18]. In this case, after the exciton is created, the hole tunnels into graphene
practically instantaneously while the electron remains in the CB for at least 1 ps. In
the transient state, the monolayer is negatively charged, and graphene is correspondingly
positively charged. Evidence of this transient state was obtained through time- and angle-
resolved photoemission spectroscopy (tr-ARPES). Notice that this process is equivalent
to charge transfer for short times (t < 1 ps). However, once the electron tunnels to
graphene, the net charge transfer is zero. An important point in this article [18] are the
experimental conditions with which the transient state was observed. They used photons
with an energy of 2 éV and a fluence of 2mJem 2. This corresponds to an exciton density
of ~ 10" ¢cm~2 which is three orders of magnitude above the typical exciton densities
we create in our experiments. Moreover, this also means these experiments are carried
out in the non-linear regime. Overall, this mechanism is efficient for unbound electrons
and holes. We could imagine a scenario in which energy transfer (either through FRET
or DET) dominates at low photon fluxes a near resonance, whereas charge separation

dominates at high excitonic density regimes and for excitation well above the bandgap.
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3.3 Filtering the luminescence of TMDs with graphene

So far, we have discussed all interlayer coupling mechanisms that can be relevant in
TMD/1LG heterostructures. Among these, only energy transfer processes such as FRET,
DET, or short-lived charge-separated states can explain the observed PL quenching at
room temperature. However, a detailed investigation of the excitonic dynamics can be
complex since non-radiative processes are non-negligible at room temperature. This moti-
vates us the investigate TMD/1LG at cryogenic temperatures where the excitonic lifetime
is reduced to few ps [19] and determined only by radiative recombination (section 1.5.2).
The shortening of 7xo is advantageous since it hinders the accumulation of excitons in
the light cone, which prevents them from interacting with each other?. This presents an
interesting situation because in these conditions radiative recombination occurs in the
same timescale as the energy transfer to graphene. We will see that this has fundamen-
tal consequences in the low-temperature PL spectra of TMDs and leads to a filtering
effect where only luminescence from the neutral exciton is observed. In the following, I
will present a combined approach involving PL, DR, TRPL, and PLE spectroscopies on
which we investigated the properties of TMD/1LG at low temperatures. These results
culminated in the following publications [9] and [10].

3.3.1 Phenomenology

Figure 3.8 shows typical PL spectra of hBN-capped MoSey, WSey, MoS; and WS, (upper
panel) and hBN-capped TMDs/1LG of the same TMDs (lower panel). All spectra are
normalized and the scaling factors between the Xline in the TMDs and the single peak
in TMD/1LG spectra are shown next to the X°-line in the upper panel. In the bare
TMD, the spectra are composed of two or more peaks arising from the recombination
of different excitonic particles as explained in section 1.7. As expected, bright TMDs
(MoSes, MoSs) display spectra composed of two peaks which we attribute to the neutral
exciton X° (marked with an asterisk) and the trion X* situated at lower energy. Dark
TMDs (WSey and WSs), on the other hand, display the same two peaks together with
a manifold of other lower energy resonances arising from other excitonic species such as
dark excitons, biexcitons, localized excitons, among others (see section 1.7). A tentative
assignment of these transitions is shown in Figure 3.9. This assignment was done based
on recent reports [100, 99, 101, 103]. Interestingly, in the case of WS,, we can resolve the
fine structure of the trion arising from singlet and triplet states (X3 7).

In the lower panel, the spectra are strikingly different. Instead of a manifold of peaks,
we observe single and narrow emission lines for all TMDs coupled with graphene. This is

striking since even complex spectra such as the one of WSe, and WS, lack these low energy

2Tt is important to point out that this holds as long as one investigates the dynamics at low incident
photon fluxes where Auger-recombination cannot occur. i.e. we can neglect exciton-exciton interaction.
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Figure 3.8: Filtering the luminescence of TMDs at 15 K. Top: PL spectra of hBN-
capped MoSes, WSey, MoS; and WS,. Bottom: PL spectra of hBN-capped MoSe,/1LG,
WSe, /1LG, MoS,/1LG and WS, /1LG. The spectra are normalized to the maximum of
emission and the scaling factor between the TMD and TMD/1LG counterpart is shown
in the top panel for each spectra. The resonance corresponding to X° is marked with an
asterisk. All spectra were recorded at 15 K under cw-laser excitation at 2.33 eV (MoSes,
WS,, MoS;) and 1.96 eV (WSes).

contributions. This is shown in semi-logarithmic scale in figure 3.9. For instance, we can
see that there is no sign of the dark exciton X” in both WS, and WSe,, even though
there is a small remnant of the X* in the former probably due to a partial decoupling
between the layers. Nevertheless, our observations remain qualitatively the same for all
TMD/1LG heterostructures: single- and narrow-line emission spectra. Furthermore, for
all TMD/1LG heterostructures, the single-line appears redshifted with respect to the
XOline in the bare TMD by about 10 meV. Furthermore, these lines exhibit Lorentzian
profiles with widths in the order of ~ 5 meV suggesting a reduction of dephasing. The
energy and width of these peaks are obtained through a Lorentzian fit and are reported
in table 3.1.
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Figure 3.9: Characterizaton of PL spectra of dark TMDs. Low temperature PL
spectra of hBN-Capped WSe; (a) and WS, (b)samples. The spectra are characterized by
many peaks arising from X° and X* as well as dark excitons(X?), biexcitons(X X) and
localized excitons (X*).The spectra were recorded at 15 K, in the linear regime and using
cw-laser excitation at 2.33 eV (WS,) and 1.96 eV (WSey).

3.3.2 Identifying X°

For simplicity, let us continue our discussion by focusing on MoSe;. In order to identify
the origin of this single-line emission, we measured both the PL and DR spectra of the
sample. Figures 3.10a and b show the DR (top) and PL (bottom) spectra from hBN-
capped MoSes and hBN-capped MoSe, /1LG areas.

Just as before, in the bare TMD, both spectra display two resonances associated
with X% and X* (marked with the gray dashed lines). In contrast, we observe only one
intense resonance in TMD/1LG in both DR and PL. This suggests that the resonance in
TMD/1LG might arise from a screened X°. The redshift could be understood in terms of
dielectric screening due to the presence of graphene [20]. To further prove our hypothesis
that the single-line character of the TMD/1LG spectrum arises from X° we studied
the PL as a function of temperature (T). Figure 3.11 shows the emission energy of the
main peak obtained from this sample as a function of temperature. We can see that the
emission energy in TMD/1LG is systematically located between the X° and X* lines in
the bare TMD. Therefore, we can safely assign the single-emission line in TMD/1LG to
the recombination of X°.

From this observation, we can conclude that no X* emission is observed in the het-
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Figure 3.10: Identifying X°. DR (top) and PL (bottom) spectra of hBN-capped MoSe,
(a) and MoSe,;/1LG (b). The spectra were acquired at a temperature of 4 K, in the linear
regime using cw-laser excitation at 2.33 eV.
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Figure 3.11: Temperature dependent PL spectroscopy on a hBN-capped
MoSe,/1LG sample. Temperature dependent peak energy of the MoSe, exciton (X©)
and trion (X*) emission lines. All data were recorded in the linear regime using cw-laser
excitation at 2.33 eV.

erostructure and that the emission stems from a screened X°.

3.3.3 Quenching factors

Now that we have identified the origin of the single-emission line. Let us comment on two
different quenching factors which will be useful to understand our measurements. First,

let us define the exciton quenching factor @) xo in terms of the integrated intensity of the
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X% in MoSey (Ixo) and MoSes/1LG (I%) such that:

I
Qxo0 = ==

XO

By monitoring this value, we can obtain information regarding the energy transfer
from the cold exciton population towards graphene. The values of ()xo found for the
samples shown in figure 3.8 are shown in table 3.1. We observe moderate quenching
factors close to one order of magnitude. This reduction with respect to the two orders
of magnitude quenching observed at room temperature is not surprising. It is a direct

consequence of the shortening of the radiative lifetime at low temperatures.

The second quenching factor that will be useful is the total quenching factor Q.. This
value relates the total integrated intensity in the bare TMD spectra with the integrated
intensity of the exciton in the TMD/1LG such that:

Quo = 12t
X0

Qiot gives us information about the dynamics of the hot excitonic population created
moments after excitation (figure 3.17). In the TMD, hot excitons can undergo relaxation
resulting in the formation of different excitonic species. In contrast, in TMD/1LG, hot
excitons can only form neutral excitons. The calculated Q. for the samples in figure 3.8
are shown in table 3.1. As we can see, these values are larger than ()xo suggesting an

additional non-radiative decay path involving hot exciton transfer to graphene.

EXo (eV) Fxo (meV) QXo Qtot

MoS, 1.933 4.0 39 43
MoS,/1LG 1.918 3.5

MoSe, 1.649 5.6 71 13.6
MoSey /1LG 1.635 4.4

WS, 2.084 9.7 30 997
WS, /1LG 2.067 4.3

WSe, 1.728 8.7 37 91
WSe, /1LG 1.721 7.2

Table 3.1: Emission characteristics for the samples shown in Fig. 3.8 Peak
emission energy (Fxo), full width at half maximum (I'xo) of the X° emission line for the
PL spectra of the four hBN-capped samples discussed in Fig.3.8. The data were extracted
from Lorentzian fits for hBN-capped samples and graphene/MoSe; and from Voigt fit for
hBN-capped MoSes,.
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3.3.4 Spatial homogeneity

To verify the robustness of our results, we repeated the same measurements on another
sample. In particular, we focused on the 1LG/MoSe;/hBN sample shown in figure 3.1a.
PL spectra of the MoSe;/hBN (blue), 1LG/MoSes/hBN (orange) and 2LG/MoSe;/hBN
(red) areas are shown in figure 3.12a. The spots on which the measurements were done
are indicated in the PL intensity map in figure 3.12b. Just as before, we confirm the
single line character of the spectra and the narrowing of the X° line. This indicates
that one graphene layer is enough to reduce dephasing in TMDs. Moreover, thanks to
a hyperspectral mapping of the sample, we could verify these observations everywhere
in the heterostructure. Figures 3.12c-g show a hyperspectral map study of these peaks.
Averaging over these maps, we deduce that in the reference X° and X* are situated at
1.645 £ 0.002 eV and 1.616 + 0.003 €V, respectively. In the heterostructures we observe
1.636 £ 0.002 eV and 1.633 &+ 0.003 eV for hBN/MoSe,/1LG and hBN/MoSey/2LG re-

spectively.
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Figure 3.12: Low temperature characterization. (a) PL spectra of MoSe; /hBN (top),
1LG/MoSey/hBN (middle), 2LG/MoSes/hBN (bottom) taken on the spots shown in (b).
The intensity Iyo and FWHM I xo of each spectra are shown in the figure. (b) PL Intensity
map of the sample. The blue, orange and red countours in figures (b) and (d-g) mark
the different regions of the sample.(c) Correlation between I'yo and Exo extracted from
hyperspectral maps of the sample. The average values and standard deviations of each
set of points is shown in the figure with the same color code. Neutral exciton emission
(b) energy Exo and (d) FWHM maps.(e) Map of the intensity ratio between X° and X*.
(g) Qxo map. The data was recorded at 14 K, using cw-laser excitation at 633 nm and
under a laser intensity close to 100 W /um?.
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Furthermore, we confirm that the narrowing effect is linked to the presence of graphene.
Indeed, the FWHM (I'yo) is reduced from 7.5 meV in the bare TMD, down to 1.9 meV
and 2 meV in 1LG and 2LG respectively. In well-coupled areas, I'xo can get as low as 1.6
meV which is the narrowest peak I have observed so far. This value is not far from the
homogeneous linewidth (~ 300 peV) and is comparable to the ones reported in fully hBN-
capped samples (table 3.1 and references [55, 25]). We conclude that graphene alone is
enough to reduce inhomogeneous broadening without the need for a top hBN layer. This
is further verified through a statistical analysis of the emission spectra all over the sample
(figure 3.12c). From this spatial analysis, we can also conclude that the second layer of
graphene further improves the encapsulation effect. We observe a moderate quenching
factor from both the MoSes/1LG and MoSey/2LG corresponding to Qxo = 3 + 1 and
Qxo = 4 + 1 respectively. This is in agreement with what we have observed in the fully

hBN-capped samples in the previous section.

3.3.5 Summary of observations

So far we have seen that the coupling with graphene results in:

Relatively small quenching of the X%-emission at low temperatures.

Narrowing of the X-line.

No X* signatures in PL.

No peaks arising from other excitonic particles can be observed either.

We have already discussed some of these phenomena. For instance, the small reduc-
tion of the quenching factor arises from the shortening of the excitonic lifetime at low
temperatures. Similarly, the narrowing stems from the encapsulating effect that graphene
provides. However, we have yet to understand the remaining ones. In the following, we

are going to address these observations.

3.3.6 Neutralization of the TMD

In section 3.2 we have seen that the trion is a good probe for doping in the heterostructure.
Indeed, at low incident fluxes, trions form when excitons interact with native dopants.
Therefore, the absence of the X* could indicate a reduction of doping due to electron
redistribution. However, to support this, we must rule out alternative scenarios that
could account for the observed behavior. In total, three scenarios could explain this trion

absence (figures 3.8 and 3.10) in the heterostructure:

1. The TMD is doped and graphene quenches trion emission.
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In this scenario, the energy transfer towards graphene is more efficient than the
radiative decay of X*. However, our observations (figure 3.10) allow us to put a

lower bound for the trion quenching factor defined as:

I+
Qx- = == ~ 10> — 10
I

This implies a reduction of the trion lifetime down to ~ 100 fs while the X° remains
with a ~ ps lifetime. This value is extremely short for such quasiparticles. This is
further supported by the absence of the X* resonance in the DR spectrum which
suggests trions are not being efficiently formed. These observations allow us to

safely rule out scenario 1.

. The TMD is doped and graphene quenches trion formation.

In this scenario, hot excitons are transferred to graphene before they can from
trions. Indeed, in TMDs, non-resonant excitation results in the creation of an out-
of-equilibrium excitonic population. This population rapidly relaxes towards the
band edges and ends up outside of the light cone [21]. Afterwards, these so-called
'hot excitons’ relax back to the light cone through phonon emission resulting in
exciton and trion formation. However, it is known that X° and X* form in the
same timescale [19]. This means that we should observe a similar quenching factor
for both species, which is clearly not compatible with our results. Therefore, we can

safely rule out scenario 2 as well.

. The TMD is neutralized by graphene.

The only possibility remaining and the most likely to be correct is the third one.
Here, graphene acts as a reservoir for electrons and holes and completely neutralizes
the TMD through static charge transfer. This charge transfer happens without the
need for photoexcitation and will increase the Fermi energy of graphene slightly.
We expect this neutralization effect to occur for all TMDs, regardless of their bright

or dark nature. This is consistent with our observations in figure 3.3.

3.3.7 Filtering of long-lived excitonic species

The neutralization inhibits the formation of charged species. However, as we discussed in

section 1.7, dark TMDs exhibit supplementary peaks arising from quasiparticles that are

not necessarily charged. Therefore their absence in the PL spectra cannot be explained as

a consequence of neutralization. Nevertheless, all of the aforementioned excitonic species

have characteristic lifetimes in the order of 100 ps, which are much longer than the ps-

energy transfer to graphene [19, 22, 23, 24]. In consequence, the decay path of these

species is predominantly non-radiative.
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3.3.8 Photostability
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Figure 3.13: Photostability of MoSe,/1LG heterostructure. (a) PL spectra of
MoSe,/1LG taken at increasing photon fluxes. Luminescence arising from X° and its
excited states, X3 and XJ,, is observed. At high powers, a photogenerated trion X*
appears 25 meV below the X° line. (b) PL Intensity of the different excitonic species
shown in (a). For the exciton and its excited state, a linear dependence is observed. X*
on the other hand evolves quadratically, which is consistent with photogeneration due to
Auger processes.(c) PL spectra taken on MoSe;/1LG under cw-laser of energy 2.33 eV at
a incident photon flux of ¢ = 3 x 10%%cm~2s~! and at 14 K. The upper inset shows the
trion binding energy as a function of the photon flux. The lower inset shows a zoom on
the excited states. Figure extracted from [9]

It is clear that TMD/1LG offers an interesting platform to tune the luminescence of

a TMD. Indeed, we have seen that the coupling between these two leads to:

« Filtering of long-lived excitonic species due to energy transfer towards graphene.
o Neutralization of the TMD due to static charge transfer.

o Narrowing of the emission features due to the encapsulation provided by graphene.

This is true even in absence of a top hBN layer.

