Prof Conrad Becker 
  
Dr Frédéric Chérioux 
  
Dr Amandine Bellec 
  
Dr Fabrice Charra 
  
Dr Klaus Kuhnke 
  
Dr Éric Le Moal 
  
Dr Moritz Sokolowski 
  
Martin Specht 
  
Christine Brülke 
  
Niklas Humberg 
  
Anna J Kny 
  
They 
  
Dr Bernard Bourguignon 
  
Dr Thomas Pino 
  
Dr Sandrine Lévêque-Fort 
  
Éric Charron 
  
Dr Gérald George Raseev 
  
Dujardin 
  

They allowed me to pursue my PhD, created a good working environment and helped with guidance with all administrative processes.

-Members from workgroup Sim2D at ISMO. Dr. Andrew Mayne always kindly provided support both scientifically and administratively, as well as many interesting discussions on varied topics. Dr. Hamid Oughaddou, who gave access to his low temperature (LT) STM and taught me about UHV and LT-

Résumé en français

L'étude de systèmes de basse dimension présente de multiples intérêts. D'un point de vue fondamental, de nouvelles propriétés optoélectroniques émergent du confinement spatial des électrons. Du point de vue technologique, cela pourrait amener au développement de nouveaux composants très compacts. En particulier, les molécules organiques auto-assemblées sont un vaste domaine de recherche très actif permettant de réaliser des structures de basses dimension à moindre coût par approche ascendante. Par exemple, des structures à deux dimensions telles que des canevas pouvant contrôler le site d'adsorption d'une deuxième couche de molécules, pouvant catalyser des réactions chimiques ou encore pouvant servir de nanosenseur ont été développées. Pour les structures à une dimension, on peut envisager des nanofils transportant un signal électrique ou excitonique sur des longueurs de 100nm ou plus. Un certain nombre de ces structures sont également des semiconducteurs organiques permettant de réaliser des émetteurs de lumière à l'échelle nanométrique. De manière similaire, les matériaux semiconducteurs composés de feuillets atomiques présentent un intérêt en tant que composant optoélectronique, mais aussi en tant que plateforme pour étudier la physique des excitons. En effet, ces quasiparticules composées d'un électron et d'un trou ont une énergie de liaison dans ces matériaux de plusieurs centaines de meV, ce qui les rend robustes même à température ambiante. Un des enjeux majeurs pour ces systèmes est le découplage électronique. En effet, nombre de systèmes moléculaires auto-assemblés sont réalisés par croissance épitaxiée sur métal. Les propriétés optoélectroniques ne sont alors plus celles de la structure isolée mais celles résultant du couplage avec le substrat métallique. En particulier, les processus de désexcitation non-radiative très rapides de l'ordre de la femtoseconde rendent impossibles les applications optiques. Plusieurs méthodes de découplage ont été envisagées, telles que le dépôt de plusieurs couches moléculaires et la conception de molécules auto-découplantes. L'utilisation d'un substrat isolant est aussi possible pour certains systèmes. Néanmoins, les techniques d'étude standard en sciences des surfaces sont le plus souvent des techniques basées sur les électrons, tels que la microscopie à effet tunnel (en anglais : scanning tunneling microscopy, STM) et la diffraction d'électrons lents (en anglais : low energy electron diffraction, LEED). Or, pour étudier les propriétés intrinsèques des structures, il faut éviter que celles-ci ne se chargent. Les recherches actuelles se tournent donc plutôt vers l'utilisation sur substrat métallique d'un espaceur composé de couches minces (quelques couches atomiques) d'un matériau isolant à travers lesquelles les électrons peuvent tout de même s'évacuer par effet tunnel. Dans ce manuscrit, nous nous appliquons donc à la conception et à l'étude de deux systèmes modèles de basse dimension pour de futures applications optoélectroniques : des chaînes moléculaires unidimensionnelles de quinacridone découplées de leur substrat de Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], et des monofeuillets de matériaux semiconducteurs bidimensionnels appelés dichalcogénures de métaux de transition.

La molécule choisie est l'isomère trans linéaire de la quinacridone, un semiconducteur organique ressemblant au pentacène mais avec des groupes fonctionnels la rendant prochirale et permettant à deux liaisons hydrogène de se former entre molécules adjacentes. Les structures de quinacridone sont étudiées en conditions de science des surfaces, c'est-à-dire sous ultravide (10 -10 mbar) et à basse température (77K), à l'aide du STM et du LEED. En faisant varier les paramètres de dépôt, plusieurs structures de quinacridone sont observées sur la surface de Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] : pour une monocouche ou moins, une phase α' composée de chaînes unidimensionnelles directement après dépôt à température ambiante, qui évolue irréversiblement vers une seconde phase compacte β' après recuit à 500K pendant 15min. Des phases intermédiaires et d'autres phases après recuit de couches multiples sont également observées. La photoluminescence de 8 monocouches induite par une diode laser verte (longueur d'onde 532nm) est observée. Dans un second temps, l'étude de la croissance de différents isolants sans molécules sur des surfaces métalliques est réalisée. La croissance d'un monofeuillet de nitrure de bore hexagonal (h-BN) sur Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] par dissociation catalysée de la borazine est étudiée. D'autre part, des sels d'halogénures d'alcalins (chlorure de potassium KCl et de sodium NaCl) sont déposés sur des surfaces de Ag(100) et de Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] et des îlots de deux à cinq monocouches ne couvrant pas complètement le métal sont obtenus. Dans un troisième temps, la quinacridone est déposée sur les couches minces isolantes précédemment étudiées. Une phase très similaire à la phase α' sur Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] est observée sur h-BN, indiquant qu'une relation épitaxiale existe toujours avec le substrat métallique de cuivre et que le découplage n'est pas complet. La photoluminescence induite par laser n'est en effet pas observée pour une seule monocouche de quinacridone sur un monofeuillet de h-BN. En raison des limitations du mode de croissance étudié pour h-BN (réaction autoterminée à une monofeuillet car il s'agit d'une réaction catalysée par le cuivre), un découplage plus fort par h-BN ne peut être atteint. Les sels d'halogénures d'alcalins sont alors utilisés pour obtenir différentes épaisseurs (de deux à cinq monocouches) de découplage. Cependant, en raison de la diffusion des molécules à température ambiante, seules les molécules sur des sites d'absorption en bord d'îlots multicouches (ex: bords entre 2 et 3 monocouches) restent sur le sel, les autres diffusant vers le métal. Ces sites d'absorption résultent de lacunes ioniques pour des bords de marche très irréguliers. La stratégie de croissance adoptée est donc la maximisation du nombre de ces défauts en bords de marche afin de pièger un grand nombre de molécules sur les couches de sel. Ces sites d'absorption occupés peuvent alors être utilisés en tant que germes pour la croissance par dépôts successifs de chaînes par liaison hydrogène. Des chaînes de jusqu'à 16 molécules sont observées sur du chlorure de sodium et du chlorure de potassium de 2 à 4 monocouches. La luminescence induite par STM est également observée pour la molécule unique, mais seulement sur le chlorure de sodium. Un spectre vibronique est obtenu et comparé au spectre vibronique de pentacène sur chlorure de sodium, les deux spectres présentant un bon accord qualitatif. Finalement, dans un quatrième temps, des monofeuillets de deux dichalcogénures de métaux de transition, MoSe 2 et WS 2 , exfoliées sur un substrat de verre couvert d'une couche mince d'oxyde d'étain-indium (anglais : indium-tin oxide, ITO), sont étudiées en conditions ambiantes par STM et imagerie optique. Le spectre d'électroluminescence induite par STM du MoSe 2 est similaire au spectre de photoluminescence induite par un laser à argon (longueur d'onde 465,8nm). Les deux spectres présentent les 2 mêmes pics excitoniques 1,58 à et 1,76 eV, indiquant des mécanismes d'émission identiques (la recombinaison des excitons brillants A et B). À l'inverse, les spectres d'électroluminescence et de photoluminescence du WS2 présentent des contributions différentes. Le spectre de photoluminescence présente un seul pic centré sur l'énergie de l'exciton neutre brillant A à 2,035eV. Le spectre d'électroluminescence quant-à lui présente un pic centré sur l'énergie de l'exciton chargé (ou trion) à 2,000eV, ainsi qu'une large queue à basse énergie s'étendant jusqu'à plus de 200meV sous le pic du trion. Cette queue à basse énergie indique non seulement l'effet de recul des électrons dans le cas de la recombinaison de trions, mais aussi de multiples contributions, potentiellement liée à des défauts du matériaux. Les mécanismes d'émission de lumière dans le WS 2 diffèrent donc pour la photo-et l'électro-luminescence.