To further investigate the benefits of this heterostructure, we studied the PL of this
heterostructure at different incident photon fluxes. A series of spectra acquired at different
incident powers is shown in figure 3.13a. At increasing photon flux, we observe two new
features emerge in the PL emission. The first one is blueshifted by 120 meV with respect
to X% We assign it to the hot-luminescence of the 2s- and 3s-excitonic states (X3, and
X2 respectively). The energy position of these states will be useful to estimate the
excitonic binding energy as we will see in section 3.3.9. The second one is redshifted by
25 + 2 meV with respect to X°. To investigate the origin of this feature (marked Xx),
we plotted the PL intensity of each peak as a function of the incident photon flux. This
is shown in figure 3.13b. We observe a quadratic dependence which could be consistent

with biexcitons (XX°). However, XX° in MoSe, monolayers have binding energies of < 20
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meV, which is lower than the value of the X* peak [97]. Moreover, the XX binding energy
should be even lower in MoSe,/1LG due to dielectric screening. Therefore, we assign the
redshifted feature to a screened photogenerated trion. Indeed, at high incident photon
fluxes, exciton-exciton interaction becomes non-negligible due to the increased excitonic
density. Their subsequent annihilation can generate free carriers, which then form trions
upon photon absorption. This process would also produce the quadratic dependence we
observe. Surprisingly, we observe a linear dependence for X° and its excited states in all
the explored power range. This means that even at high photon fluxes, the TMD/1LG
remains in the linear regime. As a reference, figure 3.13c shows a PL spectrum taken on
MoSey/1LG under an incident photon flux ¢ = 3 x 102cm~2s~!. This value corresponds
to 1 mW/um?. Assuming an absorptance of 10% [171] and an excitonic lifetime of 2 ps

[19]. We can estimate the generated excitonic density as follows:

n=¢x7x0.1~6x10"%m™> (3.1)

This excitonic density is in the intermediate regime where the typical exciton-exciton

distance is between 10 and 100 apg.

3.3.9 Screening and binding energy

The presence of graphene induces a screening in the heterostructure, as evidenced through
the ~ 10 meV redshift observed for the X line. This screening is interesting per se and
as we will see later, it will play an important role in shaping the excitonic dynamics
through the modification of the excitonic binding energy [20]. Using the Rydberg series
of excitonic states, we can estimate the reduction of the binding energy due to the presence
of graphene. If we assume that changes in A4 are proportional to changes in Ej, we

can write:

Eb o A15—25

r /
Eb 1s—2s

(3.2)

where the superscript ’ relates to the presence of graphene. We did this for 4 samples

namely:

o hBN-supported MoSe,/1LG.

hBN-capped MoSe,/1LG deposited on quartz.

hBN-capped MoSe,/1LG deposited on SiO,/Si.

hBN-capped MoS,/1LG.

To measure Aiga, we used a combination of PL and DR spectroscopies as described

in section 2.3.
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hBN-supported MoSe;/1LG

X5
3s
vacuum/MoSe,/BN

PL Intensity (arb. units)

BLG/MoSe,/BN

100 200 300
E-Eyo (meV)

Figure 3.14: Dielectric screening and reduced binding energy in hBN-supported
MoSe,;/1LG. Hot photoluminescence of the 2s and 3s states of the A-exciton and the
1s-state of the B-exciton in the sample shown in figure 3.1a. The spectra were recorded at
T = 15 K with a laser photon energy of 2.33 eV. We can also observe the Raman 2D-mode
of graphene around 370 meV above the X°-line.

Figure 3.14 shows PL spectra of the hBN-supported MoSey, MoSes /1LG and MoSe, /2LG
areas. The peaks we observe arise from hot luminescence of the X3,, X9 and Bj;. We
measured ALY~ 113 meV and A% ~ 135 meV in 1LG/MoSe;/hBN. In the case
of 2LG/MoSey/hBN A2LC =~ 109 meV and in the case of the bare MoSe, reference
we observe A, o, ~ 153 meV. Using our measurements and the value for Ej reported
in reference [66] for hBN-capped MoSe,, we can estimate the following binding energies
E, ~ 210 meV, EMCY ~ 155 meV and E?YC ~ 150 meV respectively. these values are

reported in table 3.2.

hBN-capped MoSe,/1LG on quartz

From our measurements in figure 3.13, we can extract the values Aj;_ss = 110 meV and
Ajs_35 = 127 meV in MoSey/1LG. Using the same procedure as for the hBN-supported
sample, we estimate a binding energy E*“ ~ 150 meV. This value is reported in table

3.2.
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3.3. Filtering the luminescence of TMDs with graphene

hBN-capped MoSe,;/1LG on SiO,/Si

Figure 3.15 shows a series of PL. and DR measurements on the three areas of the het-
erostructure shown in figure 3.20. In every spectra, the 2s-state is indicated by a dashed
gray lines. We observe Ajg o &~ 173 meV, AL ~ 109 meV and A2LS ~ 110 meV for
hBN-Capped MoSey, MoSes/1LG and MoSes/2LG respectively. From this, we estimate
E, ~ 237 meV, EIYC ~ 150 meV and E2“ ~ 151 meV respectively. These values are
reported in table 3.2.

hBN-Capped MoSe, hBN-Capped MoSe,/2LG
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Figure 3.15: Dielectric screening and reduced binding energy in hBN-capped
MoSe,/1LG From top to bottom: DR, d(DR)/dE and Ip}, spectra of hBN-capped MoSes
(blue), hBN-capped MoSe,/1LG (orange) and hBN-capped MoSes/2LG (red). PL Spec-
tra recorded at 14K under cw excitation at 633 nm and 100 W /um?.

hBN-capped MoS,/1LG

Figure 3.16 shows a series of PL and DR measurements on the hBN-capped MoS,/1LG
sample from figure 3.8. From these figures we find Ay o5 &~ 171 meV and A, ,, ~ 136

meV, which together with reference [66] allows us to estimate Ej ~ 176 meV.

Partial conclusion

Table 3.2 contains all of the previously mentioned values for the excitonic binding energy.
In all cases, we observe a similar reduction of the binding energy. Indeed, the presence of
one graphene layer reduces the binding energy by ~ 30%. From our measurements, we

can conclude that:
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hBN/MoS,/hBN hBN/MoS,/1LG/hBN

(arb. u.)
DR (arb. u)

DR

d(DR)/E (arb. u.)
d(DR)/dE (arb. u.)

I, (arb. u.)
lp. (arb. u)

19 20 21 22 19 20 21 22
Energy (eV) Energy (eV)

Figure 3.16: Binding energy in MoS,/1LG. PL and DR recorded at 14 K on a hBN-
capped MoS, /1LG sample. The left panel and blue traces correspond to the measurements
done in hBN-capped MoS;. The right panel and red traces correspond to the measure-
ments on hBN-capped MoS, /1LG. All relevant excitonic species are marked by the dashed
lines. The PL spectra were acquired under cw excitation at 2.33 eV. Figure extracted from

[9]

o The dielectric screening in TMD/1LG heterostructures arises exclusively from graphene

and the effect of the top hBN layer is negligible.

o A second layer of graphene does not change the screening appreciably.
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System AV ASPIES Ey,

(meV) (meV) (meV)

MoSe;/hBN (Fig. 3.14) 53£2  180£5  ~ 210
1LG/MoSe, /hBN (Fig. 3.14) 11342  135+5  ~ 155

9LG /MoSe,/hBN (Fig. 3.14) 109 + 2 - ~ 150
LBN/MoSe, /hBN (Ref. [66]) 168 £ 2 - 231+ 3
hBN/1LG/MoSes/hBN/Quartz (Fig. 3.13) 110 £2 127 +4 ~ 150
LBN/MoSe,/hBN (Fig. 3.15) 173 £ 2 - ~ 237
LBN/1LG/MoSes /hBN /SiO, (Fig. 3.15) 109 + 2 - ~ 150
LBN /2LG /MoSes /hBN /SiO, (Fig. 3.15) 110 £ 2 - ~ 151
LBN/MoS,/LBN (Fig. 3.16) 171+2  195+5 ~ 221
hBN/1LG/MoS,/hBN (Fig. 3.16) 136 + 2 . ~ 176

Table 3.2: Estimated binding energies for hBN-capped MoSey, MoSey/1LG, MoS, and
MoS,/1LG.

3.4 Low temperature exciton dynamics in TMD/1LG

3.4.1 A three level system

(a) . (b)
[ G~
Q_.c 4[}9 ’Eg l’crel
g — XO

h qﬂh\p 5 :

G TG |T)r(%d
v H

v K ——

Figure 3.17: Exciton dynamics. (a) Scheme showing the processes that we are con-
sidering in our experiment. The blue arrow corresponds to the photogeneration of a hot
excitonic population which rapidly relaxes towards the band edges outside the light cone
through phonon emission (represented by the diagonal black arrow). The letter q accounts
for the phonon momentum. This population undergoes relaxation through phonon emis-
sion (curved arrows) or energy transfer to graphene (solid black arrow). After relaxation
towards the light cone, the excitonic population decays either radiatively (red arrow) or
non-radiatively by transferring its energy to graphene (dashed black arrow). (b) Three
level system to model the situation described in (a).

To study the excitonic dynamics, we performed time-resolved PL measurements (TRPL)
at LCPNO Toulouse in collaboration with Cédric Robert, Delphine Lagarde, and Xavier

Marie. The ps-timescales of these phenomena require a setup with higher temporal res-
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Chapter 3 — Tailoring the luminescence of monolayer TMDs with graphene

olution than we can achieve in ours. To carry these measurements, they used a streak
camera whose working principle is described in section 2.3.4. To facilitate the analysis,
we will use a toy model consisting of a three-level system composed of a hot exciton level
(X™) corresponding to the exciton population outside of the light cone, a cold exciton
level (XY) corresponding to the excitons that can recombine radiatively and a ground
state. This model is shown in figure 3.17. The arrows indicate the different processes that
can take place in the sample with their characteristic timescales. For instance, the hot
exciton population has two ways of decaying: either through X° formation or decaying
non-radiatively towards graphene. The first process happens on a characteristic relaxation
time 7,.; that depends on the environment. The second process is the already mentioned
energy transfer to graphene, which a priori can affect excitons outside the light cone as
well. We associated a typical time 7% to this process. Similarly, the exciton population

can decay either by transferring energy to graphene (on a timescale 7) or radiatively

(75%%). With this in mind, we can write the rate equation for the populations n of the X°
level:
1 1 1
nxo = nxr — | —+—=|n 3.3
x° <Trel) X! <7_8' T;?t?) - ( )
hXh = — (Trlel)nXh (3 4)
hXo = (Tll)nxh - <7_10+7_r1ad> nxo
re G X0

The intensity of the PL is Ixo o< nxo(t), therefore we can write:

nxn(0) —t/ —t/
Ixo(t) oc —=———— (e /Tl — 7 "/7x0 3.5
XO( ) Trel — TXO ( ) ( )
Where 7yo = ((7¢) ™'+ (75%) =)=, This curve can be fitted to the experimental data?
in order to deduce 7xo and 7. One should be careful when assigning the rising and
decay time acquired in the experimental results to physical quantities. For instance, if
rad

Trel > Txo, the rise time would correspond to the exciton lifetime and the decay to the

relaxation time.

3.4.2 TRPL measurements on hBN-capped MoSe;/1LG on quartz

Figure 3.18a shows PL spectra of a hBN MoSe, /1LG sample deposited onto a transparent
quartz substrate. The spectra are normalized so that the X° line corresponds to an
intensity of 1 in both cases. The scaling factor is indicated in blue. TRPL measurements
on this heterostructure are shown in figures 3.18b-d. To avoid the influence from higher-

lying excitonic states, we use laser excitation with an energy of 1.73 eV which is below the

3A convolution with the instrument response function (IRF) is required beforehand.
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3.4. Low temperature exciton dynamics in TMD/1LG
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Figure 3.18: TRPL spectra hBN-capped samples. (a) PL spectra of hBN-capped
MoSey/1LG (red) and hBN-capped MoSe; (blue). The spectra are normalized to the X
line and the scaling factor between the spectra is shown in the figure. TRPL of the neutral
exciton X for MoSey and MoSey/1LG are shown in figures (b) and (c) respectively. (d)

TRPL of the X*. All spectra were recorded under pulsed excitation at 1.73 eV and at 7
K.

2s-state (figure 3.13). In MoSey/1LG, we observe a short rise time ~ 1.5 ps and a decay
time of 2.2 ps. We associate the former to a shortened relaxation time and the latter to
Txo. In the MoSe, reference, we observe a PL rise time of 2.4 ps and a PL decay time
of 5 ps for X°. For X* we observe a much longer decay time of 62 ps and a rise time of
5.1 ps. Since X° and X* are known to form in the same timescale, we assign the 5.1 ps

time to 7. All of these values are reported in table 3.3. Let us focus on two of these

observations, namely:

o The mismatch between 7, in hBN-capped TMD and hBN-capped TMD/1LG

We observe a shortening from 5 ps in the bare TMD down to < 1.5 ps in TMD/1LG.
This suggests that hot excitons (X") are being efficiently transferred from the TMD
towards graphene reducing the effective relaxation time (see figure 3.17). Further-
more, this could explain the quenching factors () xo and Qi we observe. Indeed, in
bare MoSe,, the X" population will form X°, X* and localized excitons. However,
in MoSey/1LG, no X* can be formed as a consequence of the neutralization effect.

Consequently, we would expect a larger population of X° and localized emitters
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Chapter 3 — Tailoring the luminescence of monolayer TMDs with graphene

to be formed. This hypothesis holds as long as hot exciton transfer to graphene
can be neglected. If 7, is larger than the typical transfer time to graphene. Then
part of the hot excitonic population will transfer its energy resulting in a quenching
of exciton formation. This points towards a momentum-dependent energy transfer
which is compatible with a FRET scenario [172].

o The similar excitonic lifetimes in both areas.

We observe that 7xo does not change in presence of graphene. Intuitively, one
could think that radiative recombination completely dominates the dynamics (7¢ >
7i4t.) and therefore 7¢ can be neglected. However, this observation could also be a
consequence of the dielectric screening provided by graphene. Indeed, in presence
of graphene, the exciton binding energy is expected to decrease. This leads to an

increase of the exciton radiative recombination lifetime 754! since (see section 1.5):

1
rad
Tsxo X —5
X 2
Ef

Therefore, we might be in a situation in which 74 is in the same order of magnitude
as 744!, Then, the similar measured lifetimes result from a compensation between
dielectric screening and energy transfer to graphene. Furthermore, we can not rule
out the possibility of a slight contribution from non-radiative decay in the bare
TMD. It is particularly challenging to find a good TMD 'reference" that is close to
pristine conditions. As a consequence, we are unable to tell which of these situations
is the correct one. The problem lies in the already short radiative recombination

time we observe in the bare TMD.

3.4.3 TRPL measurements on hBN-capped MoSe;/1LG on SiO,

A way to circumvent the aforementioned issue is to engineer our samples such that 754! is

as long as possible. This can be done by appropriately choosing the bottom hBN-thickness
in SiOg-supported samples. Indeed, as discussed in section 1.5.3, the radiative decay rate
can be tuned through a Purcell-like effect by means of an optical cavity defined by the
hBN/SiOy/Si geometry. Then, by choosing the bottom hBN thickness, we can control
the EM modes in the cavity [25]. The sample we have discussed so far is deposited onto
a quartz substrate and therefore practically unaffected by the cavity effect. Figure 3.19a
shows an optical image of an hBN-Capped MoSe,/1LG sample deposited onto a SiO,/Si
substrate. The sample was made with a ~ 110 nm-thick bottom hBN in order to maximize
the excitonic radiative lifetime as shown in reference [25].

Figure 3.19b shows three PL spectra representative of each area of the heterostructure.
In hBN-capped MoSe; we observe two features located at 1.642 4+ 0.001 eV and 1.615 +
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Figure 3.19: Low-temperature PL of SiO, supported hBN-capped
MoSe,/1LG(a) Optical microscopy image of a hBN-capped MoSe;, MoSey/1LG
and MoSe,/2LG.(b) PL spectra corresponding to the main three areas of the heterostruc-
ture. The spectra were recorded at 14 K, using cw-laser excitation at 1.96 eV and under
a laser intensity close to 100puW /um?.

0.003 eV corresponding to X" and X* respectively. We confirm the coupling between the
TMD and the graphene layers since we recover the expected filtering effect in both hBN-
capped MoSe,/1LG and hBN-capped MoSe, /2LG areas. The X resonance is located at
1.633 + 0.1 eV for the former and 1.628 + 0.1 eV for the latter.