La présence de pics correspondant aux trions suggèrent un dopage du matériau. La cartographie de photons est réalisée et met en exergue le rôle du couplage avec le substrat d'ITO, avec deux feuillets monofeuillets présentant des efficacités quantiques d'émission très différentes. Finalement, une nouvelle technique d'étude de l'impact de la pointe STM sur la photoluminescence est réalisée. La pointe STM est approchée alors que l'échantillon est illuminé par laser. Pour des tensions positives sur l'échantillon, à partir d'un seuil en tension d'environ 1,0V, une atténuation de la photoluminescence est observée pour une zone de taille micrométrique, mais ne s'étendant pas aux feuillets adjacents. La photoluminescence récupère instantanément (dans les limites de notre résolution temporelle) lorsque la pointe STM est rétractée. Bien que plusieurs effets (thermoélectrique, courbure de bande dû à l'effet électromagnétique de la pointe STM, électrolyse de la couche d'eau entre le WS 2 et l'ITO...) ne puissent pas être formellement exclus, l'hypothèse privilégiée est celle d'une injection d'électrons par la pointe STM dans la bande de conduction du WS2. Ces électrons peuvent alors se combiner avec les excitons induits par l'irradiation laser, formant des trions dont le rendement quantique est débattu mais parfois avancé comme inférieur d'un ordre de grandeur à celui des excitons neutres.

Chapter 1 Introduction

Miniaturisation has been the driving force behind most advances in electronics since its inception. The famous Moore's law, enounced in 1965 [START_REF] Gordon E Moore | Cramming more components onto integrated circuits[END_REF] and revised in 1975 [2] to state that the number of transistors on a silicon chip would double every two years, embodies this push for ever smaller devices. However, as we reach the molecular and few atoms limit, we face unprecedented challenges on all aspects: fabrication, performance, reliability. For this reason, while research continues on traditional silicon-based and germanium-based devices [START_REF] Mateusz | Conditional quantum operation of two exchangecoupled single-donor spin qubits in a mos-compatible silicon device[END_REF][START_REF] Chen | Thermal resistance and thermal rectification of silicon device with triangular pores: A molecular dynamics study[END_REF][START_REF] Thomas | Germanium nanowire transistors stack up[END_REF], many other approaches have sprung up based on a wide variety of materials and molecules, using a range of different physical effects to create and transmit information. For instance, spintronics aims at controlling spin-pure currents, with all electrons having the same spin [START_REF] Žutić | Spintronics: Fundamentals and applications[END_REF]. Plasmonics is based on the propagation of a collective electron oscillation at an interface named a surface plasmon [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF].

One type of approach focuses on how organic molecules can be used as the active material in devices. Many organic field effect transistors (OFETs) have been designed, offering a range of interesting properties such as the ultimate control of the charge with a single electron going through [START_REF] Kubatkin | Single-electron transistor of a single organic molecule with access to several redox states[END_REF], spin-filtering of the electrons [START_REF] Edgar A Osorio | Electrical manipulation of spin states in a single electrostatically gated transition-metal complex[END_REF], light-assisted charge transfer [START_REF] Matković | Light-assisted charge propagation in networks of organic semiconductor crystallites on hexagonal boron nitride[END_REF] and carrier mobilities of up to 10 cm 2 V -1 s -1 [START_REF] Saeki | Comprehensive approach to intrinsic charge carrier mobility in conjugated organic molecules, macromolecules, and supramolecular architectures[END_REF].

Excitonics is another of such fields of study where the exciton, an electrically neutral quasiparticle made of a bound electron-hole pair, could be used to transmit and process information [START_REF] Semion | Photonics meets excitonics: Natural and artificial molecular aggregates[END_REF]. However, signal transmission is not the only topic for which excitons are being studied. Due to their role in light absorption and emission, they are of fundamental interest to first understand optical processes at the nanoscale, then design smaller, more efficient and more tunable nano-optical devices.

Organic molecules are once again of interest, with organic light emitting devices (OLEDs) being one of the most accomplished application in this field, with their integration in industrial devices [START_REF] Huang | Mini-LED, Micro-LED and OLED displays: Present status and future perspectives[END_REF][START_REF] Große | Submolecular electroluminescence mapping of organic semiconductors[END_REF]. Organic laser emitting diodes (OLDs) and organic solar cells (OSCs) are also strong candidates for future optical devices [START_REF] Adachi | The leap from organic light-emitting diodes to organic semiconductor laser diodes[END_REF][START_REF] Hu | A critical review on semitransparent organic solar cells[END_REF].

Motivated by these applications, light absorption and emission at the nanoscale is a very active research topic due to the diversity and complexity of the physical processes involved [START_REF] Merino | Exciton dynamics of C60-based single-photon emitters explored by Hanbury Brown-Twiss scanning tunneling microscopy[END_REF][START_REF] Rosławska | Single charge and exciton dynamics probed by molecular-scale-induced electroluminescence[END_REF][START_REF] Große | Nanoscale imaging of charge carrier and exciton trapping at structural defects in organic semiconductors[END_REF]. Optical spectroscopy, due to its selectivity and sensitivity, is one of the main techniques used to uncover electronic and vibrational properties of molecules and materials. However, due to the diffraction limit of light, obtaining information from a single or few molecules is challenging. Indeed the size of the smallest spot into which a light beam can be focused is on the order of 200 nm in the visible range. On the other hand, scanning tunneling microscopy (STM) is an imaging technique with a lateral spatial resolution of 1nm or less. However, the sensitivity and selectivity of optical spectroscopy and the spatial resolution of STM may be combined in a single technique, i.e. STM-induced luminescence (STML), also called STM-induced light emission (STM-LE). The inelastic tunneling current under an STM tip can excite nano-objects of interest extremely locally, and the light the object then emits contains electronic and vibrational information which can be collected in the far field and analyzed with a spectrometer. The details of these STML measurements will be elaborated upon in Chapter 3 Instruments and Methods.

In this manuscript, we will explore two approaches to excitonics for nano-optics, one with a self-assembled 1D chain of an organic molecule and the other with novel 2D materials, namely monolayers of transition metal dichalcogenides (TMDs). Our goal is to design systems of low dimension which can be used as models to study excitonic and optical processes at the nanometer scale using STML. Low dimensionality reduces the number of parameters to control in our model systems and enables exotic confinement effects [START_REF] Machteld | Confinement effects in low-dimensional lead iodide perovskite hybrids[END_REF][START_REF] Sala | Inelastic confinement-induced resonances in low-dimensional quantum systems[END_REF]. To understand our choice of molecule and TMD material, we will first review in Chapter 2 a few ways of fabricating self-assembled systems on surfaces, as well as some decoupling methods and state-of-the-art STML experiments. We will then see in their own chapters how the chosen molecule quinacridone (QA) can help design systems of interest for nano-optics and how TMDs are interesting nano-optical excitonic systems. The manuscript will be organised as follows: after a review of the state of the art in Chapter 2, we will give more details on instruments and methods used in Chapter 3. Chapter 4 will see us investigate structural aspects of the organic molecule QA on a metallic surface, Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Chapter 5 will detail the growth of three different decoupling layers of interest, which are required for light to be emitted (more details in Chapter 2). Chapter 6 will describe both structural aspects of quinacridone on those decoupling layers and preliminary results of the STML of quinacridone.

Finally, in Chapter 7, we will combine STM-induced and laser-induced luminescence (STML and PL) experiments on the two TMDs MoSe 2 and WS 2 .

Chapter 2

State of the art

The design and control of molecular nanostructuration on surfaces is an actively-researched topic [START_REF] Goronzy | Supramolecular assemblies on surfaces: nanopatterning, functionality, and reactivity[END_REF][START_REF] Shelley A Claridge | From the bottom up: dimensional control and characterization in molecular monolayers[END_REF]. Thanks to self-assembly, bottom-up approaches may be tomorrow's preferred method for inexpensive, scalable and reliable device fabrication. 1D molecular chains may be used as nanowires [START_REF] Algethami | The conductance of porphyrinbased molecular nanowires increases with length[END_REF], not only for electron transport but possibly also exciton transport [START_REF] Hong Cui | Asymmetric photon transport in organic semiconductor nanowires through electrically controlled exciton diffusion[END_REF]. Single electron control could be envisioned along a 1D molecular nanowire.