TRPL spectra of the neutral exciton emission in each area are shown in figure 3.20. All
spectra were recorded at 14 K and with a laser energy of 1.72 eV which is below the X3
state. As mentioned before, this is done to avoid modification in the dynamics related to
highly lying excitonic states. In the reference, shown in figure 3.20a, we observe a rise time
of 11 + 8 ps and a similar decay time. We assign these values to 7, and 7xo. The large
uncertainty we observe is due to the similar 7., and 7xo. Indeed, if we look at equation
(3.5), we can notice that when 7, — Txo, the function approaches %. Therefore, the
fitting becomes challenging and there are multiple combinations of parameters that may
work as well. We find that the best fit occurs when both times are equal to 11 ps. Notice
that this value of 7xo is 5 times larger than the one observed in the previous sample. This
is a direct confirmation that the excitons are at a node of the EM field of the cavity. In
contrast, for both MoSe, /1LG and MoSey /2LG, we observe much smaller rise and decay
times. Since the effect of the cavity is to modify radiative recombination, we do not expect
a change in the formation dynamics. In other words, we associate the rise time to the
modified relaxation time in graphene, and the decay time corresponds to 7. All these
values are reported in table 3.3. Quantitatively, we measured 7/, < 1 ps, which is below
the resolution we can achieve, and 7%, = 2.3 £ 0.2 ps in MoSey/1LG. Remarkably, we
measured a slightly shorter lifetime 75, = 1.75£0.1 ps in MoSey/2LG. As a reference, PL

spectra taken in the same spots as the TRPL measurements are shown in figure 3.20d. All
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Figure 3.20: Low temperature dynamics. TRPL of the neutral exciton emission
in MoSey (a) MoSey/1LG (b) and MoSey/2LG (c). (d) PL spectra of X° in MoSe,
MoSes/1LG and MoSes/2LG. All spectra were recorded at 14K and with a pulsed laser
at 722 nm in the linear regime.

spectra are normalized to the X-line intensity and the scaling factor between the spectra,
is shown in blue. We note the same scaling factor for both MoSe,;/1LG and MoSe2/2LG.
Let us first focus on the reduction of the relaxation time. From our three level system
model, we can estimate a bound for hot exciton transfer time of 7% < 1 ps. However,
this value must be taken with care as we are too close to the resolution of our setup and
therefore the measured rise time is questionable. What is clear from this measurement
is that X" transfer is a highly efficient mechanism that entirely dominates hot-exciton

dynamics. We are going to come back to this point in section 3.4.6.

Now, let us focus on the excitonic lifetimes. The reduction from 11 4+ 8 ps in the bare
TMD down to ~ 2 ps in the heterostructure, indicates that the dynamics is dominated by
the energy transfer from the TMD to graphene. This is consistent with the higher exciton
quenching factor observed in the PL with respect to the sample studied in figure 3.18.
Indeed, we measure Q% = 19 £ 7 and Q%4° = 15 + 4 for MoSey/1LG and MoSey/2LG
respectively. Similarly, we measured QIL¢ = 37 4+ 12 and Q2L¢ =28 £+ 9.
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3.4. Low temperature exciton dynamics in TMD/1LG

Limits of interpretation

The assignment of the rise and decay time in the case of MoSey/1LG and MoSe,/2LG
could be questioned. Indeed, in the bare TMD, there are no such problems since one can
always compare with the rise time of X* and from there identify 7xo. In the heterostruc-
tures no X* are formed and therefore this comparison can not be made. This means that
a priori we could be in a situation where the rise time in figure 3.20 corresponds to 7xo
and the decay time to 7,,. Furthermore, we are not able to resolve the rise time fully as
we are limited by the resolution of our setup. This calls for further measurements focusing

on the fs domain in order to get insights on this timescale.

3.4.4 Estimating the transfer time to graphene

So far, we have measured the excitonic lifetimes in the three areas of the sample (see table
3.3) and we have estimated the modification of the binding energy due to the presence of
graphene. To estimate the transfer time to graphene, we need to estimate 7. To do so,
we are going to exploit the relation between the radiative recombination lifetime and the

binding energy which allow us to write:
rad 2
Txo0 Eb
3.6
et & <E> (30

Where 779 corresponds to the exciton radiative recombination time in the bare TMD

reference, 74! is the exciton radiative recombination time in TMD/1LG and Ej and Ej are

the respective binding energies. The change in notation is done to avoid confusion. There
might be a contribution from the photonic density of states provided by the graphene
layer. This could induce also an increase in 7. However, as shown in reference [25],
the inclusion of an atomically thin layer in multi-layered heterostructures has a negligible
effect on the local field enhancement. In other words, we can suppose that the change
in the radiative lifetime arises exclusively from the screening of Coulomb interactions.
Finally, we can plug the values obtained in the previous section into the relation (3.6)
and deduce the modified radiative recombination time due to graphene

rad ~_

Txo ~ 26 ps

and since

1 1 1
/ - rad +— (3 . 7)
Txo0 Txo el

We can give a conservative estimation on the energy transfer time to graphene and
bilayer graphene equal to 7,6 ~ 2.5 ps and 7 ¢ ~ 1.9 ps respectively. This result
suggests that the transfer towards the 2L.G is more efficient than towards the 1LG. We
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repeated the same calculation for the sample in section 3.4.2 and obtained similar values,
albeit a bit larger (see table 3.3).

Substrate  7xo (ps)  Tre (PS) T)r?éi (ps)  7¢ (ps)
LBN/MoSe, /hBN 2.4 51 2.4 -
Quartz
hBN/MoSe, /1LG /LBN 2.2 <15 5.7 3.6
LBN/MoSe; 11 11 11 =
BN /MoSe,/1LG hBN* 2.3 <1 26 2.5
LBN/MoSe, /2LG 1.75 <1 2% 1.9

Table 3.3: TRPL parameters extracted from figures 3.18 and 3.20 and estimated transfer
times.

3.4.5 Exciton emission yield

Now that we have estimated the transfer time to graphene, we can estimate the expected
yield and compare it to the () xo value we observe. We first define the total emission yield

as:

Nem
Ntot = N

abs

(3.8)
Where N, and N, are the number of emitted and absorbed photons respectively.
We can then rewrite this expression as follows:

Nyo
N, abs

Thtot = T)x0

with Nyo the number of cold excitons X and nyo = Nen/Nxo the exciton emission
yield. Experimentally, due to the limited collection efficiency in our cryogenic setup
and the uncertainty in the sample absorptance, it is challenging to measure 7, at low

temperatures. However, we could estimate the exciton yield 7nxo:

T (3.9)

x0

Nxo =

In section 1.5.2, we saw that at low temperatures, exciton decay in TMDs is purely
radiative. Therefore n%{’? ~ 100% in bare MoSey;. Now, using the values reported in
table 3.3, we can estimate the yield for the samples in quartz and in SiO,. Table 3.4
contains all of the estimated 7nxo as well as the measured quenching factors.

We observe yields ranging from 6 % in the SiO, supported sample up to 50 % in

the quartz-supported sample. This contrast in values does not come as a surprise since
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3.4. Low temperature exciton dynamics in TMD/1LG

Substrate  nxo  Qxo  Qiot

hBN/MoSe,/1ILG/hBN  Quartz 50 % 7.1 20
LBN/MoSe,/1LG hBN* 8% 19 37
MoSe, /2LG hBN~* 6 % 15 28

Table 3.4: Estimated yields for hBN-capped MoSe,;/1LG deposited on quartz and on
hBN. The % symbol indicates that the substrate is composed of a bottom 110nm-thick

hBN flake, deposited onto an SiOy/Si substrate.

the former was designed to be maximally affected by the energy transfer to graphene
and therefore display low emission yields. Interestingly, in both cases, there is a discrep-
ancy between nyo and @) xo. We observe quenching factors compatible with much lower
yields. We conclude that a significant part of the observed quenching arises from the

energy transfer from the hot exciton population towards graphene, which affects exciton

formation.

3.4.6 Investigations on hot exciton transfer

X3 hBN/MoS,/hBN]

v
I I 1

Xas [hr %o, hBN/MoS,/1LG/hBN
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o
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Figure 3.21: PLE measurements on hBN-capped MoS,/1LG. Integrated PL inten-
sity of the X? line as a function of the detuning A between the laser energy and the X°
line in hBN-capped MoS; (top) and hBN-capped MoS,/1LG (middle). The bottom panel
shows (Qxo as a function of the detuning. All data was recorded at 15 K.

Let us finish this section by discussing the hot exciton transfer that we have observed

in our measurements. Previously, we have seen that ()xo contains a contribution not only
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from the energy transfer of X to graphene but also from X" through quenching of exciton
formation. We can get more insights into this process using photoluminescence excitation
spectroscopy (PLE). By exciting at different detunings (A), we can expect to create a
larger X" population. As a result, if there is any transfer from X" towards graphene,
we should observe a change in () xo. We decided to focus on the hBN-capped MoS,/1LG
sample used in section 3.3. The advantage of this sample is the almost negligible contri-
bution to the PL of the X* feature. This allows us to focus only on the X° dynamics.
Our PLE measurements on this sample are shown in figure 3.21. We are able to explore
a wide range of values, starting at A ~ 30 meV (below X3.) up to A ~ 600 meV (above
the free carrier continuum). In the top and middle panel, we can identify resonances in
the PLE spectra arising from X3, X2 and Bj,.

Let us now focus on the bottom panel of figure 3.16. We observe that Qxo ~ 3+ 1
from 33 meV up to 100 meV. This is consistent with the results presented in [25] where
no change in the dynamics is observed for A < A, o,. However, once we reach A ~ 175
meV, we observe an increase in () xo to around ~ 5-7. This increase occurs at an excitation
energy that matches the onset of the X9, state in the reference, as well as the excitonic
binding energy in MoSey/1LG. At higher detunings, () xo does not vary substantially even
at A ~ 600 meV. This suggests that higher-lying excitons such as the B-exciton and others

transfer more efficiently to graphene than X7

3.5 Valley contrast in TMD/1LG

Let us finish our discussion by looking at the valley properties of TMD/1LG heterostruc-
tures. These samples have been shown to be chiral emitters with robust degrees of valley
polarization (p) and coherence () up to room temperature. This is due to the coupling
with graphene which allows excitons to recombine before undergoing intervalley scattering
and dephasing [173, 174]. Furthermore, we have seen that graphene acts as a capping layer
reducing disorder and spatial inhomogeneities. This contributes further to the preserva-
tion of the valley coherence which explains recent results in which v as large as 20% has
been observed in WS, /1LG at room temperature [173]. In our case, we studied the valley
properties of the sample shown in figure 3.1. Figure 3.22 shows polarization-resolved PL
spectra recorded using a circular and a linear polarization as described in section 2.3 and
with an excitation 60 meV above the X° resonance. For the X° emission line, we measured
p=0%,4+4%and 13+3 % and v = 0%, 10 £ 4 % and 15 + 4 % for hBN-supported
MoSe2, MoSe2/1LG and MoSe2/2LG, respectively. These values are reported in table 3.5

The negligible contrast in the reference does not come as a surprise. Similar result
have been reported for MoSe; monolayers [175]. This is an indication that intervalley
scattering occurs in a much faster timescale than the ~ 2 ps excitonic lifetime in MoSes.

Moreover, in our case, the bottom hBN has a thickness close to ~ 110 nm which means
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Figure 3.22: Low temperature valley contrast properties of TMD /1LG. Low tem-
perature (9 K) polarization-resolved PL spectra of hBN-capped MoSe; (a,b), MoSe; /1LG
(c,d) and MoSeq/2LG (e,f) done in the sample shown in figure 3.1. All measurements were
done at 9 K and under cw-laser excitation 60 meV above the XY line. The laser intensity
corresponds to 50 pW/um? and we have verified that these measurements are done in
the linear regime. The corresponding degrees of polarization (p) and coherence (7) are
indicated in each panel. We have normalized all spectra for clarity and the corresponding
quenching factors are Q% = 1.84+0.1 and Q% = 2.0+0.1 for MoSe2/1LG and MoSe, /2LG

respectively.

System p ~y
MoSe;/hBN 0% 0%
ILG/MoSe,/ABN  4+4% 10+4 %
9LG/MoS,/hBN  13+3% 15+4 %

Table 3.5: Degrees of polarization (p) and coherence (7y) extracted from figure 3.22.

73! should be close to 10 ps. As a result, we expect negligible degrees of polarization and
coherence in the bare TMD and slightly larger values in MoSey/1LG [9, 25]. Furthermore,
we observe the effect of graphene encapsulation in the higher degree of coherence with

respect to the polarization.

3.6 Conclusion

In this chapter, we investigated the interaction between a monolayer TMD and graphene.
Our investigations started with a ubiquitous observation: the massive PL. quenching of
TMDs by graphene at room temperature. This indicates a reduction of the excitonic life-

time in TMD/1LG from a few ns down to ps-timescales. To understand this, we presented
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several mechanisms that can arise at the interface between the layers and discussed their

effect on the heterostructure. We can summarize as follows:

o Electron redistribution occurs upon contacting the layers. This results in the neu-
tralization of the TMD by graphene which acts as a reservoir for charges. This
process depends on the relative band offsets and the Fermi level alignment between

the layers.

o We divided the remaining mechanisms into two categories: charge and energy trans-
fer where the main parameter to differentiate between the two was the presence of

a net charge flux between the layers.

o We have seen that photodoping in TMD/1LG has an extrinsic origin and one can
suppress it by studying samples in a vacuum and using hBN as a substrate. Further-
more, this process is extremely slow compared with the excitonic lifetime. Therefore,

charge transfer alone can not explain the observed quenching of the luminescence.

o Finally we discussed energy transfer processes as the most likely mechanisms to
explain interlayer coupling in TMD/1LG. This can happen in three ways: Through
FRET, DET, or possibly by means of a short-lived (~ 1 ps) charge-separated state.

However, since all energy transfer processes happen in the same timescales, this calls
for an in-depth study of the excitonic dynamics. To this end, We decided to investi-
gate TMD/1LG heterostructures at low temperatures using a combined approach of PL,
TRPL, DR, and Raman spectroscopies. In these conditions, we showed that the coupling

with graphene results in two major effects:

o Graphene completely neutralizes the TMD monolayer through static charge transfer

resulting in the absence of charged species in the PL spectra.

o The energy transfer process efficiently quenches the luminescence of long-lived ex-

citonic species such as dark excitons, biexcitons, localized excitons, etc.

As a result, the low temperature PL spectra are composed of a single and narrow
emission line arising from the recombination of a screened X°. Furthermore, we showed
that this single- and narrow-line character remains even in absence of a top hBN-layer
showcasing the encapsulating properties of graphene. Our results suggest that one can
improve these values further by increasing the number of graphene capping layers. This
is promising, especially for optoelectronic devices since the absence of a top hBN layer
allows one to directly contact the graphene electrode for photodetectors, as well as for
studies involving scanning tunneling microscopy, as we will see in the next chapter.

We then investigated more in detail the low temperature dynamics of our samples.

In particular, we observed that the quenching of the X° luminescence in TMD/1LG
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originates from the energy transfer from both cold- and hot-excitons to graphene. The
mechanisms behind the hot-exciton transfer remain to be determined. This is interest-
ing as it gives us clues into the coupling mechanism. We can summarize some of our

observations as follows:

e The coupling mechanism is efficient for hot-excitons with finite momentum outside

of the light cone.
o The mechanism affects excitonic species with out-of-plane dipoles (dark excitons).

e The coupling mechanism weakly depends on the number of graphene layers.

The first point is consistent with a FRET scenario since this mechanism becomes more
efficient for large momentum excitons [172, 176]. However, the absence of dark excitons
would be better explained by a DET process since FRET is inefficient for an out-of-plane
dipole coupled to an in-plane dipole (in graphene). Finally, the third point is more of a
preliminary observation. Indeed, we have observed this effect in monolayer and bilayer of
graphene which could be compatible with both FRET and DET. However, concluding on
their relative efficiencies remains an open question.

Two experiments could be helpful to settle this discussion. The first one consists in
studying the distance-dependent behavior of the energy transfer. As mentioned in section
3.2.3, FRET and DET are expected to display different distance-dependent properties.
In particular, DET is negligible for distances larger than 1 nm. One could think of
using hBN as a spacer to separate the layers. However, the fabrication process of such a
sample is quite challenging since the thin hBN-layers display low optical contrast. The
second possibility consists of investigating the energy transfer with an increasing number
of graphene layers. Using a similar reasoning, charge tunneling should become more
efficient by increasing the number of layers. However, it should quickly saturate when
no tunneling into deeper layers is possible. FRET on the other hand should continue
to increase with increasing number of layers. We have shown that TMD/1LG offers an
ideal playground to investigate and tailor the near-field coupling between layers in a vdW
heterostructure with the sub-nm control given by the van-der-Waals gap that separates
the layers. Generally speaking, we would like to understand the physical processes that
give rise to the PL quenching at low temperatures. The main limitation is the absence of
good TMD references. As a result, we cannot rule out the effect of other non-radiative
processes linked to microscopic inhomogeneities. These processes can play an important
role in the exciton formation process which can not be probed effectively using optical
spectroscopies. This motivates the use of techniques that allow us to investigate the

optical properties of vdW heterostructures beyond the diffraction limit.

111



Chapter 3 — Tailoring the luminescence of monolayer TMDs with graphene

112



CHAPTER 4

STM-induced luminescence of

atomically thin semiconductors

4.1 Motivation

In the previous chapter, we have seen that one can tailor the luminescence of TMDs by
exploiting their interaction with a nearby graphene layer. As a result, the emission from
these heterostructures is exclusively dominated by the neutral exciton. This filtering effect
sensitively depends on the sub-nm van der Waals gap that separates the layers providing
us with out-of-plane atomic control of the luminescence. However, the diffraction-limited
nature of the excitation limits investigations with in-plane resolution. For instance, we
can not investigate the impact of the local inhomogeneities such as defects or adsorbates
on the excitonic luminescence at the nanoscale. Besides, some of these inhomogeneities
are candidates for single-photon sources in TMDs. One could also wonder about the
impact on the exciton dynamics of emerging moiré patterns in heterostructures. Going
further, it could be interesting to engineer the substrate or even use nanoscopic adsorbates
such as metallic clusters to enhance the luminescence of a material. To overcome the
limitations related to diffraction-limited techniques, we can use an STM as both a probe
and a means of excitation. Indeed, STM-induced luminescence (STML) allows probing
optical properties with the resolution provided by the STM. While a few seminal works
have reported STML data on monolayers TMDs (see section 4.2), the excitonic properties
of TMD and VAW heterostructures remain to be explored in experiments combining
high spectral (sub meV) and spatial (sub-atomic) resolutions. Below we list some of the
questions related to the atomic-scale excitonic properties of TMDs that one would like to

address:

o How does STM-induced luminescence depends on the electronic band structure of
different TMDs? How will different excitonic species be excited in these conditions

and how would their emission properties vary spatially at the nanoscale?

o How does the local electronic bandgap measured by STM compare with the local
optical bandgap measured by STML? What does this tell us about the excitonic
binding energy?
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o How would local STML measurements compare with diffraction-limited PL mea-

surements?

« What is the impact of the TMD/2DM interface (2DM = Gr, hBN, TMD) on the
local emission properties of the different excitonic species (exciton, trions...)? Can

this interface be addressed with atomic-scale precision measuring simultaneously
STM and STML?

o Can we probe interlayer excitons and how would that be affected by atomic-scale

inhomogeneities such as moiré patterns?

e« What is the atomic-scale nature of SPS associated with defects?

In this chapter, I will present our results regarding the first observation of intrinsic
luminescence of vdW heterostructures within an LT-UHV STM junction. The chapter is
divided into 4 main sections. In the first section, I will introduce the current state of the
art in STML on TMDs. In the second section, I will describe the sample we chose for our
investigations. The third section focuses on the STML properties of our sample. Finally,

in the last section, I will summarize our observations and conclude.

4.2 STML on TMDs

In this section, I will present the state of the art regarding the STML of monolayer TMDs.
This is a relatively new field that started around 2016. Apart from the work discussed in

section 4.2.1, none of these works were published when I started my Ph.D.

4.2.1 LT-STM of MoS;/Au(111): Influence of nanopits

The first attempt to obtain intrinsic STML of monolayer TMDs was made by Krane et al
in 2016 [16]. Their sample consisted of a monolayer of MoS, that was evaporated in-situ
onto an Au(111) substrate. They studied this system at 4K and under UHV conditions.
To decouple the TMD monolayer, they relied on nanopits corresponding to the removal
of one layer of gold atoms that were present in the Au surface (figure 4.1a). In these pits,
the TMD monolayer is no longer in contact with the surface. In this configuration, one
can hope that the TMD is sufficiently decoupled so that intrinsic STML can be obtained.
Atomically resolved STM and AFM images of the suspended layer can be seen in figures
4.1b and c. Figure 4.1d shows three STML spectra taken on bare Au (dashed green line),
MoSy/Au (solid blue line), and suspended MoS, (solid black line). The spectrally broad
nature (~ 100 meV) of the spectra suggests an extrinsic (i.e. plasmonic) origin of the
emission. This is also the conclusion of the authors, who associate the emission with the

inelastic tunneling of electrons from the band edge of the TMD towards the unoccupied
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Figure 4.1: Suspended MoS;(a) Scheme of the configuration. The figure shows a mono-
layer of MoSs suspended on top of an Au(111) nanopit. Atomically resolved STM and
AFM images on the nanopit are shown in figures (b) and (C). (d) STML spectra obtained
in three different locations. The dashed green line corresponds to the plasmonic response
of the bare Au(111) surface. The blue curve corresponds to the luminescence arising from
the supported monolayer. The red curve corresponds to the STML spectra obtained on
top of the nanopit. The spectra on the monolayer were acquired at a bias voltage of -3.5
V. (e) Energy diagram of the emission mechanism. At negative bias, electrons tunnel in-
elastically from the VBM towards the tip. This results in broad emission with an energy
E < |eViius — Evpu|. Figures adapted from [16].

states of the tip. This process is shown in figure 4.1e. The absence of intrinsic features
(i.e., sharp spectral lines associated with the excitonic TMD emission) suggests that the

monolayer is not decoupled enough from the substrate.

4.2.2 RT-STM on MoSe,: Non-plasmonic substrates.

Three years later, Pommier et al. made a significant breakthrough by demonstrating
STML of monolayer MoSe; at room temperature [13]. These results were part of a collab-
oration between the group of Eric Le Moal at ISMO (Orsay) and our group in which I was
directly involved. The idea was to avoid plasmon-related phenomena altogether by trans-
ferring the layer onto an indium-tin-oxide (ITO) coated glass and by using non-plasmonic
W-tips. Indeed, ITO is a transparent conductive oxide widely used as an electrode for
optoelectronic applications [177]. The monolayers were exfoliated on PDMS and then
transferred on top of the I'TO-coated glass. Moreover, in their setup, they can collect
light with the help of a high NA (1.49) immersion objective (as in figure 4.2a).

Figure 4.2b shows an optical image of the monolayer. In the image, we can identify
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Figure 4.2: (a) Scheme of the experimental setup. The monolayer of MoSe, is deposited
onto a transparent I'TO-coated glass slide. (b) Optical microscopy image of the monolayer.
(¢)PL and STML spectra acquired on the 1L MoSey/ITO. The PL measurements were
done with a laser of wavelength 465.8nm. The STML spectrum was acquired under a bias
of 2V and a current setpoint of 10 nA. The inset shows the same spectrum on logarithmic
scale. We can identify a small contribution arising from the B-exciton recombination.
(d) Scheme of the energy transfer mechanism. Electrons tunnel inelastically from one
electrode towards the other (left). During the tunneling process, the energy loss by the
electrons can induce the creation of excitons that then recombine radiatively (right).
Figures a-c were extracted from [13].

several cracks and folds on the layer. These are a direct consequence of the fabrication
process. Figure 4.2c¢ shows an STML and a PL spectrum measured on the monolayer.
The striking resemblance between the two indicates an intrinsic origin of the luminescence.
More surprisingly, hot-luminescence arising from the B-exciton can be observed as well
(inset in figure 4.2c). A detailed investigation of the luminescence is interpreted in the way
that the formation of excitons stems from energy transfer from the tunneling electrons. A
signature of such mechanism is the voltage onset of the emission that matches the optical
bandgap of MoSes. From this observation, we can draw a picture of the exciton formation
process. The tunneling electrons can be modeled as an oscillating dipole aligned along
the tip-sample axis. As a result, there is a non-negligible probability that they can couple

through dipole-dipole interaction with excitons in the TMD. A scheme of this process is
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shown in figure 4.2d. However, there were some limitations related to the measurement
itself. First, the experimental conditions (room temperature and air) yielded a limited
spatial resolution on the order of 10 to 20 nm. Second, the parameters used to acquire
the spectra resulted in the partial destruction of the underlying layer. These limitations

must be overcome to address TMDs with atomic resolution.

4.2.3 RT STM on TMD/Au: decoupling with H,O
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Figure 4.3: Decoupling with water.(a)Scheme of the configuration. A monolayer of
WSe, is deposited on top of a gold substrate. The transfer process results in a water
layer that is present at the interface. (b)Optical microscopy image of the monolayer.
(¢) STML (blue) and PL (black) spectra acquired on the monolayer. The inset contains
an optical image of the experimental configuration. It shows the monolayer, the tip,
and the reflection of the tip in the substrate. The acquisition parameters for the STML
were 4 V and 25 nA. The PL spectra were recorded under CW excitation at 532 nm.
The tip was retracted during these measurements. (d) Energy diagram of the emission
mechanism. The luminescence is attributed to the injection of electrons from the tip into
the conduction band. Afterward, exciton formation occurred when the injected carriers
bind with native dopants in the TMD. Figures adapted from [14].

The following year, R. Pena et al.[14] at the University of Campinas in Brazil, demon-
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strated STML of exfoliated monolayer WSe, deposited onto an Au surface. Although
similar to the configuration of Krane, the ex-situ nature of the fabrication process leads
to contaminant layers between the TMD and the metal. Among these contaminants, the
most common one is water [178]. One can exploit this to decouple the TMD from the
gold. A scheme of the configuration and an optical image are shown in figures 4.3a and b,
respectively. Under positive bias, the authors observed STML closely resembling the PL
of the monolayer. A comparison between the acquired STML and PL spectra is shown
in figure 4.3c. The slight redshift of the STML with respect to the PL is attributed to

nanoscale inhomogeneities in the substrate. Moreover, they observed that:
o The emission was unipolar. No luminescence at negative bias is observed.

o The onset of the luminescence occurs at voltages larger than the measured electronic

bandgap.

e The TMD is p-doped. This means electron injection could result in exciton forma-

tion.

These observations are consistent with a scenario in which electrons are being injected
into the conduction band of the TMD and subsequently form excitons. Indeed, the p-
doped nature of the sample together with the polarity dependence are a strong indication
that electron injection could result in exciton formation. Moreover, to inject charge
carriers, a partial alignment between the bands and the Fermi level of the electrodes is
required. As a result, this mechanism is expected to become efficient at bias larger than
the electronic bandgap. A scheme of this process is shown in figure 4.3d. Importantly,
the authors pointed out that in UHV conditions the water layer would not be present,
and therefore, the TMD luminescence would be quenched by gold.

Similar observations were reported for CVD grown monolayer MoSe; on SiOs by Pe-
chou et al. [15]. These layers were subsequently transferred onto a patterned Au array
in order to enhance the STML yield. In this configuration, they observed an important
increase in STML signal coming from MoSe,;. This establishes surface engineering as a
viable strategy to improve the emission of TMDs. Similar to Penia, charge injection is the
most likely explanation for the origin of the luminescence. Nevertheless, there are some
limitations related to these configurations. First, just as in the case of Pommier et al., the
experimental conditions of the experiment meant the loss of atomic resolution. Second,
the parameters used to record the luminescence were either partially destroying the layer

or evacuating the water below, resulting in quenching of the STML.

4.2.4 LT-STM on WS,/2LG/SiC(111)

Another result was reported later in 2020 by B. Schuler et al. [17]. In this work, they

were interested in the luminescence of defects embedded in a WS, /2LG heterostructure
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Figure 4.4: WS,/2LG/SiC(a) Scheme of the configuration showing a monolayer of WS,
on top of a 2LG.(b)STML spectra recorded at different bias voltages on top of a defect
native to WSy /2LG. (¢)Top: Photon map recorded on top of a S-vacancy defect acquired
at 2.9 V and 20 nA. Bottom: STM-image simultaneously acquired during the photon
map.(d) Energy diagram of the emission mechanism. Electrons inelastically tunnel into
the defect state giving rise to the observed broad emission. Figure adapted from [17].

synthesized on an SiC substrate. These measurements were carried out at 6 K and in
UHYV conditions. The idea was to avoid metallic substrates using 2L.G instead. A graphic
representation of the sample is shown in figure 4.4a. A series of STML spectra recorded at
different biases on top of a defect is shown in figure 4.4b. The spectra are characterized by
broad emission suggesting an extrinsic origin of the luminescence. However, even though
the emission is extrinsic, it strongly depends on the presence of defects. Figure 4.4c shows
an atomically resolved photon map of the emission arising from the defect below (top)
as well as an STM-image (bottom) acquired simultaneously. In this case, the emission is
assigned to the inelastic tunneling of electrons towards the defect state. This mechanism
(fig 4.4d) is somehow similar to the one reported by Krane et al., (figure 4.1e). The

absence of intrinsic luminescence, in this case, may have different origins:

o Energy transfer towards graphene suggesting a very tight coupling between the

layers.
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o Absence of a plasmonic substrate that is expected to enhance the emission.

« Epitaxial heterostructures lead to efficient coupling between the layers and the sub-

strate which could lead to a quenching of the luminescence.

4.2.5 Summary

We have discussed different approaches aimed at the same goal: the investigation of intrin-
sic luminescence of TMDs with atomic resolution. These observations are summarized in
table 4.1. In-vaccuo techniques performed at low temperatures provide clean interfaces on
which atomic resolution can be readily obtained. However, the very same clean interface
seems to result in the quenching of the intrinsic emission of the TMD. In contrast, ex-situ
techniques performed at room temperature seem to benefit from contaminants (e.g., wa-
ter) acting as decoupling layers, and as a result, luminescence arising from excitons can
be observed at room temperature. Furthermore, room temperature approaches benefit
from the use of larger N.A. optics which increases the collection efficiency substantially in
contrast to low temperature setups. However, no atomic resolution is observed, and the

parameters required to excite the layers can result in the partial destruction of the TMD.

Sample Experimental Emission  Atomic Emission Ref.
conditions resolution Mechanism

MoSy/Au(111) 4K and UHV  Extrinsic Yes Plasmonic emission.  [16]

WS, /2LG/SiC 4K and UHV  Extrinsic Yes Plasmonic emission.  [17]

MoSe, /ITO 300K and air  Intrinsic No Energy transfer. [13]

WSey/Au 300K and air  Intrinsic No Charge injection. [14]

MoSey/Au 300 K and air  Intrinsic No Charge injection. [15]

Table 4.1: Summary of STML results on different TMDs.

Therefore, to address the excitonic properties of TMD and VAW heterostructures with
simultaneous high spectral (sub meV) and spatial (sub-atomic) resolutions, one would
need a strategy that is compatible with low-temperature measurements and that suffi-

ciently decouples the layer so we can observe intrinsic luminescence.

Comment on emission mechanisms

In the experiments performed by Pommier (section 4.2.2) and Pena (section 4.2.3), dif-
ferent excitation mechanisms were considered. In the former, energy transfer from the
tunneling electrons to the TMDs resulted in exciton formation. In the latter, charge injec-
tion into the conduction band was the culprit. The assignation of the TMD luminescence

to a given mechanism is based on the experimental parameters required to generate the
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emission. Each one of these mechanisms requires a different set of conditions which we
can use to identify them. For instance, energy transfer requires that the applied bias V

is at least as large as the optical bandgap (Exo) of the TMD. In other words:
elVo| > Exo (4.1)

Notice that this condition is true for either polarity. On the other hand, charge
injection requires at least an alignment between the Fermi level of one electrode and
the conduction or valence band of the TMD. As a consequence, a direct link between the
luminescence and the dI/dV spectra is expected. Furthermore, the luminescence threshold

in a charge injection mechanism should depend on the polarity of the applied bias.

4.3 Results

This section contains results on the intrinsic luminescence of TMDs investigated with a
low-temperature STM. This was achieved after a long effort over the course of my Ph.D.

as the required experimental conditions were difficult to identify.

4.4 The sample

All experiments in this chapter have been carried out on a sample made of monolayer
MoSe, stacked onto FLG (< 4 layers) using the dry transfer method (see section 2.2).
This heterostructure was then deposited onto a commercial thin Au(111) film grown on
mica produced by Phasis Sarl. An optical image of the sample and a scheme are shown
in figures 4.5a and b, respectively. In this configuration, the graphene layers may act
as a decoupling element, preventing quenching of the TMD by the Gold substrate while
simultaneously providing a smooth interface. We might hope, however, to have a lower
coupling than in the case of epitaxial heterostructures. Meanwhile, the short distance
(~ 1 nm for 3LG-supported MoSes) may preserve some of the plasmonic enhancement
provided by the gold substrate. For the same reason, silver tips were used for these
experiments. Eventually, this configuration allows us to explore the electroluminescence
properties of the TMD /1LG-FLG heterostructure under UHV and at low temperature (i.e.
potentially with atomic-scale precision). Furthermore, as we used the same MoSe,;/1LG
heterostructure, our STML data could be discussed in the frame of the results obtained
in the previous chapter by optically averaging methods.