Indeed Coulomb blockade has been achieved in molecules [START_REF] Dorogi | Room-temperature coulomb blockade from a self-assembled molecular nanostructure[END_REF]. This results from the charged molecule energy levels being shifted compared to the neutral ground state, allowing the passage of a single electron. Molecular aggregates, in solution or on surfaces, can also be good light emitters and even allow for tuning of opto-electronic properties. For example, aggregation into H-or J-aggregates leads to respectively hypsochromic or bathochromic shifts of the monomer intrinsic luminescence, as well as narrower emission lines [START_REF] Bricks | Fluorescent J-aggregates of cyanine dyes: basic research and applications review[END_REF]. This effect is the result of exciton delocalization over the entire aggregate and is called superradiant emission [START_REF] Röhlsberger | Collective lamb shift in single-photon superradiance[END_REF]. Self-assembly however is not a property exhibited by all molecules. It requires a specific tuning of substrate-adsorbate and intermolecular interactions to allow for the formation of the desired structure, even more so for one dimensional structures such as nanowires (since molecular adsorption on a planar surface may promote 2D arrangements of the molecules).

Moreover, when self-assembled nanostructures are grown on metallic substrates, the electronic structure of the aggregates is hybridized with the metallic surface states. To recover intrinsic electronic properties such as luminescence of molecular aggregates, one needs to study self-assembled structures on either a non-conductive substrate or some way to decouple the molecules from the substrate. Conventional instruments used in optical experiments are limited in lateral resolution by the diffraction limit to about ∼200nm, to the exception of superresolution optical microscopy [START_REF] Vangindertael | An introduction to optical super-resolution microscopy for the adventurous biologist[END_REF]. However, to reach the ultimate subnanometer limit, scanning tunneling microscopy (STM) is a unique tool that can provide information linked to the local electronic density of states (LDOS). However, STM operation requires the use of a conductive substrate. This limits the type of sample which can be studied to molecules on thin insulator films on metallic substrates (≤3ML insulating film thickness for [START_REF] Glöckler | Initial growth of insulating overlayers of NaCl on Ge(100) observed by scanning tunneling microscopy with atomic resolution[END_REF][START_REF] Hebenstreit | Atomic resolution by stm on ultra-thin films of alkali halides: experiment and local density calculations[END_REF]). The STM not only provides insights into the LDOS and topography of the sample, but it can also provide an electronic excitation for STML or be combined with typical optical experiments like tip-enhanced Raman spectroscopy (TERS) [START_REF] Jiang | Distinguishing adjacent molecules on a surface using plasmon-enhanced raman scattering[END_REF][START_REF] Zhang | Chemical mapping of a single molecule by plasmon-enhanced raman scattering[END_REF].

In this chapter, we will review the literature on molecular assembly on surfaces and see how 2D and 1D structures may be formed. Then we will review different ways to decouple molecules from a metallic substrate to recover their intrinsic properties. Finally we will show some experiments that make use of STM as an electronic excitation for molecular optical spectroscopy (STML). As a different topic from molecules, the review of the STML of 2D materials is done in chapter 7 for ease of reading.

Molecular assembly

While there are many promising applications of molecular structures, achieving the desired self-assembling behaviour is not easy. Self-assembly on a surface results from a fine balance between interaction with the substrate, direct intermolecular forces and surface-mediated intermolecular interactions [START_REF] Thomas | Growth of Dihydrotetraazapentacene layers on Cu(110)[END_REF]. As a result, the environment of the molecule, i.e. the substrate and adsorption site [START_REF] Paulheim | Surface induced vibrational modes in the fluorescence spectra of PTCDA adsorbed on the KCl(100) and NaCl(100) surfaces[END_REF], has a substantial impact on the resulting structure. Often, the functional groups of a molecule have to be engineered to maximize the self-assembling behaviour [START_REF] Guo | Self-assembly of functional molecules into 1D crystalline nanostructures[END_REF][START_REF] Bléger | An optimized alkyl chain-based binding motif for 2D self-assembly: a comprehensive crystallographic approach[END_REF].

Such interactions leading to assembly are of several types. We will list a few here from the following review articles [START_REF] Goronzy | Supramolecular assemblies on surfaces: nanopatterning, functionality, and reactivity[END_REF][START_REF] Shelley A Claridge | From the bottom up: dimensional control and characterization in molecular monolayers[END_REF].

Non-covalent bonding of nearby molecules is the main reason for many of the nanostructures observed. For instance, hydrogen bonding (H-bond) is common [START_REF] Lelaidier | Highly ordered molecular films on Au(111): the n-heteroacene approach[END_REF][START_REF] Matković | Growth morphologies of dihydro-tetraaza-acenes on cplane sapphire[END_REF]. This results from hydrogen being very weakly electronegative. As a result, when coupled in a functional group of a molecule with more electronegative atoms like oxygen or nitrogen, a dipole is created. If the molecule also has another functional group with the opposite dipole, such as a carbonyl group (C=O), a hydrogen bond can form between two molecules through dipole-dipole coupling.

Halogen bonds (X-bond) result from interactions between nucleophilic and electrophilic regions of two molecules.

They are based on two components: an electrostatic component and a charge transfer component. The electrostatic component, the so-called σ-hole of the R-X halogen-bond donor part of one molecule which faces the p z orbital of the halogen-bond acceptor part of the other molecule (Y), is responsible for the high directionality of this type of bond. The second component is a charge transfer between parts of the newly-formed complex, R + [XY ] -. Thus from the point of view of electronic properties, a hydrogen bond and a halogen bond are very different. But both are able to drive self-assembly of highly-ordered structures. Halogen bonds are usually of comparable or higher energy (10-200 kJ/mol [START_REF] Metrangolo | Halogen bonding in supramolecular chemistry[END_REF]) than hydrogen bonds (1-40 kcal/mol [START_REF] Steiner | The hydrogen bond in the solid state[END_REF]).

Strong interactions with the substrate can also favour adsorption of molecules on specific sites and therefore force a specific pattern to emerge. In particular, π-conjugated systems tend to lie flat on the substrate, leading to high adsorption energies and favouring some kind of epitaxial relation [START_REF] Van Dong Pham | Control of molecule-metal interaction by hydrogen manipulation in an organic molecule[END_REF]. This orbital overlap between the flat-lying molecule and the substrate can trigger partial charge transfers which add to any permanent dipole the molecule may have. In the specific case of quinacridone on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the molecule of interest for this work, central symmetry cancels any dipole and may allow only weak quadrupoles. Therefore repulsive interactions through partial charging should be weak and unlikely to inhibit the self-assembly through intermolecular hydrogen bonds. This is further supported by the fact that quinacridone (C 20 H 12 N 2 O 2 ) is a large molecule, which means that the corrugation of the surface potential is weak. Thus intermolecular hydrogen bonds are expected to be the dominant interaction leading to a self-assembled nanostructure.

Another way that the substrate may help nanostructuration is through adatoms. In some cases, atoms from the substrate can form coordination bonds with two molecules. In figure 2.1 from Maughan et al. [START_REF] Maughan | Selective cooperative self-assembly between an organic semiconductor and native adatoms on Cu(110)[END_REF], this is particularly noticeable because it leads to the directional formation of 1D chains on copper. Indeed most self-assembled structures are 2D in nature due to the substrate [START_REF] Kalashnyk | Functional hybrid multilayered van der Waals heterostructures from graphene and self-assembled supramolecular 2D crystals[END_REF]. Reaching 1D requires carefully designed interactions, between molecules, or by introducing anisotropy in the substrate, as illustrated in figure 2.2 from reference [START_REF] Shelley A Claridge | From the bottom up: dimensional control and characterization in molecular monolayers[END_REF]. Surface reconstruction or step edges often provide a template for the molecule to follow [START_REF] Lelaidier | Adsorption and growth of bis-pyrene molecular layers on Au(111) studied by STM[END_REF].

They can also provide nucleation sites for the start of the assembling process, driven by hydrogen bonds or halogen bonds for instance. Surfaces themselves can catalyze reactions leading to organization [START_REF] Geagea | On-surface synthesis of ligands to elaborate coordination polymers on an Au(111) surface[END_REF][START_REF] Cristina Gómez-Herrero | Copperassisted oxidation of catechols into quinone derivatives[END_REF][START_REF] Rochefort | Role of the structure and reactivity of Cu and Ag surfaces in the formation of a 2D metal-hexahydroxytriphenylene network[END_REF]. Even an STM tip can induce self-assembly through application of a strong electric field [START_REF] Leoni | On-surface chemistry using local high electric fields[END_REF] or charge injection [START_REF] Geagea | Collective radical oligomerisation induced by an STM tip on a silicon surface[END_REF].