The sample shown in figure 4.5 was integrated into an STM-compatible sample holder,
which allows us to contact the substrate from two sides. The final configuration of the
sample is shown in figure 4.5¢. To confirm the monolayer nature of the TMD, we used PL

spectroscopy. Figure 4.5d shows a selection of PL spectra taken on different points of the
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Figure 4.5: Characterization of the sample.(a)Optical microscopy image of a mono-
layer MoSes/FLG deposited onto a Au(111) film on mica.(b)Graphical representation of
the sample architecture.(c) Image of the sample holder. (d) Normalized PL spectra ac-
quired in different regions of the sample. For each spectra the X° and X* are signaled.
The PL measurements were done under cw excitation at 532 nm under a laser power of
60 uW/pum? and at 14 K.

sample and recorded under CW excitation at 532 nm and 14 K. For the MoSe,/Au(111)
region, the PL is characterized by two relatively broad (~ 13 meV) resonances that we

assign to X? and X* (blue spectra).

Variations of up to 60 meV in the position of X° are observed all over the sample,
as well as a manifold of supplementary peaks at lower energies. We assign this complex
spectral emission to the inhomogeneous interface between the heterostructure and the
underlying Au substrate, which significantly modifies the local environment felt by the
excitons. The influence of the substrate in the PL can be observed even in MoSey/1LG
(orange). However, in MoSey/FLG (red), the effect is reduced probably due to a higher
decoupling provided by the FLG. Overall, this data suggests that our sample is subject
to inhomogeneities that strongly impact the width and the energy of the emission lines,

and that cannot be addressed by diffraction-limited approaches.

After this PL characterization, the sample is rapidly introduced in the preparation

chamber and annealed for a whole day at 200°C and under UHV conditions. This is done
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to ensure the removal of surface contaminants, including water.

4.4.1 Surface Morphology

0A Z @A) 26R

Figure 4.6: Surface morphology.(a) Typical constant current STM-image recorded on
top of the MoSey/FLG surface. The heterostructure adapts smoothly to the substrate
below, resulting in bubbles and ripples. The acquisition parameters for this image are
-2.2 V and 4 pA. Atomically resolved STM-images recorded on flat areas (b) and (c). A
lattice parameter of 3.3 A is measured in agreement with what is expected for MoSe,.
A moiré pattern arising from the relative orientation between the TMD and graphene
can be observed in (c) suggesting a better TMD/1LG interface quality than in (b). (d)
Model of the moiré pattern. The primitive cell of this pattern is indicated in red. The
acquisition parameters for the images were -1.3 V, 10 pA for image (b) and -1.4 V, 6 pA
for image (c).

Figure 4.6a shows a constant current STM image recorded at 6 K on the MoSes/FLG

2 areas surrounded by foldings and

surface. In general, we observed flat ~ 20 x 20 nm
bubbles. These structures result from the smooth adaptation of the heterostructure to
the underlying Au(111) surface and the presence of residues from the fabrication process.

Figure 4.6b and ¢ show examples of atomically resolved STM-images recorded on two of

123



Chapter 4 — STM-induced luminescence of TMDs

the flat areas in the sample. In both cases, we measure a lattice parameter of 3.3+£0.2 A,
which corresponds to the MoSe, lattice constant. The main difference between these areas
is the apparition of a moiré pattern in (c) arising from the relative orientations between
the TMD and graphene. Notice that in the image shown in 4.6b, atomic resolution can be
obtained but with no signatures of the moiré pattern. This suggests a stronger coupling
between the TMD and the FLG in the moiré region (figure 4.6¢) than in those where
the moiré is absent. We have highlighted the primitive lattice of the moiré pattern and
determined that it is consistent with a relative angle of ~ 5 °. A model of this pattern
is shown in figure 4.6d. We have superposed two hexagonal lattices corresponding to the
MoSe; and FLG. In the vicinity of most of the bubbles, the imaging conditions become
unstable. In some of these regions, we observe little sensitivity of the tunneling current
to the distance between the sample and the tip. For instance, one order-of-magnitude
variations in current were observed for distance variations of the order of 1 nm. This
suggests electrostatic effects where the layer is pushed or pulled by the STM tip. In these

areas, one has a high risk of crashing the tip into the substrate.

4.5 LT STM-induced light emission of MoSe;/1LG

4.5.1 First experimental evidence

2 area of the

Figure 4.7a shows an STML spectrum obtained on a flat 10 x 10 nm
MoSes /FLG surface (figure 4.7b). The spectrum is composed of two sharp resonances
separated by 30 meV. We fitted these lines using Voigt profiles to precisely determine the
resonances positions and FWHM. We obtained F; = 1.659 ¢V + 1 meV and ['y =11 + 1
meV for the first peak, and Ey = 1.630 eV+1 meV and ['; = 1441 meV for the second one.
A comparison with the PLL measurements on the same sample allows us to assign these
peaks to X? and X*, respectively. In all of our measurements, we estimate a quantum
yield of ~ 107® photons/e™ assuming a detection efficiency of ~ 15% (see section 2.5.7).
As a comparison, STML measurements on single molecules deposited on a NaCl/Ag(111)
sample show yields that are at least 4 orders of magnitude larger [179]. Furthermore, a
relatively low current (< 100 pA) needed to be used in order to preserve the integrity of
the TMD layer. The low efficiency of this emission, together with the necessity of using
moderate excitation currents might partially explain the difficulty of observing intrinsic
luminescence of TMDs in previous attempts. The weakness of this emission also under-
lines the necessity to have a setup allowing for the precise in-situ alignment of the lens
with respect to the probed sample area (section 2.5.7).

Interestingly, the STML spectrum is smooth and does not display multiple resonances,
unlike its PL counterpart. This is a direct consequence of the local nature of the excitation.

In essence, one is not sensitive to the spatial averaging which is at the heart of optical
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Figure 4.7: First STML spectrum of MoSe,.(a) STML spectrum recorded of mono-
layer MoSey/FLG/Au(111) (shown in red). The acquisition parameters were -2.8 V and
90 pA. Each peak is fitted with Voigt profiles (shown in dashed gray), the cumulative fit
is shown as a dashed green line. The parameters extracted from each fit are shown next
to the corresponding resonance. (b) Atomically resolved STM-image of the area on which
the spectrum was recorded. This image was acquired under a bias Voltage -1.3 V and at
a current of 10 pA. (c¢) Differential conductance spectrum taken on the explored region.
The spectrum is shown on logarithmic scale to facilitate the determination of the band’s
onsets. The raw data is shown in gray. For clarity, we smoothed this data, and the result
is shown in red. From the band-onsets, we determined an electronic bandgap of 2.2 eV.

measurements. However, there are still signatures of inhomogeneous broadening in the
peaks. Indeed, even though we observe much sharper widths than those obtained in
PL, these values are still far from the homogeneous linewidth expected for MoSe;/1LG
(~ 300 weV). Instead, the quality of the interface between the heterostructure and the
Au(111) probably contributes to the broadening of the peak. Moreover, the presence of
plasmons can also play a role in shortening the excitonic lifetimes through the Purcell
effect.

Figure 4.7c shows a differential conductance spectrum taken in the same area. For all
the dI/dV spectra acquired in this section, we used the same procedure as in reference

[26] to determine the band onsets. This procedure can be summarized as follows:

o First, we represent the spectrum on a logarithmic scale. A rigid vertical offset was

applied to avoid running into negative values.

o To estimate the floor level of the conductance, we calculated the average value and

the standard deviation of the noise inside the gap.
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Chapter 4 — STM-induced luminescence of TMDs

o We defined a 20 threshold from which we consider that the signal is sufficiently dif-
ferent from the noise. We use this to determine Ey p 5, and E¢p o, which correspond

to the values for which the signal is exactly 20 above the floor level.

 Finally, we used linear fits of the bands within a range of Eyp o, —AE < E < Eyp o,
and Ecpar < E < Ecpas + AE. AE was chosen so that the R? of the fits is not
smaller than 0.95.

o The onset of the bands is then defined as the intersection between the linear fit and
the floor level. We have marked these values with the gray dashed vertical lines in

figure 4.7c.

Using this procedure, we determined a bandgap of 2.2 + 0.1 €V all over the sampled
region (i.e., this value does not vary depending on the position with respect to the moiré
pattern). This value closely matches what has been reported in similar systems [26].
Moreover, the proximity between the Fermi level and the conduction band indicates that
the MoSe; layer is n-doped. This is not surprising since exfoliated MoSey layers are
expected to carry residual n-doping [27, 28, 29]. This measurement, together with the
STML spectrum, allows us to draw two conclusions. First, the trion resonance is likely
originating from a negatively charged trion. From now on, we are going to change the
notation we have used for the trion X* to explicitly account for its charge sign (X 7).
We can safely rule out "current-induced" trions since the current employed during this
acquisition (90 pA) corresponds to the average passage of 1 electron every 2 ns. This is well
above the characteristic lifetime of excitons and trions in MoSe; and MoSes/1LG, which
we have seen is ~ 2 ps (See section 3.4). Second, we can estimate the local binding energy
of the excitons by simply subtracting the electronic bandgap from the optical bandgap
obtained in STML. We estimate an average difference between the STS bandgap and the
optical bandgap of ~ 540 meV. Notice that this is the first example where the binding
energy can be deduced from simultaneous atomically resolved electronic and photonic
measurements, preventing any ensemble averaging effects.

This value is within the reported binding energies for similar systems estimated from
the comparison between STS and large-scale PL. measurements (See table 4.2). However,
it largely exceeds the binding energies deduced from PL, DR, and PLE measurements (see
chapter 3). This invites a reinterpretation of what is measured with STS. As discussed in

chapter 2, different phenomena can be behind this discrepancy:

e Determination of the band onsets:

STS is weakly sensitive to electrons with in-plane momentum kj # 0, therefore the
determination of the bandgap at K is non-trivial. This could lead to an overestima-

tion of the bandgap.
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4.5. LT STM-induced light emission of MoSes/1LG

« STS interpretation:

We might be measuring modifications of the local electronic structure due to the
transient injection of a charge. A similar process is observed in single molecules [180].
This contrasts with the purely optical measurements of the electronic bandgap,

where the TMD remains neutral.

e Locality of STML vs PL: We observe similar values for the binding energy in
STML and PL indicating that the discrepancy does not arise from the non-local

nature of PL.

We want to emphasize that this result remains the first observation of intrinsic emission

from TMDs with atomic resolution.

System substrate Binding energy (meV) Exp. technique reference
MoSe, /2LG SiC 550 STS,PL [26]
hBN/MoSe, /1LG hBN 150 PL, DR See Ch. 3

MoSe, /2LG hBN 155 PL, DR See Ch. 3

Table 4.2: Binding energies of MoSes/BLG on different substrates.

4.5.2 Homogeneity of the emission on flat areas

To explore the effect of the local environment and ensure the reproducibility of our mea-
surements, we acquired several spectra on different locations over the sample. In partic-
ular, we focused on three 5 x 5 nm? flat areas in the heterostructure. A scheme of these
regions and atomically resolved constant current STM images are shown in figure 4.8a.
To distinguish between the measurements taken on each area, we assigned them numbers
from 1 to 3, as shown in the figure. Regions 1 and 2 are located few tens of nm away from
each other whereas region 3 is separated by more than 1 ym from the others. A selection
of STML spectra acquired in each region is shown in figure 4.8b. The corresponding
positions on which the spectra were recorded are indicated in the STM images with the
colored marks.

Let us first discuss regions 1 and 2. In general, we observe that both the position
and width of the resonances remain unchanged at small separation distances. In region
2, we observe a moiré pattern indicating a better TMD/FLG interface than in region 1.
As a result, we observe a narrowing of the emission from 11 meV in region 1 to 9 meV
in region 2. The image acquired in region 3 also reveals a moiré pattern. Surprisingly,
we observe a massive 70 meV redshift in the X%line emission. Notice that similarly

large variations in the X° emission were observed in PL (figure 4.5). The difference
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Figure 4.8: Spatial dependence of the emission.(a) Top: Scheme of the heterostruc-
ture. We focused on three regions, marked from 1 to 3. Regions 1 and 2 correspond to the
same area whereas region 3 is located more than 1 ym away. Atomically resolved images
of each region are shown in the bottom part of figure (a). The acquisition parameters for
these images were from top to bottom: -1.3 V, 10 pA (region 1), -1.4 V, 4.1 pA (region
2) and -1.4 V, 6 pA for region 3. (b) Selected STML spectra recorded on regions 1 (top
three spectra) and 2 (bottom two spectra). The corresponding positions on which the
spectra were acquired are shown in the STM images and follow the colored marks. The
spectra are characterized by two resonances separated by 30 meV (15 meV) in regions 1
and 2 (region 3). The acquisition parameters for the spectra were: -2.8 V, 90 pA (region
1), -2.8 V 100 pA (region 2) and -2.9 V 90 pA (region 3).

between the STML data acquired in region 2 and region 3, cannot be assigned to a
different TMD/FLG interface and rather indicates that it is the interface between the
heterostructure and the gold substrate that is at play. Dielectric screening induced by
the proximity of a metallic environment is known to generate substantial redshift of TMD
emission lines (a phenomenon that we discussed for MoSe,/Au interface in reference [9]).
We speculate, that the change in the emission energy of the X%line originates from
this phenomenon which therefore indicates a better interface between the heterostructure
and the Au substrate in region 3. This is also consistent with the narrowing of the
linewidths from 11 meV in region 1 down to 4 meV in region 3 (Let us point out that

this is the narrowest value to our knowledge in non-capped samples). Indeed, emission
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4.5. LT STM-induced light emission of MoSes/1LG

line broadening arises when TMDs are located in an inhomogeneous environment. A
sharp emission line is an indication of more homogeneous MoSe, /FLG/Au(111) interfaces.
Following a similar reasoning, redshifted narrow emission lines may also be attributed to
localized excitons, which can be due to defects (absent in the image of region 3) or
to moiré trapped excitons. Indeed, the emission from moiré trapped excitons may be
very narrow (< meV) because of their long lifetimes. Here, the presence of graphene
may reduce their lifetime to few ps, resulting in linewidths close to few ~ meV. Overall,
these observations indicate that the interface quality, either within the heterostructure
or between the heterostructure and the Au surface, plays a crucial role in the exciton

emission.

Let us now discuss the lower energetic features that accompany the X°-line observed
in the spectra of figure 4.8b. In region 1, the 30 meV redshifted peak can readily be
assigned to a trion. The n-doping identified in the dI/dV spectrum in figure 4.7 suggests
a negatively charged trion (X ). The disappearance of this trion in region 2 can be
well explained by the better interface with graphene that leads to static charge transfer
between the layers as discussed in chapter 3. In region 3, a peak appears again but it is
located 15 meV below X instead of 30 meV. In the previous paragraph, we concluded
that region 3 is affected by a massive screening due to the better coupling with the gold
substrate. As observed for MoSes/1LG in figure 3.13, an increased screening reduces the
trion binding energy. We, therefore, assign the 15 meV lower energetic feature in region
3 to a screened trion'. In region 3, the good interface with the gold substrate has a
direct effect on the electron redistribution in the TMD/FLG heterostructure that may
lead to a larger n-doping compared to region 2 where the trion is absent. This provides
the conditions necessary to form trions and explains the presence of the X ~-line in region

3.

Interestingly, inside each region, we observe no appreciable change in the position of
the resonances over distances as large as 30 nm, even at different points of the moiré
pattern. A possible explanation for this is related to the period of the pattern itself.
Indeed, in our case, the moiré pattern periodicity is comparable to the excitonic Bohr
radius in TMDs. This could mean that the excitons ’feel’ the averaged effect of the
superlattice.

The conclusions drawn in this section are based on a solid but limited number of

data sets. Considering the complexity of the processes at play and the highly changing

morphology of the sample at the 5-100 nm scale, a definitive assignment of the different

'We can safely rule out biexcitons as candidates. Indeed, these quasiparticles require excitons to
interact with each other, which is favored in high-density regimes. In our case, at 100 pA, we can safely
rule out such a process. As a broad estimation, to form a biexciton one would need to form at least two
excitons within ~ 2 ps from each other -for longer times, excitons will recombine-. Supposing a formation
rate of 1 e /exciton, this would imply a current of ~ 320 nA which is above the 0.1 nA used in figure
4.8.
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spectral features -especially the one identified as X - requires further investigations on

MoSey /FLG/Au(111) samples having more homogeneous interfaces.

4.5.3 Emission from inhomogeneous areas

In section 4.4.1, we saw that the fabrication process and the smooth adaptation of the het-
erostructure to the substrate result in a landscape characterized by flat areas surrounded
by ripples and bubbles. Consequently, the PL spectra are "contaminated" by emission
arising from these inhomogeneities, rendering the observation of intrinsic features com-
plex. So far, we have shown that the local nature of STML allows us to overcome these
difficulties by avoiding these macroscopic defects. However, it could be interesting to in-
vestigate the emission from qualitatively different areas and observe the modification they
produce in the luminescence of the TMD. This is not a simple task since there is a risk
of crashing the tip onto the layer. Indeed, there might be situations where the bubbles
are sufficiently decoupled from the electrodes to render stable STM measurements nearly
impossible.

Figure 4.9a shows a 3D view of a 50 x 40nm? area containing a flat area next to a
TMD bubble. This image reveals an approximate bubble height of 1 nm. We recorded
STML spectra at the two locations marked by crosses (blue on the bubble, red on the flat
area). The resulting spectra are shown in figure 4.9b. The spectrum recorded on top of
the flat area is composed of one resonance located at 1.590 eV. This resonance is assigned
to the X° recombination. In the bubble (shown in blue), we observe two peaks located
at 1.587 eV and 1.547 eV. The first peak corresponds to a redshifted X°, probably due to
the slightly higher strain in the bubble. The lower peak is only visible in the vicinity of
the bubble, and we associate it with a localized exciton X*.

Moreover, we observe a 3-fold increase of the STML signal with respect to the flat
areas when measuring on top of the bubble. This increase is due to the decoupling nature
of the bubble which reduces energy transfer towards the substrate. This difference in
luminescence is compatible with the one observed in PL. measurements between TMD and
TMD/1LG. This allows us to investigate the difference between coupled and decoupled
areas at the atomic scale. Besides, the appearance of X suggests that the exciton is
emitted in close vicinity of the tip, as spectra acquired a few nm apart provide different
emission features.

The STML signal drastically changes in the vicinity of sharper inhomogeneities such
as ripples and cracks in the layer. Figure 4.9c shows an STM image of an area containing
bigger defects. Scanning over these areas can be challenging since the tip struggles to
regulate the current. To counteract this, we measured STML spectra while scanning over
a 5x5 nm? area at constant current instead of fixing the tip position. Figure 4.9d shows

two STML spectra acquired in these conditions over the highlighted areas shown in figure
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Figure 4.9: Inhomogeneous emission in TMDs(a) STM-image of an MoSe,/FLG
surface presenting a bubble. The image was acquired under a bias voltage of -2.1V
and a current setpoint of 4 pA. An inset shows a profile of the surface taken along the
line connecting the blue and red marks. (b)Normalized STML spectra recorded at the
positions marked in the previous image. The scaling factor between the X° peak in the
two spectra is 4, shown in the top panel. The red (blue) spectrum was acquired under
a bias voltage of -3.2 V and a current setpoint of 4 pA (10 pA). (¢) STM-image of the
MoSey /FLG surfaces displaying a folding and a damaged part of the layer. The acquisition
parameters were -1.85 V and 5 pA. (d) STML spectra taken while scanning on the areas
highlighted by the colored squares. In the damaged area, the spectrum is composed of
many peaks arising from localized excitons. Both spectra were acquired under a bias
voltage of -1.85 V and a current setpoint of 5 pA.

4.9c. In the reference region (red area), the spectrum is composed of a single resonance
corresponding to X°. The absence of lower energy features suggests that this area is
sufficiently far away from edge-related effects.

In contrast, in the anomalous region (blue area), we observe an STML spectrum
composed of multiple sharp resonances with widths varying from 2.9 meV in the case of
the X°-line, down to ~ 700 peV in the case of the XL-line. Similar observations have been
reported in highly strained TMDs [30]. These peaks stem from quantum-dot-like states

that may behave as single-photon sources. Correlation measurements would be required

to confirm this hypothesis.
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We want to point out that regions like these are readily found all over the heterostruc-
ture. This explains the inhomogeneous character of the emission when probed through
diffraction-limited techniques. Besides, our measurements suggest that the origin of the
localized emission X in TMDs originates from macroscopic structures such as ripples,
bubbles, and cracks measuring several nanometers across. In contrast, we have, at this

stage, no indications that allow us to link SPS in TMDs to atomic-scale defects.

4.5.4 Origin of the luminescence

Let us now investigate the physical process that gives rise to the luminescence. To this
end, the voltage dependence of the emission is crucial as this characteristic is generally
different depending on the excitation mechanism (see section 4.2.5). In all STML spectra
presented so far, a negative bias voltage was used. We also investigated voltages ranging
from 1.6 V up to 3.5 V and at least two orders of magnitude variations in current. No
light emission was observed under any of the explored parameter space. This already
suggests a mechanism mediated by carrier injection in the conduction or valence band.
To explore further this mechanism we recorded a series of spectra at different negative bias
voltages (shown in figure 4.10b) recorded at the position shown in figure 4.10a. The gray
dashed lines mark the positions of the X° and X ~-resonances and are given as a guide
for the eye. We observe an onset of the luminescence at approximately -1.65 V. At this
voltage and up to -1.7 V, only low energy peaks located 30 to 50 meV below the X-line are
observed. These peaks may be assigned either to localized excitons and /or trions and may
originate from surrounding inhomogeneities observed in the STM image. As we continue
to increase the bias, we observe a drastic change in the shape of the spectra. Indeed, the
XV-line appears at -1.75 V and becomes dominant for lower voltages. Furthermore, the
lower energetic features related to localized excitons and trions disappear entirely. This
phenomenon will be discussed in section 4.5.5. For the moment, let us focus first on the
XY emission. Figure 4.10c shows a differential conductance spectrum taken in the same
spot as the STML. We have overlayed with this spectrum the integrated intensity of the
XY line as a function of the applied bias. The similar evolution between the conductance
and the intensity indicates that excitons are more efficiently excited as we increase the
bias from the valence band maximum. In fact, the onset of the band coincides very well
with the onset of the XY emission.

This observation, together with the absence of STML at positive bias, suggests an
emission arising from hole injection in the VB. We propose an excitation mechanism in
three steps (figure 4.10d):

1. Electron extraction. When the bias matches the onset of the VB, an electron

can be extracted, leaving a positively charged hole in the VB.
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Figure 4.10: Excitation mechanism.(a) STM-image of a patch on the MoSe,/FLG
surface. The image was acquired under a bias voltage of -2 V and a current setpoint of
5 pA.(b)STML spectra recorded at different biases on the marked position in (a). The
dashed lines correspond to the position of the X° and X ~ resonances and are left as a guide
for the eye. These spectra were recorded at a setpoint current of 30 pA. (c) Differential
conductance spectrum taken on the same location as in (b). The spectrum is overlayed
with the integrated intensity of the X° line as a function of the applied voltage. The
close agreement between the two supports a charge injection scenario for the excitation
mechanism. The color code corresponds to the one used in figure (b). (d) Energy diagram
of the excitation mechanism. First, an electron is extracted from the valence band, leaving
a hole behind. Second, an exciton is then formed when native electrons in the TMD bind
with the hole. Finally, the exciton recombines, emitting a photon.

2. Exciton formation. This hole then interacts electrostatically with native dopants
in the heterostructure. From the dI/dV spectrum, we can deduce that the layer
is n-doped?. Therefore, the Coulomb interaction between the native electrons and
the hole results in exciton formation. Notice that this process is valid for trion
formation as well. Indeed, as the exciton is formed, there could be a situation in

which it interacts with native dopants and forms a trion.

2The Fermi level is closer to the conduction band than to the valence band.
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3. Exciton recombination. Once formed, X° can recombine radiatively, resulting

in the observed luminescence.

An energy diagram summarizing this process is shown in figure 4.10d.

4.5.5 Comments on filtering effect

Finally, let us comment on the disappearance of lower energetic peaks in the STML spec-
tra presented in figure 4.10d. As mentioned before, this series of spectra were acquired
at constant current. This means that as we vary the voltage, the tip-sample distance
increases. Figure 4.11a shows the variations in the tip height as a function of the bias
voltage during the acquisition of the previous spectra. In total, the tip-sample distance
increases by 1 nm during the acquisition. It is well known that the tip-sample distance
has an important impact on the coupling between gap plasmons localized at the STM
junction and excitons localized within this junction. This plasmon-exciton coupling im-
pacts the radiative lifetime of the excitons, an effect known as the Purcell effect. Below
we investigate the possibility that the disappearance of these peaks is directly linked to
this change in the Purcell factor.

The enhancement of the luminescence by a plasmonic structure has been studied before
in the context of single-molecule fluorescence [181]. In the STM junction, the presence
of the NCP (see section 2.5) provides a continuum of states with which the molecule can
couple. As a result, the radiative recombination rate of the molecule increases. The extent
to which this rate is affected depends on the photon emission probability in the absence
of the plasmonic structure. This effect could be at play for TMDs as well, assuming that
the radiative decay rises in the close vicinity of the tip. The main difference with single
molecules is that the excitonic lifetimes are already short in bare TMDs. Indeed, for
MoSey/1LG we have shown for X° that 73! = 5 ps. In the proximity of the STM tip,
we can expect these lifetimes to become even shorter. This can lead to a situation where
the radiative decay of normally long-lived species is favored compared with the energy
transfer towards graphene. This allows us to define two regimes: A regime dominated by
the energy transfer to graphene (designed as the filtering regime) and a regime dominated
by the shortening of the radiative lifetimes (designed as the nanocavity regime). This is
depicted in figure 4.11b.

To investigate this effect further, we studied the luminescence from a bubble as we ap-
proach the tip. To do so, we kept the voltage constant at -2.2 V and increased the applied
current. A reference spectra taken on the bubble is shown in figure 4.11c. The spectra
are characterized by two transitions located at 1.596 eV and 1.541 eV that we assign to
X and a localized exciton X respectively. Figure 4.11d shows the ratio between the
integrated intensity of the peaks and the current applied as a function of the current. We

observe that the efficiency of the localized exciton emission increases with the current.
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Figure 4.11: Tailoring the excitonic dynamics. (a) Distance variation of the tip height
during the bias dependence spectra in figure 4.10d. (b) Scheme of the junction illustrating
two regimes. At large tip-sample separations, the dynamics are dominated by the energy
transfer rate to graphene ~g. The Purcell effect increases the radiative recombination
rate 7,.q.q at shorter distances. (c¢) STML spectrum acquired on top of a bubble. The
acquisition parameters were -2.2 V and 10 pA. (d) Ratio between the integrated intensity
of the X° (red) and the X* (blue) emission lines and the current as a function of the
current. The dark (clear) blue and red circles correspond to the continuous increasing
(decreasing) of the applied current. These spectra were acquired at a bias voltage of -2.2

V.

This is consistent with a scenario in which radiative recombination of long-lived excitons
becomes more efficient in the proximity of the tip. In the case of X°, the efficiency slowly
reduces when the current is increased. This reduction of the X° efficiency is due to a
saturation of the light intensity with current. Moreover, we observe that this measure-
ment is non-destructive as we obtain qualitatively the same behavior when decreasing the
current. To understand these observations, let us consider the case of MoSey/FLG in the
absence of plasmonic structures. In this scenario, we can write:
VX0 ,rad
ot "L (4.2)

YxL rad
LX ——— T — &
T]X YL, rad+YG ~

Nxo X

Where vxo a4, VXL rads Y are the radiative recombination rate of X 0 the radiative

recombination rate of X* and the energy transfer rate towards graphene. 7nxo and 1y
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are respectively the emission efficiencies of each excitonic species. In the previous chapter,
we have seen that vxo,qa ~ 76 > Yxr,qe¢- When the tip approaches, all the radiative
recombination rates will increase due to the Purcell effect. Therefore, both nxo and nxz
will increase. As a result, the filtering effect of graphene is reduced, and photon emission
from long-lived species ensues. Moreover, since X° already has a yield n ~ 1, the emission
efficiency of this quasiparticle will quickly saturate. To further evaluate the validity of
this scenario, a theoretical study of the plasmon/TMD coupling would be required.
Another possible scenario to explain the presence and disappearance of the X peak
as a function of the tip position would consider electrostatic effects generated by the
proximity of the tip with the substrate. Nevertheless, further measurements on other

samples and under more controlled conditions are required to prove this point further.

4.6 Conclusion

In this chapter, we presented an STML investigation of monolayer MoSe; /graphene het-
erostructures deposited on gold. We demonstrated that it is possible to achieve intrinsic
emission from a van der Waals heterostructure while preserving the ultimate resolution of
the STM. This was achieved thanks to a careful design of the sample architecture. As ex-
pected, graphene provides a smooth surface on which the monolayer MoSes is deposited,
while also acting as a decoupling layer. Furthermore, due to the relatively small separa-
tion (~ 1 nm) between the TMD and the gold substrate, one may benefit from some of the
plasmonic enhancement of the junction. Using PL, we showed that the sample displays
complicated emission arising from inhomogeneities in the sample. This highlights the
importance of the interface quality between the heterostructure and the gold substrate in
the emission.

The STML spectra were characterized by emission arising from the neutral exciton
X? as well as the negatively charged trion X . In all of our observations, we observed an
emission yield for MoSe, close to 107 photons/e™, a very low value compared to usual
STML reports. We exploited the comparison between STML and low temperature STS
to measure the local excitonic binding energy obtaining a value close to 540 meV. This is
similar to what has been reported using combined approaches between PL and STS. This
means that we can rule out the non-locality of PL as a source for the large discrepancy
between bandgaps. This discrepancy may therefore find its origin either in the inability of
STS to resolve kj or in the specific nature of STS gap that involves transient local charging
of the TMD. A definitive statement regarding the origin of the discrepancy remains to be
established.

We have also shown that STML spectra display emission lines significantly sharper
than those observed using PL in the same sample. This is a direct consequence of the ulti-

mate resolution of STML in which we are essentially immune to spatial averaging effects.
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Moreover, we showed that the efficiency, the linewidths, and the emission energies of the
spectra strongly depend on the quality of the different interfaces: heterostructure/Au,
TMD/FLG, and the bubbles. For instance, we observed that the heterostructure/Au in-
terface induces large (up to 70 meV) variations in the exciton emission energy arising from
dielectric screening. This is also evidenced by the reduction of the trion binding energy
from 30 meV down to 15 meV. The interface between MoSey/FLG on the other hand
determines the linewidths we observe. A signature of a clean interface is the apparition of
moiré patterns. Finally, in the bubbles, we observed contributions from localized excitons
as well as a 3-fold enhancement of the X° luminescence. This emphasizes the decoupling
role of these macroscopic defects. We conclude that localized emission observed in PL
arise from these macroscopic defects.

Finally, a voltage dependence study of the luminescence allows us to demonstrate that
the emission from the heterostructure was induced by the injection of holes into the TMD.
Once injected, they would quickly bind to native dopants (electrons) in the TMD, forming
excitons in the process. At bias above -1.75 V, the luminescence arose not only from X°
but also from other lower energy features that we assign to X~ and localized emission X *.
At higher bias, these features disappeared giving rise to single-line emission similar to the
one observed in PL for TMD/1LG. We understand this effect in terms of a tip-controlled
filtering effect. At low bias, the tip is in proximity with the sample which could reduce
the radiative lifetime of long-lived excitonic species. At high bias, the tip has receded and
graphene filtering takes over, resulting in the same behavior explained in chapter 4. Our
work addressed some of the questions mentioned in section 4.1. However, it also raised
many more that we discuss in the perspectives of this thesis. This result paves the way
for new investigations into the optical properties of 2D materials with ultimate in-plane

resolution.
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CHAPTER 5

Conclusion

In this manuscript, we reported on the study of the interlayer coupling in TMD /graphene
heterostructures at the sub-nm scale. This thesis is based on two main chapters. Chapter 3
is dedicated to the investigation of the interlayer coupling in TMD /graphene heterostruc-
tures using optical spectroscopies. Chapter 4 is dedicated to the study of the optical
properties of TMD /graphene using STML.

In chapter 3, we showed that the coupling with graphene has two major effects on
the luminescence properties of the TMD. These are the complete neutralization of the
TMD due to graphene and a filtering arising from energy transfer of long-lived excitonic
species to graphene. As a result, low-temperature PL spectra of different TMDs display
single- and narrow-emission lines arising from the neutral exciton. Since this process
is also true for TMDs displaying spin-forbidden excitons. Our results suggest that the
mechanism behind the interlayer coupling in TMD /graphene is compatible with Dexter
energy transfer.

Furthermore, we showed that graphene enables efficient non-radiative paths for both
excitons in the light cone as well as hot-excitons with momentum outside of the light
cone. Using a combined approach between time-resolved photoluminescence spectroscopy,
differential reflectance contrast, and spatially-resolved photoluminescence spectroscopy,
we were able to estimate a transfer time of cold excitons to graphene in the order of 74 ~
few ps.

Remarkably, all the physical effects (filtering, reduction of the binding, PL quenching,
etc...) that we observe occur using only one single layer of graphene. In a nutshell, adding
extra layers of graphene and/or a top hBN layer marginally affects the aforementioned
physical processes. This establishes TMD/1LG as a photostable heterostructure that can
be readily contacted and that is compatible with STML studies.

In chapter 4, we continued our investigations into TMD/FLG using STML at low
temperatures and in UHV conditions. We were able to demonstrate for the first time, the
intrinsic STM-induced luminescence of a vdW heterostructure while preserving the atomic
resolution. A goal that until now had not been reached. We then exploited the ultimate
resolution provided by STML to investigate the effect of the atomic-scale landscape on
the luminescence of the TMD.