Thermodynamics is an important factor in self-assembly [START_REF] Bellec | Solution-growth kinetics and thermodynamics of nanoporous self-assembled molecular monolayers[END_REF]. Often the energy landscape is shallow between the desired structure and others, and by annealing, a new structure may be obtained. It is even possible in some cases to obtain intermediate structures by abruptly stopping the annealing while the phase transition is ongoing [START_REF] Da Como | Single molecule spectroscopy of oligofluorenes: how molecular length influences polymorphism[END_REF].

For some molecules, there is a wealth of structures to explore. For others, however, one interaction is dominant (e.g. with the substrate), and the energy to overcome that potential barrier is above the desorption energy, meaning no other structure will be obtained. Kinetics also plays a role to obtain new structures. A few ways to control the kinetics of the formation of the structure is by changing the concentration in case of a liquid deposition. For a deposition Finally, we need to mention chirality. Chirality is an important concept in chemistry in general. It is the property of a molecule which cannot be superposed to its mirror plane symmetric. A well-known example of a chiral object is the human hand. Chirality is of significant impact in many fields and for many applications, such as interaction with polarized light, catalysis, nanoparticles, separation of molecular species in a mixed solution, and biological membranes. A general review on chirality can be found in reference [START_REF] Ma | Chiral inorganic nanostructures[END_REF]. On surfaces, chirality can influence how molecules adsorb on the substrate. Moreover, prochiral molecules are achiral molecules in 3D that become chiral in a single step, such as adsorption on a surface. 2D-chirality is surprisingly common at surfaces and can play a role both for the adsorption geometry and some self-assembled structures.

We have reviewed some self-assembling mechanisms with a particular focus on 1D chains which require fine balancing of all the interactions with the substrate and between molecules. However, while we want to study intrinsic electronic properties of the aggregates, we have seen that, in the case of molecular self-assembling on metallic substrates, the electronic structure of the adsorbed molecules is altered.

Excitons and the issue of decoupling

Molecules adsorbed on metals do not exhibit their intrinsic electronic properties. Instead, molecular orbitals hybridize with the metallic surface states. This means that the luminescence of the molecule or aggregate is quenched and is therefore a significant roadblock for further optical studies. We will now detail the excitation process in molecules and semiconductors, and see why decoupling is necessary to recover their intrinsic properties. Finally, we will review different methods of decoupling which have been investigated over the past years.

Excitation in a molecule or semiconductor occurs upon an electron receiving energy corresponding to the difference between an excited state and the ground state. An electron is thus excited from the ground state to an excited state and it leaves behind an unoccupied state, or hole. Due to the repulsive Coulomb interactions between the electrons, a hole acts as a positively-charged quasiparticle. Thus the excited electron may still be attracted by the hole through Coulombic interaction, resulting in a bound electron-hole pair, i.e. an exciton. This is displayed in figure 2.3 (a). Due to the binding energy, the energy of the exciton is thus strictly smaller than the energy gap between the excited and ground states. As a result, the so-called optical bandgap is lower in energy than the electronic bandgap. This is what the two schemes in figure 2.3 (b) convey, even though the representation of excitonic levels in the bandgap may not be considered as strictly correct, since the scheme of the electronic band structure is a single particle picture. In bulk inorganic semiconductors, exciton binding energy is rather small (≤ 20meV for Si [START_REF] Martin A Green | Improved value for the silicon free exciton binding energy[END_REF]), and the optical bandgap is close to the electronic bandgap. Exciton lifetime is usually short for direct bandgap semiconductors (∼100ps), and decreases as temperature increases [START_REF] Martinez-Pastor | Temperature dependence of exciton lifetimes in GaAs/Al x Ga 1-x as single quantum wells[END_REF]. As a result, many semiconductors do not display excitonic properties at room temperature.

We will now see what happens once an exciton has been created. In figure 2.4, the electron is already in the excited state and now has several pathways to decay back to the ground state. The scheme illustrates the multiple competing phenomena at play which overall result in luminescence quenching. The radiative phenomenon shown here is the spontaneous emission of a photon at the end of the excited state lifetime. In most molecules, this is on the order of nanoseconds [START_REF] Chen | Ab initio calculations of exciton radiative lifetimes in bulk crystals, nanostructures, and molecules[END_REF].

In the non-radiative category, several phenomena are possible. We will discuss two of them. Upon excitation, a dipole is created, namely the transition dipole of the molecule. Due to close proximity with the free electron gas in the metal, an image dipole is formed just below the surface. Through dipole-dipole coupling, the energy of the excitation can then be transferred to the metal non-radiatively (Förster resonance energy transfer, FRET). A second possibility is simply a charge transfer through the hybridized orbitals or by tunneling effect to the metallic states, which is possibly the dominant effect. The excited electron will then decay through phonon coupling in the metal, which is also non-radiative. These non-radiative decays often take place on the time scale of femtoseconds [START_REF] Arbouet | Electron-phonon scattering in metal clusters[END_REF]. As a result, only non-radiative decay paths are observed for molecules adsorbed on metals. Now that we have explained the need for decoupling, we will review some ways that have been explored to do so. Figure 2.5 shows four methods from the literature which have been successfully used to decouple molecules from a substrate to recover the molecular luminescence. The example shown in panel a) is historically the first and simplest method. By depositing enough layers, the top layer eventually cannot couple to the metal anymore. The number of required layers depends on the molecule and particularly its size in the out-of-plane direction and the electrical conductivity of the molecule. The disadvantage of this technique is that any single molecule may not be decoupled from its neighbours. Intermolecular coupling may have considerable effects on emission properties of molecules, which would prevent the study of the response to excitation of a monomer. Panel b) shows essentially a similar technique, but by designing a molecule that is comparatively taller and that has limited charge transfer between its base and its fluorescent part, each molecule is able to self-decouple [START_REF] Sylvain Le Liepvre | Fluorescent self-assembled molecular monolayer on graphene[END_REF][START_REF] Bellec | Imaging molecular orbitals by scanning tunneling microscopy on a passivated semiconductor[END_REF]. The result is that very low coverages may be used and STM may excite a single molecule. However, the molecule itself is very much insensitive to local environmental effects, which may be a boon or a downside depending on the study. Molecules also have to be specifically designed and synthesized, with all associated difficulties and technical challenges. Panel d) shows an innovative variant of panel b) based on the strong interaction of some functional groups with the metal of the tip, allowing the molecule to be picked up by the STM tip. This allows the strength of the decoupling to be controlled by changing the tip height, and local effects may be investigated. The most significant disadvantage of this technique is that the tip bound to the molecule can no longer be used for imaging, resulting in the loss of the spatial resolution.

Finally, panel c) is a method of decoupling that is closest to the current ones for STM applications. It is easy to grow a thin film of insulating metal oxide by introducing oxygen in the vacuum chamber, on which molecules may be deposited. Oxidation however creates many defects, which are many different adsorption sites for molecules.

For this reason, current state-of-the-art experiments use a very similar design, but with different insulators. It should be noted that by using a thin insulator film to decouple molecules, not only do we prevent charge transfers (which includes exciton diffusion), but as we separate the molecule from the substrate by several angstroms, the efficiency of energy transfers is also reduced. In the STML experiment we will detail next section, thin alkali halide films such as NaCl or KCl are used. Hexagonal boron nitride is also of interest for decoupling applications. These materials will be introduced and studied in more details in chapter 5. Reprinted with permission from [START_REF] Zhu | Self-decoupled porphyrin with a tripodal anchor for molecular-scale electroluminescence[END_REF]. Copyright 2013 American Chemical Society. c) Using metallic oxide [START_REF] Xh Qiu | Vibrationally resolved fluorescence excited with submolecular precision[END_REF]. The molecules are actually lying parallel to the surface. d) Using a suspended molecule, i.e. the STM tip picks up a molecule. Figure reprinted with permission from [START_REF] Michael C Chong | Narrow-line single-molecule transducer between electronic circuits and surface plasmons[END_REF]. Copyright 2016 by the American Physical Society.

STM and STML studies of decoupled molecules and 1D chains of atoms

In order to elucidate electronic and excitonic properties of materials at the local scale, STM-induced luminescence is a powerful tool that combines the nanometer lateral spatial resolution of STM and the sensitivity and selectivity of optical spectroscopy. Specific molecules can be probed to reveal information about their electronic and vibronic structure, and even investigate the role of their environment on their structure such as different adsorption sites [START_REF] Kuhnke | Atomic-scale imaging and spectroscopy of electroluminescence at molecular interfaces[END_REF]. While not our main goal, STM-induced luminescence of molecules is a very active field of research for which a working nano-optical system that is able to self-assemble would be of great interest to study. The experiment presented in figure 2.6 illustrates perfectly how STML combines different techniques. There is indeed the sensitivity and specificity of optical spectroscopy to the point the vibronic structure of the molecule chain can be retrieved, but they also obtained extremely well resolved images with subnanometer lateral precision. STML is a unique technique for further exploration of molecules and materials at the atomic scale.

For the design of our system, as mentioned at the end of previous section, the decoupling layer is 2-3ML of NaCl, which is the now broadly favoured option in the literature over metal oxides which have reactive defects.

One of the main disadvantages of this technique is the lack of self-assembly at such low temperatures (4.5K) where the molecules are frozen in place during adsorption, and even at higher temperatures as ZnPc does not possess any specific intermolecular interaction other than weak Van der Waals attraction. As a result, the STM tip has to be used to assemble the chain, making it difficult and time consuming, even more so for longer chain.

Additionally, from a technical viewpoint, deposition at LT inside the STM has some constraints of accessibility and cleanliness.

Another type of system studied with STM are chains of atoms. Wallis et al. [START_REF] Wallis | Electronic density oscillations in gold atomic chains assembled atom by atom[END_REF] have deposited a low amount of gold atoms on a NiAl [START_REF] Huanyao Cun | Homochiral recognition among organic molecules on Cu(110)[END_REF] surface in UHV at 12K, then assembled them with a tungsten tip into linear chains of up to 20 atoms. They have then imaged in dI/dV mode oscillations of the electronic density arising from the 1D structure.

Chen et al. [START_REF] Chen | Visualization of Fermi's golden rule through imaging of light emission from atomic silver chains[END_REF] have visualized Fermi's golden rule using STM-induced light emission of a chain of silver atoms.

These are other examples of 1D structures with unique properties generating interest in the research community, without self-assembling behaviour.

Conclusion of the chapter

To conclude this chapter, we have seen that self-assembly has interesting properties both for fundamental studies and direct applications. However, many studies of self-assembling molecules were done on metallic surfaces, which alter the molecular electronic properties. As a result, decoupling is necessary. Decoupling can be done in many ways, but for its simplicity, effectiveness and controllable behaviour, thin alkali halide and hexagonal boron nitride films as spacers are currently the main method of decoupling for STML experiments. Finally, we have seen the advantages of such STML experiments and how self-assembly can simplify the growth of interesting systems for nano-optics.
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Chapter 3

Instruments and methods

For our studies, we have used surface science techniques as well as optical spectroscopy and microscopy techniques. Our experiments were carried out using 4 different setups in 2 different laboratories, the Institute of Physical and Theoretical Chemistry in the University of Bonn, Germany, and the Institute of Molecular Sciences of Orsay in the University of Paris-Saclay, France. We will give a brief explanation on the theory of our main technique (STM), then we will detail each of the 4 setups.

Theory of scanning tunneling microscopy (STM)

STM was developed in IBM Zurich by Gerd Binnig and Heinrich Rohrer in 1981, for which they got the 1986 Nobel Prize in Physics. It is a powerful non-optical imaging technique able to reach subnanometer resolution due to the scanning sharp tip close (≤1nm) to a surface. It is part of the scanning probe microscopy (SPM) family which also contains atomic force microscopy (AFM) and many variations of those two. The scanning attribute is linked to the recording of a physical quantity at each lateral position of the tip, which is raster-scanned on the sample surface in order to reconstruct an image (the spatial distribution of this quantity), pixel by pixel. This requires subnanometer scale lateral movement. Being able to do such precise movements were technologically impossible for most of the 20th century, until more effective piezoelectric materials were discovered. This class of materials generates a dipole moment when deformed due to ions or asymmetry within the crystalline structure. Conversely, the material can be compressed or extended by about 0.1% of their rest structure by applying a voltage. Angstrom-scale or nanometer-scale movements are thus achievable with those materials.

STM is based on the tunneling effect of electrons. The electron wavefunction does not go directly to zero when it encounters a finite potential barrier but instead decays exponentially over angstroms. As a result, for a barrier thin enough, i.e. of comparable thickness to the decay length of the wavefunction, the electron has a chance to go through the barrier provided there are available unoccupied electronic states on the other side. This principle is used in metal-insulator-metal junctions and STM. For STM, a metallic tip and a conductive sample act as the start and end electrodes, and the gap between them is the potential barrier. Importantly, one needs to electrically polarize the junction to allow a current to flow in a given direction.

For most electrons, tunneling happens elastically, i.e. without energy loss. But few of them may lose energy in the barrier: this is inelastic tunneling. The amount of energy that can be lost is only limited by the bias voltage. If a material or molecule is placed in the gap between an STM tip and the conductive sample, it may be excited if the energy corresponds to an electronic transition. Vibronic transitions can also be excited this way.

STM is usually operated in one of two modes: constant height or constant current. Constant height is the simplest technically but has a misleading name, as we just move the tip in a 2D plane at a fixed height compared to a reference plane of the surface (not the actual surface) and we record the current variations. This mode usually provides more stability as no vertical tip movements are needed. However it also offers no protection as the tip may crash into the surface in case of a rough topography, or mechanical or thermal drift. Constant current mode requires a more elaborated setup where a feedback loop compares the measured current to a user-defined setpoint. The tip altitude will then be adjusted automatically for the current to stay at the setpoint level. The topographic image is then given by the height variations the tip has to make to keep the current constant. This mode is essential for the initial tip approach. STM is not only an imaging technique, but it is also a spectroscopic tool. We will mention here one type of spectroscopic measurement: I-V spectroscopy. The feedback loop is turned off during spectroscopic measurements.

The tunneling current can be calculated from the Schrodinger equation for the electron wavefunction and will contain the matrix element between the initial and final state. But here, we will focus on a few parameters only. The tunneling current I can be written as:

I α V ρ tip ρ sample e -2z 2me (E-U ) h2
With V the bias applied to the junction, ρ tip and ρ sample the density of states in the tip and sample respectively, z the tip-sample distance, m e the mass of the electron, E the energy of the electron, U the barrier height and α denoting proportionality. The barrier is trapezoidal and can be approximated with an effective rectangular barrier. In this case, (E-U) becomes the effective work function φ of the material of either the tip or the sample, depending on bias polarity. The equation can therefore be rewritten as:

I α V ρ tip ρ sample e -2z 2me φ h2
I-V spectroscopy requires to fix the tip-sample distance z and vary the bias. As we scan the bias, we scan through the density of states, revealing information about the electronic structure of the material or molecule. Often the derivative of the current with respect to the voltage will be plotted to display sharp peaks as the electronic states of the material.

Finally, it is important to mention the image potential states of metallic surfaces. These states are ∼1nm above the surface and result from the creation of a dipole in the metal when an electron is above the surface. In a way, it is similar to the dipole-induced dipole coupling of the quenching mechanism for molecules on metals we discussed in chapter 2. As these states are very delocalized in the plane parallel to the surface, lateral resolution is low, but the tip is ∼2nm away from the surface. Image potential states are therefore useful for safe imaging (since the tip is less likely to crash).

We will now briefly describe the equipment available in the different laboratories which have been used. This includes two labs at the Institute for Physical and Theoretical Chemistry of the University of Bonn, in Germany, and two labs at the Institute of Molecular Sciences of Orsay in University Paris-Saclay, in France.

Variable-temperature STM in ultrahigh vacuum (UHV)

The variable temperature STM lab in Bonn has two ultrahigh vacuum chambers connected through a valve, as can be seen in figure 3.1. One chamber is dubbed the "preparation chamber". It has a base pressure of 10 -9 mbar and houses:

-an argon sputtergun and a 50W tungsten heating filament for sample preparation and cleaning. A bias can be applied between the filament and the sample for annealing up to 1070K through electron bombardment;

-a microchannel plate low energy electron diffraction instrument (MCP-LEED);

-a quadrupole mass spectrometer (QMS);

-multiple custom-built evaporators including one for quinacridone;

-a borazine source to grow monolayer hexagonal boron nitride (h-BN) through a Cu-catalyzed self-terminating reaction at 1000K.

The other chamber houses the walker-type variable temperature scanning tunneling microscope (VT-STM) from RHK Technology. As the name suggests, temperature can be controlled down to liquid helium temperature, but all results from this lab in this manuscript were acquired at room temperature (300K). This chamber has a base pressure of 3x10 -10 mbar.