First, we showed that the interface between the TMD and graphene plays an important

role in broadening the emission lines. In clean interfaces, a Moiré pattern was observed
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together with a reduction of the peak linewidths from 11 meV in areas with no Moiré
pattern down to 4 meV in the best areas we found. These linewidths are comparable to
those obtained in high-quality hBN-capped samples. Second, we showed that the quality
of the interfaces (e.g., TMD/FLG and FLG/Au) plays an important role in the emission
properties of the heterostructure. Our results suggest that the interface between the
heterostructure with gold strongly defines the screening felt by the excitons. This can be
evidence in both PL. and STML, where variations in the excitonic emission energy of the
order of 70 meV were observed.

Finally, we were able to explore the effect of macroscopic defects such as bubbles and
cracks of the TMD on the excitonic emission. We observed that these inhomogeneities
result in STML spectra composed of different peaks that may arise from localized excitons.
Interestingly, some of these macroscopic defects displayed spectra with linewidths close
to 700 peV. This merits further investigations as these could be a sign of the SPS hosted
by TMDs. Our results provide us with a clear understanding of the origin of complex
features observed in PL spectra.

Finally, we investigated the mechanism that gives rise to the observed luminescence.
A voltage dependence revealed that excitonic emission is induced through hole injection
into MoSe,. This is only possible due to the n-doped character of the TMD which acts as a
reservoir of electrons for the hole to interact with. Moreover, we observed signs of atomic-
scale control of the luminescence of TMDs. By changing the tip-sample distance, we
observed emission from different excitonic species suggesting a non-negligible interaction
between excitons and the metallic tip. Overall, our studies establish TMD /graphene as a

platform to investigate light-matter interaction at the nanoscale.

5.1 Perspectives

In the following, I will discuss some of the perspectives related to our investigations.

5.1.1 Interlayer coupling mechanisms in TMD/1LG

So far, our results point towards a charge tunneling mediated process at the hearth of
TMD/1LG coupling. However, at this moment, we do not have definitive proof. An ideal
experiment to address this point would consist in the precise control of the interlayer
separation. At large separations (> 1 nm) tunneling becomes inefficient and we could
investigate the effect of Foerster energy transfer in TMD/1LG. To do so, one could imagine
using hBN as a spacer and investigate how the dynamics change at different separations
as shown in figure 5.1.

Going a step further, one could characterize nanoscopic bubbles in the TMD and use

STML to obtain information on the exciton emission efficiency at different TMD/graphene
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Figure 5.1: Distance dependence interlayer coupling. Scheme illustrating a vdW
heterostructure composed of monolayer TMD /hBN/1LG. By varying the number of hBN
layers one can tune the coupling in the heterostructure.

separations. These experiments could pinpoint the mechanisms at play in TMD/1LG

heterostructures.

5.1.2 Valley depolarization and decoherence in TMD

We have briefly seen that TMD /graphene heterostructures display robust degrees of val-
ley coherence and polarization. However, the underlying mechanisms for depolarization
remain unknown. In chapter 2, we described all of the processes that can lead to depolar-
ization in semiconductors. Currently, the main candidates to explain the depolarization
process are the exchange interaction and phonon-induced intervalley scattering. A tem-

perature dependence study could shine light on the mechanisms at play.

5.1.3 Effect of the tip on the excitonic dynamics.

We have seen that depending on the tip-distance separation, we were able to induce
and suppress the luminescence from trions and localized defects. It would be interesting
to investigate this effect in more detail and understand to which extent we can control
the excitonic dynamics. For instance, we could imagine generating local strain in the
monolayer and use it to localize excitons. Moreover, since the tip is bound to exert large
strain gradients at the nm scale, it could have a considerable impact on slightly decoupled

vdW heterostructures.

5.1.4 Investigations of the STS bandgap

We have shown that the discrepancy between the binding energies measured using STS
and optical spectroscopies is not linked to the non-locality of PL. A detailed investigation
on the onset of the gap using variable-height STS could give supplementary insights. In

our investigations, we observed a peculiar phenomenon when measuring the differential
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conductance spectra of the MoSey /FLG heterostructure. dI/dV spectra acquired at dif-
ferent points of the surface were characterized by a series of in-gap states below the Fermi
level of the TMD. Figure 5.2 shows two dI/dV spectra acquired at different tip-sample
separations on the surface of the heterostructure. The peaks present Gaussian profiles
and have typical widths of 40 mV. Moreover, their resonances shift towards lower energies

when the tip approaches the surface.
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Figure 5.2: Tip-induced gap states (a)Differential conductance spectra acquired with
an current setpoint of 15 pA (top), 30 pA (middle) and 100 pA (bottom). (b) Energy
position of the peaks in the spectra shown in (a) as a function of the quantum number N.

We observe this behavior almost everywhere in the sample, and no correlation between
the imaging conditions, the STML, and the apparition of these peaks was observed. More-
over, there is an absence of such resonances at positive bias. Following these observations,
we decided to investigate the dependence of these resonances on the tip-sample distance.
We perform measurements varying either the initial current setpoint or the size of the
sampled bias range in order to change the tip-sample separation. Figure 5.2a shows three
sets of dI/dV spectra recorded on the same spot and at different current setpoints. At
higher currents (closer to the surface), more resonances appear within the same energy
window. Moreover, we observe that the spacing between the peaks is not constant. Figure
5.2b shows the position of the peaks as a function of the principal quantum number N in
a logarithmic scale. Indeed, we observe that the series of peaks follow a power law of the
form N5, This is verified for all tip heights sampled during our measurement. Similar
observations have been reported in the context of Landau levels in monolayer graphene
and graphite in the presence of a magnetic field [182, 183]. However, this is scenario is
unlikely in our case due to our sample’s composition (FLG) and the absence of the reso-
nances at positive bias as well as at the Dirac point. Instead, these levels may arise from

tip-induced states in the TMD as briefly discussed in section 1.8. Moreover, we observe

142



5.1. Perspectives

tunability of the position of these resonances with high degrees of reproducibility. Figure

5.3 shows the energy position of the peaks as a function of the tip-sample distance.
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Figure 5.3: Distance dependence Distance dependence study on the resonances posi-
tion.

5.1.5 Investigating dark TMDs

We can also investigate dark TMDs using STML. The emission spectra of W-based TMDs
are composed of a manifold of peaks arising from different excitonic quasiparticles, in-
cluding dark excitons. It could be interesting to address them with atomic resolution. We
have started some preliminary studies on W-based TMDs. Figure 5.4a shows an optical
image of a sample consisting of a monolayer of WS, deposited onto a thin Au(111)/mica
substrate. This sample was fabricated using the dry transfer method and annealed at
200°C during 6h. In contrast to the previous sample, the TMD is directly in contact
with the Au substrate. As a result, large areas of the sample are composed of bubbles
and foldings. A constant current STM image of a relatively flat area is shown in figure
5.4b. The folding in the image suggests a poorer quality of the interface. Figure 5.4c
shows a PL (black) and an STM-L (blue) spectrum taken on this area. The PL spectrum
is characterized by a small resonance at 2.10 eV and a large and broad peak located 30
meV below. The former can be assigned to the recombination of the neutral exciton X°.
The latter stems from a combined contribution of different excitonic particles. Indeed,
we have seen that the low temperature luminescence of WS, is composed of a manifold
of peaks arising from different excitonic species such as trions (X*), dark excitons (X7?),
biexcitons (X X) among others. In non-capped samples, these resonances merge due to
inhomogeneous broadening. This gives rise to the broad peak below the X line.
However, the STM-L spectrum displays much sharper and smoother peaks due to

the local nature of the excitation. Figure 5.4d shows a close-up of the STM-L spectrum
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where one can identify three peaks. Comparing with reports on hBN-capped samples
(ref), we tentatively assign these transitions to a screened X° (2.050 V), a spin-forbidden
dark exciton X? (1.989 eV), and a localized exciton X% (1.968 eV). The massive redshift
is likely due to a combination of different effects such as the presence of the tip, the
proximity of the folding, and the coupling with the substrate below. The overall shape of
the spectrum remains constant all over the studied region. Surprisingly, we observe peaks
as sharp as 1 meV which is comparable to what has been reported in state-of-the-art
hBN-capped WS, monolayers in PL experiments. We rule out the presence of multi-
excitonic complexes since the currents employed in these measurements are below 1 nA.
The presence of X does not come as a surprise since this transition is expected to be
efficiently excited in STM-L. This is because X? has a dipole that is aligned perpendicular
to the layer and, therefore, can couple more efficiently with the tunneling electrons and
tip-induced plasmons. Figure 5.4e shows a differential conductance spectrum taken on
the same area as the STM-L. We observe an electronic bandgap of Eg ~ 3 eV. This gives
rise to an estimated local binding energy close to E, ~ 1 eV. However, this massive value
probably comes from an overestimation of the bandgap. Notice the instability of the STM
measurements and the total absence of atomic resolution. More detailed measurements in
clean areas are needed to estimate the binding energy accurately. However, these results
ultimately show that STM-L can be obtained in dark TMDs as well. This opens the door

for investigations into the physics of more complex excitonic particles.

5.1.6 Molecules on TMD

We can also investigate the role of adsorbates in the excitonic dynamics of TMDs. We have
seen that adsorbates in the substrate can act as traps for excitons and induce photodop-
ing of the heterostructure. However, there could be situations in which these molecules
undergo energy transfer with excitons in the TMD as well. We could explore how this en-
ergy transfer changes depending on the difference between the energy gap of the molecule
and the bandgap of the TMD. Beyond this, TMDs can be used as a non-ionic decou-
pling layer for the molecules ( Figure 5.5a). Our techniques provide the perfect tool to
investigate molecule/TMD hybrid heterostructures with the necessary spatial resolution.
Along these lines, we deposited HoPc molecules onto 1L- and 3L-WSs. These molecules
possess a Co symmetry due to the presence of two hydrogen atoms along with one of
the molecular axis (figure 5.5b). The STML spectra on these molecules are then defined
by two perpendicular dipoles oriented in-plane, denoted @, and Q. @, corresponds to
the dipole aligned with the hydrogen axis. We were able to excite both ), and @), in
the 3L- and 1L- domains (figure 5.5¢), and perhaps more interestingly, we were able to
simultaneously observe luminescence from WS, corresponding to the peak we tentatively

assign in the previous example to the dark exciton. This offers a whole new playground
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Figure 5.4: STM-L of monolayer WS,.(a) Optical image of a monolayer of WS, de-
posited on top of a thin Au film. (b) STM image of a locally flat area in the vicinity of a
folding. The acquisition parameters for the image are -2.6 V and 7 pA. (¢) PL and STM-L
spectra recorded on the area shown in (b). The PL spectrum was recorded under a CW
excitation of 532 nm wavelength. The STM-L spectrum was acquired under a bias of -3.4
V and a current setpoint of 17 pA. (d) Close-up of the STM-L spectrum (blue). Each
resonance was fitted using a Voigt profile. The resulting fits are shown in dashed gray
lines for individual peaks and a dashed green line for the cumulative fit. (e) Differential
conductance spectrum was taken on the same area as the STM-L. An electronic bandgap
of 3 €V can be determined.

where we can investigate energy transfer between 0D and 2D systems.

5.1.7 Interlayer excitons and Moiré excitons

Interlayer excitons arise when the electron and the hole are spatially localized in different
layers (figure 5.6). These excitons are known to exhibit longer lifetimes than their in-
tralayer counterparts. Moreover, they possess dipoles oriented perpendicular to the plane
of the heterostructure. This makes them ideal candidates to investigate using STML since
this technique is expected to be optimal for dipoles aligned along the STM junction. Using
the transferring techniques that we have described in chapter 2, one can build virtually
any combination of 2D layers. We could think of engineering the local landscape through
Moiré patterns and investigate its effect on the dynamics of both intra- and interlayer

excitons as well as other more exotic quasiparticles.
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Figure 5.5: HyPc on WS,. (a) Scheme showing an HyPc molecule deposited on top
of monolayer TMD. The luminescence is then induced using the STM tip.(b) Graphic

representation of the molecule. (¢) STML spectra acquiresd on HoPc when its deposited
onto a 3L of WS, (blue) and on a 1L of WS, (red).
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Figure 5.6: (a) Scheme illustrating an interlayer exciton. The electron and the hole are
spatially separated in two different layers. (b) Scheme illustrating Moiré trapped excitons.
Figure extracted from [184]
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5.1.8 Single photon sources in vdW heterostructures

A natural follow-up to our work would be to address single-photon sources present in

monolayer TMDs. Now that one has a technique with sufficient resolution to do so.
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APPENDIX A

Bardeen Formalism for the tunneling

current

In this appendix, I will present the main points in Bardeen’s formalism.

A.1 Tunneling current

In this section, I will summarize the approach to model the tunneling current between
two electrodes. The first work was done by John Bardeen in 1961 [137] following the
experimental work of Giaever [138] regarding tunneling between two superconductors
separated by a thin oxide film. Bardeen set the theoretical basis for the development of

the theory behind tunneling current by describing it in terms of probability of transfer.

A.1.1 Bardeen’s formalism

The idea behind Bardeen’s formalism is to model an electron in a tunneling junction.
The tunneling junction consists of a thin oxide layer that separates two metal electrodes.
Note that this situation is analogous to an STM junction. The tip and the sample being
the electrodes and the vacuum in between acting as the insulator. To make the analogy
clearer I am going to call electrode A "tip" and electrode B "sample" (see figure A.la).
Let us consider now the situation where both electrodes are separated by a large
distance d. At the surface of the electrode, the electron encounters a potential barrier
that prevents it from escaping the surface. Notice that the problem can be reduced to
a 1D problem since the potential is essentially 'felt" along one dimension. In this case,

Schrodinger’s equation for an electron at the tip can be expressed as:

OW(z,t) h* 02
th——"" = |————=—= + Vp(2)| V(z,t Al
ot 2m822+ r(2)| Wiz1) (A1)
Where V(2) is the potential at the surface of the electrode. Since the potential does
not depend on time, we can separate the spatial and the time dependent parts of the
wavefunction. We can therefore express the eigen-wavefunctions of the electron in the tip

as:

Uiz, t)=>" cnwg(z)e’%Ent (A.2)
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Figure A.1: Bardeen’s model for a tunneling junction. (a) Two electrodes A and B
separated by a large distance "d". An electron’s wave function has an exponentially
decaying solution near the surface of the electrode. (b) If the distance d between the
electrodes is small enough, there is a non-negligible probability (which depends on the
transfer matrix M, ) for the electron to tunnel into the other electrode.

where 12 (2) is the n-th eigenfunction of the equation with eigenvalue F,,. Each one of
the eigen-wavefunctions ¥ (z) can be calculated by solving the stationary Schrodinger’s

equation:

_hzaj +Vr(2)| ¥ (2) = Eatl (2,1) (A-3)

Similarly, for an electron in the sample electrode we can write:

O5(2,t) = 3 S (2)e i (A.4)

where ¢ (2) is the eigen-wavefunction of the electron at the sample and it satisfies

the equation:
_7m7 + Vs(z)] gl(z) = Em¢§l(z,t) (A5)

If we consider for a moment that the potential at the tip is a constant potential barrier
such that Vp(z) = VoO(z — zr) > E where O(z — zr) is Heaviside’s step-function we can

write: .
— g 5 Un(2) = Epthn(2,1) 2 <
[_%% + %} wn(Z) = Enwn<27t) z Z Zr

The solution in the barrier region is given by an exponentially decaying function of

the form:

U (2) =ty (27)e™™ (A.6)
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where k = (Vo_hﬂ A completely analogous development can be applied to an

electrode in the sample. Let us consider now the situation where an electron is in the
sample in a state 3 (2) and the tip approaches adiabatically. At first, the isolated systems,
tip, and sample have each their own basis of eigenfunctions 1% (z) and ¢/ (2) respectively.
As they get closer (in the order of the decay length A = 1/k of the exponential) they get
coupled and this coupling mixes the states of the isolated systems (figure A.1b). Meaning
that ¢3(z) and ¢ (z) are no longer stationary solutions of the coupled system whose

equation is given by:
+ Vs(2)| ¥(z,1) (A7)

In other words, because of the coupling, there is a non-zero probability for the electron
in the sample to tunnel into the tip (figure A.1b) !. We assume that the wavefunction
U(z,t) of an electron in the coupled system can be written as a linear combination of the

solutions for the isolated systems? such that:

E

Uz, 1) = 3 ao ()05 (2)e T + 3 b () (2)e " F (A.8)

To simplify the calculation, we make three assumptions:

1. The electron on the sample electrode is prepared in the state ¢3(z) and has been

for a long time. This means that
Vi, b(t<0)=0
\V/O'/ 5 ag/(t S 0) = (5001

2. At t=0 we approach the tip adiabatically to the sample. This can be modelled by
+

introducing the potential of the tip as an slowly growing potential Vi (t) = Vel ®
where Vr is a constant. The latter allows means that the coefficient a,(t) does not

changes appreciably in time: %a,(t) ~ 0 and therefore a,(t) ~ a,(0) = a,(—00)

3. In his original derivation, Bardeen assumes that the isolated wavefunctions of the

tip and the sample are approximately orthogonal <w5

o5 > ~ 0. This assumption is

key as it makes our expression for the wave-function self consistent 3.