In-situ photoluminescence in UHV

The optics lab in Bonn is equipped with a single UHV chamber with a base pressure of 10 -10 mbar. The chamber houses: -an argon sputtergun and a heating filament, which can also be biased for electron bombardment; -a quinacridone evaporator; -a borazine source;

-a spot-profile-analysis low energy electron diffraction instrument (SPA-LEED). The sample can be heated up to 1070K by electron bombardment and cooled down to 45K by liquid helium.

A glass tube in which the manipulator holding the sample can be introduced, allows for optical experiments while keeping the sample cold and in vacuum. The optical setup includes two excitation lasers, mirrors to direct the beams to the sample, a collection lens, a filter to remove the laser light and a grating spectrometer with a liquid nitrogencooled charge coupled device (CCD) camera. The two lasers have the following specifications:

-green laser diode emitting at 532nm with a maximum optical output power of 6.5µW (less than 3µW on the sample);

-blue Sapphire laser emitting at 458nm with max optical output power of 50µW .

Low-temperature STM equipped with optics in UHV

The low temperature scanning tunneling microscope (LT-STM) lab in Orsay, France, comprises three connected UHV chambers in non-magnetic stainless steel. Figure 3.3 illustrates the setup.

STM chamber

Analysis chamber

Preparation chamber (c) The "preparation" chamber has a base pressure of 4x10 -9 mbar and houses an argon sputtergun as well as a heating filament for sample preparation. The "analysis" chamber with a base pressure of 10 -10 mbar houses:

-an MCP-LEED;

-an Auger electron spectrometer (AES) for elemental characterization;

-sources for depositing the molecule of interest, quinacridone, and two alkali halide salts potassium chloride (KCl) and sodium chloride (NaCl).

Finally, the STM chamber with a base pressure of 10 -11 mbar houses the Omicron LT-STM. In this work, cooling at 78K was obtained with liquid nitrogen. A lens with its focal point centered on the tip apex collects the light emitted inside the chamber and sends it through a glass window. A second lens focuses the collected light into an optical fiber connected to a grating spectrometer with a liquid nitrogen-cooled charge coupled device (CCD) camera. The air STM lab in Orsay, France, features a setup working in ambient conditions, i.e. in air at room temperature (300K). It is comprised of STM/AFM module from the company JPK placed above the sample. In an innovative fashion, the sample itself is placed on top of an inverted microscope with an oil objective, allowing for coupled STM/optical microscopy measurements. The sample can either be excited from the top by tunneling current from the STM tip or from the bottom by an argon laser emitting at a wavelength of 465.8nm. On the way back, the laser is filtered out so that only the luminescence emitted by the sample remains. This way, the effect of using different excitation mechanisms may be investigated. A set of two lenses allow for real space or Fourier space imaging.

Air-operated STM coupled to optical microscopy in ambient conditions

Finally, a CCD camera allows for imaging while a grating spectrometer with a cooled CCD camera allows for spectra to be acquired. Thus the spatial or spectral distribution of the light emission may be investigated. The spatial distribution may be resolved with a resolution on the order of λ/2N A ∼210nm (CCD image sampling 85nm/pixel) while the STM may excite the sample with a lateral precision of ∼20nm. Other descriptions and variations of this setup can be found in references [START_REF] Cao | Revealing the spectral response of a plasmonic lens using low-energy electrons[END_REF][START_REF] Pommier | Optical nanosources excited by inelastic tunneling current[END_REF][START_REF] Le | Nano-optics in a scanning tunneling microscope : Applications to plasmonics and excitonics[END_REF].

Data analysis: methods and softwares

STM images have been processed with the software Gwyddion [START_REF] Nečas | Gwyddion: an open-source software for SPM data analysis[END_REF]. Unless specified, data has been leveled by mean-plane substraction or on a facet-by-facet basis, depending on if the picture was either mostly flat or with many terraces. Rows were aligned, often using the "matching" preset or in other cases using the method that created the least amount of visible artifacts in the picture. Horizontal scars were also corrected when possible without degrading the overall quality. Coverage was determined from STM images converted to grey scale using a color threshold in the software ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. It is to be noted that this technique, while easily implemented, does not take into account the Van der Waals radii of the molecules, i.e. it underestimates the actual coverage.

LEED pictures were inverted using ImageJ and the contrast was enhanced to increase the visibility of the pattern.

Spectra were processed using Origin. Cosmic peak rays were manually removed by averaging the neighboring pixel values.
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Chapter 4

Quinacridone (QA) on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] In this chapter, we will first introduce the chosen molecule, quinacridone (QA), and the reasoning behind that choice.

Then we will see how thin films of QA grow on the copper Cu(111) hexagonal surface, first at low (≤1ML) coverages both for deposition at room temperature and at up to 500K or annealed at 500K after deposition, then at higher American Chemical Society] from our published article [START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] which addresses both QA/Ag(100) and QA/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. I took part in the study on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], and therefore I do not reproduce here the study on QA/Ag(100). This work was done in collaboration with Niklas Humberg, PhD student in the University of Bonn, Germany, with the following contribution order : Niklas Humberg took part in data acquisition, analysis, and writing, while I contributed to data acquisition, discussion of the results and review of the manuscript.

Three different setups were used to obtain the data from this section. Unless otherwise specified, all STM and MCP-LEED data were acquired in the variable temperature-STM laboratory in Bonn equipped as described in section 3.2, and all SPA-LEED and optical spectra were acquired in the optics laboratory in Bonn as described in 3.3. Finally, a few additional STM pictures which will be explicitly labeled were acquired in the low temperature-STM laboratory in Orsay as detailed in 3.4.

Introduction of the QA molecule

Interfaces between organic semiconductors and metal surfaces play an important role in organic electronic devices, e.g. organic field-effect transistors (OFET) [START_REF] Wang | Semiconducting π-conjugated systems in field-effect transistors: A material odyssey of organic electronics[END_REF][START_REF] Facchetti | Semiconductors for organic transistors[END_REF], organic light emitting diodes (OLED) [START_REF] Shahnawaz | Hole-transporting materials for organic light-emitting diodes: An overview[END_REF][START_REF] Abhishek | Electron transport materials for organic light-emitting diodes[END_REF], or organic photovoltaics (OPV) [START_REF] Hains | Molecular semiconductors in organic photovoltaic cells[END_REF]. Most investigations so far have focused on organic molecules with large π-conjugated systems because these usually have high electron and hole mobilities. From this point of view, the molecule 5,12dihydro-quino[2,3-b]acridine-7,14-dione (quinacridone, QA) would be a poor candidate because its intramolecular conjugation is broken (cf. Fig. 4.1 (a), below). However, Głowacki et al. found that QA exhibits promising properties for applications in electronic and optoelectronic devices [START_REF] Daniel Głowacki | Intermolecular hydrogen-bonded organic semiconductorsquinacridone versus pentacene[END_REF][START_REF] Daniel Głowacki | Hydrogen-bonded semiconducting pigments for air-stable field-effect transistors[END_REF]. These findings have motivated investigations on the potential applications of QA, its derivatives, and QA-based polymers in OFET [START_REF] Jeong | Development of organic semiconductors based on quinacridone derivatives for organic fieldeffect transistors: High-voltage logic circuit applications[END_REF][START_REF] Jeon | Quinacridonequinoxaline-based copolymer for organic field-effect transistors and its high-voltage logic circuit operations[END_REF][START_REF] Kanbur | High temperature-stability of organic thin-film transistors based on quinacridone pigments[END_REF][START_REF] Berg | Quinacridone organic field effect transistors with significant stability by vacuum sublimation[END_REF], OLED [START_REF] Wang | A diphenylamino-substituted quinacridone derivative: Red fluorescence based on intramolecular chargetransfer transition[END_REF][START_REF] Pilz Da Cunha | A triphenylamine substituted quinacridone derivative for solution processed organic light emitting diodes[END_REF],

and OPV [START_REF] Kyu | Effect of side chain position and conformation of quinacridone -quinoxaline based conjugated polymers on photovoltaic properties[END_REF][START_REF] Ah | Effect of conjugated 2D-side groups on quinacridone-based copolymers to adjust deep homo level for photovoltaics[END_REF][START_REF] Dunst | Comparison of the solution and vacuum-processed quinacridones in homojunction photovoltaics[END_REF]]. An overview is given in the review by Wang et al [START_REF] Wang | Quinacridone-based π-conjugated electronic materials[END_REF]. In particular, Głowacki et al. have reported a hole mobility of 0.1 cm 2 V -1 s -1 and photocurrents of roughly 1 mA cm 2 for QA, which they attributed to strong intermolecular interactions via hydrogen bonds. Related to this aspect, one goal of our experiments, which we report here, was to find out how the intermolecular hydrogen bonds determine the structure formation and nucleation of aggregates of QA on surfaces.

QA (C 20 H 12 N 2 O 2 ) exhibits a total of four isomers (two angular and two linear forms) [START_REF] Quillen | Phthalocyanine and quinacridone pigments: Their history, properties and use[END_REF]. In this work, we investigated the linear trans-isomer, which is illustrated in Figure 4.1 (a). This isomer is a widely used organic pigment (Violet 19) and is industrially produced at low cost. Important applications of Violet 19 are for example given by its use as colorant in varnishes or printer toners [94,[START_REF] Faulkner | High Performance Pigments[END_REF][START_REF] Zollinger | Color Chemistry; Syntheses, Properties, and Applications of Organic Dyes and Pigments[END_REF]. Its molecular skeleton consists of five annulated carbon rings and is thus similar to that of pentacene. However, in contrast to pentacene, QA contains four functional groups that are responsible for the broken intramolecular conjugation on the one hand, but enable the molecule to form intermolecular hydrogen bonds on the other hand. Of note, the transition dipole of quinacridone has been calculated to be oriented parallel to the short axis of the molecule [START_REF] Mizuguchi | Solution and solid-state spectra of quinacridone derivatives as viewed from the intermolecular hydrogen bond[END_REF] (cf the red line in the skelettal formula of figure 4.1 (a)). Therefore hydrogen bonds should help align the transition dipoles of neighbouring molecules in a headto-tail fashion, possibly leading the formation of a J-aggregate and interesting optical properties. These hydrogen bonds also play an important role for its crystal structures [START_REF] Panina | Crystal Structure prediction of Organic Pigments: Quinacridone as an example[END_REF][START_REF] Paulus | Crystal structures of quinacridones[END_REF][START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. QA exhibits a variety of polymorphic crystal structures shown in figure 4.1 (c). These can be divided into two groups: The α-and β-phases consist of chains of parallel molecules with each molecule being bonded to both of its neighbors via two hydrogen bonds, whereas the γ-phase shows a crisscross pattern where every molecule is bonded to each of its four neighbors via a single hydrogen bond [START_REF] Paulus | Crystal structures of quinacridones[END_REF].

Besides the ability to form intermolecular hydrogen bonds, the concept of 2D-chirality is an important structural aspect that is relevant for the adsorption of QA on surfaces [START_REF] Karl-Heinz | Molecular chirality at surfaces[END_REF][START_REF]Chiral expression from molecular assemblies at metal surfaces: Insights from surface science techniques[END_REF]. Among the many possibilities through which chirality on surfaces may arise, the one relevant for QA is the adsorption of a prochiral molecule on a surface. The planar QA molecule is of C 2h -symmetry which implies that it does not exhibit a mirror plane perpendicular to the molecular plane. This is also true for the molecule in planar adsorption geometry, and implies that the handedness of the molecule on the surface depends on which of its two sides adsorbs. Statistically, the adsorption leads to equal probabilities of the two enantiomers on the surface. The two enantiomers (denoted by R and L in the following) are expected to adopt energetically equivalent and mirror symmetric adsorption configurations. These are illustrated in are not equivalent and yield different adsorption energies. This is because a rotation by +γ or -γ is equivalent with regards to the substrate [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] direction but not for the molecule due to its chirality. In other words, the carboxyl and the amide functional groups do not have the same absorption site. In principal, QA can change its handedness on the surface by rotating around its long axis. This process involves the loosening of the bonds between the molecule and the surface and can therefore expected to be inhibited by a kinetic barrier. This is especially the case for a π-conjugated planar molecule as QA, for which a planar adsorption geometry is energetically favored [START_REF] Kilian | Role of intermolecular interactions on the electronic and geometric structure of a large π-conjugated molecule adsorbed on a metal surface[END_REF].

A general question concerning the chirality of aggregates on surfaces concerns the preference towards heteroor homochiral packing. A common hypothesis is that, on surfaces, homochiral packing is preferred over heterochiral packing [START_REF] Dutta | Enantiomer surface chemistry: Conglomerate versus racemate formation on surfaces[END_REF]. This is in contrast to the 3D situation where heterochiral packing is more common because racemats tend to have a higher density than the corresponding conglomerates [START_REF] Pratt Brock | On the validity of wallach's rule: On the density and stability of racemic crystals compared with their chiral counterparts[END_REF]. However, in a recent review, Dutta and Gellman reported the absence of a significant statistical preference towards one of the two possibilities on surfaces [START_REF] Dutta | Enantiomer surface chemistry: Conglomerate versus racemate formation on surfaces[END_REF]. It is believed that often only a subtle balance between the various forces is responsible for hetero-or homochiral packing. In many cases, a small change in certain parameters (e.g. temperature or coverage) can cause a phase transition between phases of hetero-and homochiral packing [START_REF]Chiral expression from molecular assemblies at metal surfaces: Insights from surface science techniques[END_REF][START_REF] Dutta | Enantiomer surface chemistry: Conglomerate versus racemate formation on surfaces[END_REF]. However, these processes are not fully understood yet and whether there is a preference towards homo-or heterochiral packing is still an openly debated question, to which the present work contributes.

So far, QA has been subject to only few investigations on surfaces, e.g. on the Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface by Wagner at al [START_REF] Wagner | Quinacridone on Ag(111): Hydrogen bonding versus chirality[END_REF]. and on graphene and MoS 2 by Trixler et al [START_REF] Trixler | Supramolecular self-assembly initiated by solid-solid wetting[END_REF][START_REF] Eberle | Growing lowdimensional supramolecular crystals directly from 3D particles[END_REF]. Beyond that, several studies of derivatives of QA on metal surfaces have been reported [START_REF] Huanyao Cun | Homochiral recognition among organic molecules on Cu(110)[END_REF][START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF][START_REF] Qiu | In situ scanning tunneling microscopic investigation of the two-dimensional ordering of different alkyl chain-substituted quinacridone derivatives at highly oriented pyrolytic graphite/solution interface[END_REF][START_REF] Shi | Role of lateral alkyl chains in modulation of molecular structures on metal surfaces[END_REF][START_REF] Yang | Direct observation of enantiospecific substitution in a two-dimensional chiral phase transition[END_REF]. Typically, QA and its derivatives are found to adsorb intact in a planar orientation and to form ordered layers. Here, we report on the structures of ordered QA layers on the Cu(111) surface. For the Cu(111) surface, a higher reactivity compared to the Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface and hence a stronger bonding of QA can be envisaged. This is also expected to hinder the change of the chirality of the QA (L ↔ R) on the surface more effectively, which should manifest in a higher kinetic barrier for the ordering. We will report structure models for QA/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], and discuss how the surface symmetry and corrugation influence the ordering in competition with the formation of intermolecular hydrogen bonds.

Results for up to one monolayer of quinacridone on Cu(111)

We turn to the results for QA on the Cu(111) surface. Subsection 4.2.1 deals with the structure of the full monolayer directly after the deposition at RT. We will call it the α'-phase. In subsection 4.2.2, we describe the structure of a full monolayer of QA on Cu(111) after annealing, named β'-phase. The structural order of the β'-phase is significantly limited by kinetic limitations. Subection 4.2.3 describes our results for submonolayer coverages prior to and after annealing. Due to the lower coverages, the results after annealing differ from those of the full monolayer.

α'-phase (complete monolayer)

Figure 4.2 (a) shows an STM image of a layer with a coverage of roughly 0.95 ML, which was obtained directly after deposition at RT. Similar to QA on Ag(100), the molecules form homochiral parallel chains due to intermolecular hydrogen bonds. Due to the higher symmetry (sixfold instead of fourfold) of the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface every chain exhibits one of six distinct orientations instead of four (as on Ag(100)). However, the structure appears to be significantly more disordered than its counterpart on Ag(100). On Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the chains do not form large ordered domains, and there are even single chains that have no parallel neighboring chains at all. The high amount of only small stripelike domains leads to a high density of uncovered surface areas between the domains. We believe that this growth behavior is due to the stronger substrate adsorbate interactions compared to those on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. Such stronger interactions support the nucleation of new chains, but inhibit the ordering of the chains into larger domains and hence, in total, lead to more disorder. When molecules are deposited onto a full monolayer of QA at RT, a second layer begins to form on top. This is illustrated in However, in contrast to the chains of the single layer, they exhibit some azimuthal disorder, i.e. the chains are slightly bent. This is likely due to smaller vertical interactions between the molecules in the second layer and the first layer in comparison to the interactions across the monolayer/Cu(111) interface.