!Completely analogous to an electromagnetic wave undergoing total internal reflection. If one ap-
proaches a second medium near the surface of reflection, the decaying exponential solution can propagate
in the medium.

2This is not the case since we have not proven that this constitutes a C.S.C.O. (¢35 (z) and ¢l (z) are
solutions of T'+ Vg and T'+ Vi and not from T + Vg + V).

3Notice that this means the tip has a negligible effect on the sample.
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Introducing equation A.8 into A.7 and projecting onto a tip state <@Z)ﬂ we can write:

. d S _ i S_ T s S _i(pS_pT
i bu(t) = (V| V(1) [ o7 ) 357 7500 4 ;1 b (U | Vs @) e # 2 -EDE - (AL9)

This equation can be solved iterative, in this derivation we will only consider first
order terms and develop it as a time-dependent perturbation?, this allows us to rewrite it
in the form:

d i |
ih 3 bu(t) = M, pe~ 7 (Fe =BTt (A.10)

where

M = W] Vr

¢5) (A.11)

M,,» represents then the probability to transition from \¢§ > to ’¢E> To calculate the

coefficient b, it suffices to integrate over time equation A.10:

o~ 1 (B3 —Ej+i0t)t
b.(t) = M,, ES — ET 440+ (A.12)
o iz

The probability to tunnel from the sample to the tip is given by |b,(t)]*:

20+t
u(E)* = 1My 5 ;;; )2 (A.13)
From this expression and using the fact that
lim % = md(x)
e—0t x4 4 €
we can compute the transition probability per unit time for the electron:
I = 27:5@5 S| M (A.14)

This is the well-known Fermi’s Golden Rule for elastic processes (assured by the delta
function). This expression represents the rate of transition from a state on the sample to
one on the tip (This formalism remains completely analogous for the case in which the
electron tunnels from the tip to the sample). To complete this calculation, we must take
into account the fact that there is a continuum of states in the sample and in the tip, each
state with its own occupation probability. In other words, an electron can tunnel only if
it comes from an occupied state on the sample and goes to an unoccupied state on the tip
(and vice-versa). This means we should add the probability distribution associated with
tip and sample occupation numbers. This is done by introducing Fermi-Dirac distribution

into the expression for the rate:

4We neglect therefore the second term on the right.

152



A.1. Tunneling current

Occupied sample states

2w
rSoT = - S(EN—EJ)  |Mu"x  f(ES+eV) x (1—f(EL)
elastic tunneling condition Unoccupied tip states

Notice that we have also added the fact that there is a voltage V applied between the
tip and the sample. By symmetry

Occupied tip states
——

27

2
Mf=5 MBI -E) Mol f(E) x (- f(E +eV)
N—_— —
elastic tunneling condition Unoccupied sample states

These two expressions represent the electron transfer rate from the tip to the sample
and vice-versa. To construct a complete expression for the tunneling current, we need to

sum over all possible contributions:
« States of the tip.
o States of the sample.
o Spin: Every energy state can be filled with two electrons with a different spin.

With these in mind, we can write:

Current from sample to tip ~ Current from tip to sample
—_— ——

_— S—T T—S
I= 2% e X OoT — T
Y w,o o
Accounts for charge and spin ’ s
2 2 o .
where we have assumed that |M,,|” = |M,,|". Substituting each expression for the
transfer rates we obtain:

4re

725 — B[ Mo *(f(E; +eV) — f(E))) (A.15)

We can identify three main terms in this expression; each one of them accounting for a
different part of the tunneling process. The first term with the delta assures conservation
of energy and it is the main reason why this type of tunneling is called elastic. The third
term regarding the Fermi-Dirac distribution accounts for the availability of states: you
can only tunnel from an occupied to an unoccupied state. The middle term is perhaps
the richer one since this term is related to the probability of transferring an electron
and it depends on the coupling between tip and sample states through the potential
Vr(z,t). Indeed, we can simplify this a bit further this expression by making the relevant

approximations of our measuring conditions: low temperatures and low bias.

o First let us introduce an integral into the summation by using the fact that:

S(ES — ET) = / dEAE'S(E — ES)3(E' — ET)S(E — B')
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This allows us to write:

_ e £ > J[ 4B S — B3 ~ EDSE — B) Mol (F(ES + ) = F(ED)
(A.16)

We can simplify further by integrating over E’:
4
=2 Z/dE(S (B — BS)3(E — ED)| M, 2(F(ES + eV) — F(ET))  (A.17)

o At low temperatures we can consider the fermi-Dirac distribution as a Heaviside

function.

(FE+eV)— f(E) = g — ' ~O(E +eV) - O(E)
e *# +1 ewr 41

this allows us to write:

4 E +eV
e Z / dES(E — ES)S(E — ET7)| My, (A.18)

rewriting this expression in terms of the fermi energy of the sample we get:
dme s S 5 T 2
[= Z/ ded(e + Ef — ES)5(c + B — ET)| M, | (A.19)

o Finally if we suppose the applied bias is small we can write:

4T

I~ e VY O(ES — Ef — eV)S(EL — EL)| M, (A.20)
W,o

This expression for the tunneling current however is still incomplete. The only element
that remains to be calculated is the tunneling matrix M,,. This is not so trivial as in
general, this can depend on the geometry of the tip and its electronic structure. This is
where Tersoff and Haman’s work [109] made a fundamental step further into the formalism
to model an STM junction. They show that if the electronic structure of the tip is
approximated to a sphere (s-orbitals), the matrix element can be considered as a constant.
This has been done under the supposition that only the outermost states of the tip overlap
with the sample states, however, this is a questionable assumption®. I will now present a

summary of Tersoff and Haman’s work.
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Tersoff-Hamann approximation

tip
Sample
)y

“—
d

%% %%

Figure A.2: (a) Instead of a flat electrode, we consider now the shape of the tip. (b)
Tersoff-Hamann’s approximation supposes that the tip electronic structure is well repre-
sented by spherical states [109].

Tersoff and Hamann’s approximation

To understand Tersoff and Hamann’s approach, let us begin with a toy model first of an
ideal probe. Consider a simple case where the tip is a point-probe at position 7. If the
probe can be modeled by an extremely localized function around a position 7, then the

matrix element will be proportional to the value of the wavefunction of the sample state

M, x was(FO)

and therefore the tunneling current can be expressed like this:

US| 8(ES — B — eV)S(EL — EE) o« DoS(Ef + V) DoS(EL)

[ocz
no

In this toy model, we can see that the tunneling current is proportional to the density
of states DoS(E) = 2, 6(E, — E). This result, despite its triviality, tells us that if the
influence of the probe is negligible, an STM image represents contour plots of the density
of states of the sample. This simple interpretation motivates us to look for the real effect
of the tip on Bardeen’s transfer matrix. To do that, let’s go back to the expression of the

tunneling matrix and use Schrodinger’s equation:

My = (0F| Vi |65) = [ @7l VroS (A.21)

5In fact, Chen proved that this is not the case and other states should be added to fully explain
corrugation in STM-images [139]
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2 2
= [ @75 (Eff + ha) Yo

2m 022

Ve (2) Vs(2)

WAL AW

Separation surface

Tip Sample

Figure A.3: The separation surface is defined as the surface from where the potential
of the tip (sample respectively) does not affect the sample (tip) side. In other words,
Vs(2)Vp(z) =0 Vz.

Two important steps are to be taken now:
» Energy conservation imposes E;{ = E7.

e In the formalism developed before we know that:

h2 aQ(bS
2m 922

+Uso = E5 ¢

It is here that Bardeen introduces the notion of a separation surface. It is defined
as a surface from where we can neglect the influence of the sample (or tip) potential

on the tip (sample) side . Therefore on the tip side Ug = 0.

This allows us to write:

h2 82¢S 82¢T*
_ 32" | _,T* o S w
Myo = /ontipd "om ( Vi 022 o 022 ) (A.22)
h’2 Saqu);:f* T* aQSg
M'ua- = %/dxdy ( p 82 — /lﬁu 82; (AZS)

where the integral is taken on any surface in the vacuum barrier. This expression tells

us that we can relate the transfer matrix to probability currents. This is an important

6This is equivalent to say that VsVp = 0 in any point of space.
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result that will be crucial when applying Tersoff-Hamann’s approximation. To model the

states of the surface they propose the following:

o They expand the surface wavefunctions as a series:

1 Lo
e e
G
In this expression kK = - énw is the minimum decay length of the wavefunction in

a vacuum, ¢ is the crystal’s work function, €2 is the volume, and EG —k—Gisa
vector that relates the surface’s Bloch vector of the state and a reciprocal lattice

vector.
« For the tip, they assume it to have spherical shape (figure A.2):

1 Kk Rerlt

C
VO CE[F— )

(), is the probed volume, ¢; is a normalization factor and the rest of the parameters

oL = e rIr=ol (A.25)

are defined as above. Notice that they assumed the same workfunction for the tip

and for the sample.

We proceed to develop the the tip’s wavefunction as a series in the same manner as for the
surface’s wavefunction and we introduce it into equation (A.23). The resulting expression

for the tunneling matrix can be summarized as follows:

M,,, = (constant) x ¥3 (i) (A.26)

which means that in this approximation we can consider the tunneling matrix as a

constant (equation A.20) and therefore:

B 4re

= ———
h

eV
M| / dErDoSS(Ep — eV)DoST (Er) (A.27)
0
This means that for a spherical tip, we can interpret the STM current signal as a
convolution of the density of states of the tip and sample at a particular energy (given
by the bias) and at the probe position. In other words, we are sensitive to the Local

Density of States (LDOS).

WKB approximation

The final element towards a more complete theory for STM is to consider the potential
barrier. Indeed, the matrix element M = <wﬂ Vr(z)

¢ > has three main ingredients:
1. The surface electronic structure encrypted in the term ‘gﬁf > (Treated exactly).
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2. The tip electronic structure encrypted in the term <¢ﬂ (Tersoff-Hamann approxi-

mation).
3. The shape of the potential barrier Vr(z).

To take this into account one can use the WKB (Wentzel-Kramers-Brillouin) approx-
imation. For a slowly varying potential in space, the corresponding wavefunction should
also slowly vary in space relative to the constant potential case. If we model the tun-
nel barrier using the WKB approximation, we obtain the following expression for the

tunneling current:
I x [ " AEDoST(E — eV)DoSS(E)(f(E — V) — f(E)T(z, E, V) (A.28)

where T(z, E, V) is the transmission coefficient which encompasses the dependence on

the shape of the barrier. At low temperature, we can reduce this expression to:
eV
I, x / DoS3(E)T(z, E,V)dE (A.29)
0

For a barrier with a trapezoidal shape, we can compute the transmission coefficient

using WKB approximation:

T(z,E,V) x e 22V 5 6= F+7) (A.30)

This expression means that the transmission sensitively depends on the electron en-
ergy. The higher the energy, the higher the probability of tunneling. In the limit of low

voltages, the expression A.28 becomes:

I, oc e 22V 5 (Gers) (A.31)

To get an idea of the effect of such coefficient, first, let us rewrite this in terms of a

—kz

decay constant k: [; o< e and perform a small back-of-the-envelope calculation. For

silver and gold ¢,y is typically ~ 5eV" [140]. With this, we can estimate k& ~ 22.9nm.

This means that for a variation of Az = +0.1 nm we get % o ¢T3, This explains

the extreme sensitivity of STM.
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APPENDIX B

Fabrication of samples for STM

As mentioned in the introduction, we tried many different sample architectures during my
Ph.D., looking for the perfect trade-off between decoupling the TMD monolayers while
preserving conditions on which we can perform STM measurements. In the beginning,

we designed two sample architectures fulfilling the aforementioned conditions.

(a) STM tip (b) STM tip
Au )
. ﬂ;ﬁnj | T™MD . N'/
SiO2 or hBN Conduc;r 8

: B
r
k\{.}' WSe,

Thick
WSe,

&
20 pm

-

Figure B.1: STM-compatible samples. (a) Top: Scheme of a lateral configuration.
The current travels along the sample. Bottom: optical image of monolayer WSes on
hBN. This sample was later contacted with gold as shown in the top scheme. (b) Top:
Scheme of a vertical transport configuration. Bottom: Optical image of monolayer WSe,
on graphite with a few layers of hBN as a decoupling element.

B.1 Lateral contacts

In this case, the TMD is on a non-conductive substrate (hBN or SiO,). Gold contacts
are then evaporated onto the TMD. The idea is that when a bias voltage is applied, the
generated current will travel along with the TMD towards the contacts (see figure B.1a).
To improve the electronic mobility, the choice of substrate is essential. Indeed, it has
been shown that inhomogeneities on rough substrates reduce the transport properties of
TMDs relative to smoother substrates such as hBN [53].
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B.2 Vertical contacts

In this configuration, the TMD is directly deposited onto a conductive substrate. Few-
layer hBN can be used as a spacer to reduce the interaction between the TMD and the
metal. In this case, the current passes through the TMD/hBN heterostructure (see figure
B.1b). During my Ph.D. I used four different types of substrate:

1. Graphene/Graphite: Graphene and few-layer graphene are known to make excellent
contacts for TMD-based devices. Due to their 2D nature, an atomically sharp inter-
face is formed between them, significantly reducing contact resistance. Moreover,
it provides a flat substrate that is suitable for STM measurements. Graphene and
graphite flakes were exfoliated on Si/SiO5 (90 nm thick), and then a TMD layer was
deposited on top. Gold contacts were then evaporated on the graphene/graphite

electrodes.

2. Evaporated Au: Au was evaporated on top of a Si/SiOs (90 nm thick) wafer, and a

TMD was exfoliated on top or transferred onto it.

3. Au(111) on Mica: Here, I took commercial gold on mica and deposited my sample

on top. Gold on mica presents flatter areas than the evaporated ones.

4. Indium Tin Oxide (ITO): ITO is a semitransparent conductive substrate. The idea
to use ITO came from a collaboration with Eric le Moal at ISMO Paris. This
collaboration proved to be fruitful as room temperature STM-induced luminescence

of MoSe; monolayers was demonstrated[13].
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Tailoring the luminescence of
atomically-thin semiconductors
with sub-nanometer resolution.

Résumeé

Dans cette these, nous présentons une étude des propriétés optiques des hétérostructures de van
der Waals avec une résolution sub-nanométrique. Pour y parvenir, nous utilisons une approche
unigue combinant des spectroscopies optiques résolues spatialement et temporellement. Nous
utilisons ces techniques pour caractériser des hétérsotructures de van der Waals composées d'une
monocouche de dichalcogénure de métaux de transition (TMD) coupleé a une ou plusieurs couches
du graphene. Tout d’abord, nous montrons comment nous fabriquons ces hétérostructures. Ensuite,
nous caractérisons en profondeur le couplage entre les couches de ces hétérostructures a basse
température. Nous étudions ensuite la luminescence induite par une pointe de microscope a effet
tunnel (STML) afin de sonder I'effet de I'environnement nanoscopique sur les propriétés optiques de
nos échantillons. Ce travail met en évidence la richesse de la physique des hétérostructures de van
der Waals et ouvre la voie a des études ou des matériaux 2D peuvent étre sondés a I'échelle
atomique.

Mots-clés : spectroscopie de photoluminescence, STM, optoelectronique, STML, materiaux 2D,
graphene, dicalcogenures de metaux de transition, heterostructures de van der Waals, transfert de
charge, transfert d’énergie.

Résumé en anglais

In this thesis, we present an investigation of the optical properties of van der Waals heterostructures
with sub-nm resolution. To achieve this, we use a unique approach combining time- and spatially-
resolved optical spectroscopies together with STM-induced luminescence (STML). We use these
techniques to characterize van der Waals heterostructures made from a monolayer transition metal
dichalcogenides (TMDs) coupled to graphene mono- or few-layers. First, we show how we fabricate
these heterostructures. Then, we thoroughly characterize the interlayer coupling in various
heterostructures at low temperatures. We then use STML to investigate the effect of the nanoscopic
landscape on the optical properties of TMD-based heterostructures. This work sheds light on the rich
physics in van der Waals heterostructures and paves the way for investigations where 2D-materials
can be probed at the nanoscale.

Key words: Photoluminescence spectroscopy, STM, optoelectronics, STM-induced luminescence,
two dimensional materials, graphene, transition metal dichalcogenides, van der Waals
heterostructures, charge transfer, energy transfer.
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