A representative LEED pattern of the monolayer structure is given in coverage (θ = 0.50 ML) using the SPA-LEED instrument. However, it can be considered as representative for the full monolayer, too, because the patterns are almost identical. We will discuss this LEED pattern in more detail later.

A corresponding structure model is shown in Figure 4.2 (d). For the superstructure matrix and the corresponding structure parameters we refer to Table 4.1. Except for the much smaller size of domains, the α'-phase on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] is very similar to the α-phase of QA on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. Like on Ag(100), the straight segments of the chains need to be enantiopure in order to form two intermolecular hydrogen bonds between neighboring molecules. However, on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the chains contain much more defects due to a higher amount of molecules of the 'wrong handedness'.

β'-phase (complete monolayer)

Like the α-phase on Ag(100), the α'-phase on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] transforms upon annealing at T ≥ 400 K. However, for QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the preparation of an ordered complete monolayer of the same quality as on Ag(100) was more difficult. We believe that this is due to larger kinetic barriers at high coverages, which in turn are due to the larger QA/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] interactions. The best results were achieved after annealing at 500 K for 15 minutes and subsequent cooling to RT. These will be presented in the following.

An STM image of the β'-phase at a coverage of θ = 0.95 ML is displayed in (in contrast to the α'-phase), the chains consist of two regularly alternating segments. One segment is a dimer that consists of two molecules of the same handedness which are connected via two hydrogen bonds (LL or RR). The second segment is given by two molecules with different handedness (LR or RL). Both molecules of this segment form only one hydrogen bond with each of their outer next neighbors because they have a different handedness than these (1.13 hydrogen bond per neighbour on average). This means that the handedness switches three times between two dimers of the LL and RR type (LLRLRR or RRLRLL). One defect that occurs quite regularly is that only a single molecule instead of two is located between two dimers (RRLRR or LLRLL). This leads to a gap in the direction of the long QA axis between two adjacent chains that causes uncovered Cu patches apparent as the 'holes' with a characteristic S shape. These are indicated by the blue circles in A SPA-LEED pattern of this structure and a corresponding simulation is displayed in 2 ) are very weak, whereas the spots of higher order are intense. Some of these spots are elongated which is explained by the fact that they consist of two or more spots that are very close to each other (cf. Fig. 4.3 (c)). The analysis yielded a unit cell which is in good agreement with the structure deduced from the STM images. The corresponding superstructure matrix is:

M β =    6.5 0.8 3.8 11.3   .
We estimate that the error margin for all elements of the matrix is ±0. Overall, there are two aspects in which the β'-phase differs from the α'-phase: the disordered assembly of mostly straight and homochiral chains has transformed into ordered domains. In contrast to the α'-phase, these are made up by heterochiral (not homochiral) chains with periodic offsets. However, the orientation of the individual molecules with respect to the substrate remains nearly the same (within 4 • ).

Submonolayer coverage

We turn to our results for submonolayer coverages of QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] directly after deposition at RT and after subsequent annealing at 600 K. After annealing at 400 or 500 K and subsequent cooling to RT, various chain-like structures were observed. For annealing at 600 K, a single structure prevailed, which did not change upon further annealing, and we will focus on this structure below.

We start with the phase, which was present on the surface directly after deposition. An STM image at a coverage of θ = 0.40 ML is displayed in Figure 4.4 (a). As on Ag(100), the submonolayer structure differs from that of the full monolayer mainly by a larger average distance between neighboring chains. Here, the distance between neighboring chains varies strongly. It was measured for 50 pairs of neighboring chains and ranges from 24 Å to 53 Å with the average distance being (37 ± 7) Å. (The error margin denotes the standard deviation.) This is presumably caused by similar long-range repulsive interactions that were deduced before for QA on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. The intermolecular distance within a chain was obtained from averaging over ∼100 distances and is (6.4 ± 0.1) Å. This value is within the margin of error identical with the corresponding value for QA on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. This reveals that the main driving force for the formation of QA chains on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] directly after deposition at RT are the intermolecular hydrogen bonds [START_REF] Huanyao Cun | Homochiral recognition among organic molecules on Cu(110)[END_REF]). The individual chains are homochiral but all chains in all three directions can be made up of both enantiomers. The arrow in the bottom right corner indicates the [START_REF] Semion | Photonics meets excitonics: Natural and artificial molecular aggregates[END_REF]-direction of the substrate. Reproduced with permission from [START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] Copyright (2020) American Chemical Society. between neighboring molecules.

We thus have three types of interactions that should be distinguished: a substrate-molecule interaction; two hydrogen bonds between adjacent molecules; and a long-range repulsive interaction between adjacent chains.

The substrate-molecule interaction is medium (compared to the other interactions) due to the size of the molecule limiting the corrugation of the surface potential (as discussed before in chapter 2 page 6). The hydrogen bonds are the strongest interaction since we do empirically observe chains. Finally, the long-range repulsive interaction between chains is the weakest for two reasons: its only effect is the spreading of the chains for low coverages, i.e. it loses out to hydrogen bonding; and since a first monolayer is completed before a second layer grows, it has to be weaker than the interaction with the copper substrate.

Like the α'-phase, the submonolayer of QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] looks significantly more disordered than its counterpart on Ag(100) because the chains on Cu(111) contain significantly more defects than those on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. The most typical defect is an offset of a molecule with respect to its neighboring molecule in the direction of b 2 (cf. structure model in Fig. 4.4 (b)). These defects appear quite often; we were not able to find a single chain without such defects.

The longest defect free distance within a chain, which we could find, was 280 Å, which corresponds to a segment of 40 QA molecules. For QA on Ag(100), these defects were also observed, but they were comparatively very rare.

A defect of this type occurs whenever the handedness of the molecules along the chain changes. This leads to an offset perpendicular to the chain, which preserves at least one hydrogen bond between the two neighbors of the opposite handedness. The higher amount of defects on Cu(111) compared to Ag(100) is likely due to the stronger substrate adsorbate interactions, since they make the flipping of the molecules and diffusion less likely and therefore prevent the healing of defects.

A SPA-LEED pattern of QA on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface at a coverage of roughly θ = 0.50 ML is displayed in Figure 4.2 (c). As noted above, the LEED pattern is very similar to that of the full monolayer of the α' phase. These two patterns only differ in the length of the vector b * 2 . The pattern mainly contains two prevalent features. One is a set of 12 spots around the specular spot and the first order spots of the substrate that are given by the vector b * 2 . Compared to the rest of the diffraction pattern, the b * 2 spots are relatively sharp. However, they clearly show a radial broadening and the corresponding higher order spots are not visible. The other prevalent feature is given by the streaks that make up the rest of the diffraction pattern. The lack of sharp spots of higher order is an indicator for a high amount of lateral disorder, which is in agreement with the STM results. The analysis of the pattern turned out to be rather difficult, and it was not possible to derive the averaged unit cell from the LEED pattern alone but additional information from STM was required. However, it was possible to determine the lengths of the two vectors of the pseudo unit cell from SPA-LEED. The orientation of the vector b 2 with respect to the substrate was determined from the few sharp spots in the diffraction pattern. The angle α between the two vectors was obtained from the STM Consequently, the same symmetry aspects apply.

Again, this structure changes upon annealing. In Figure 4.4 (c), an STM image at a coverage of θ = 0.45 ML after annealing at 600 K for 15 minutes is displayed. At first glance, the structure looks ²²rather disordered. The image shows that this structure consists of molecular chains, too. However, many of these chains are neither straight over long distances, nor parallel to neighboring chains. Remarkably, the chains and molecules no longer exhibit six, but only three distinct azimuthal orientations with respect to the substrate, and the chains contain regular kinks with angles of 120 • . From this observation and a corresponding LEED pattern (not shown) we conclude that the chains are oriented along the [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]-and the long axes of the molecules along the [START_REF] Classen | Templated growth of metal-organic coordination chains at surfaces[END_REF]-direction of the substrate.

A structure model is displayed in Figure 4.4 (d). The internal structure of the chains is the same as that of the chains prior to the annealing. However, they are rotated with respect to their orientation prior to annealing and are now aligned with the [100]-direction of the substrate. A further difference concerns the long range order of the structure. Prior to annealing, the chains formed domains that consisted of many parallel chains. After annealing, the amount of parallel chains has significantly decreased, and the structure looks more like an assembly of individual chains. Another important difference, which contributes to an increased disorder, is given by the high number of 120 • kinks of the chains. An example showing such a 120 • , is given in the top right corner of the structure model in Figure 4. 4 (d). The STM image on the upper right hand side in Figure 4.4 (c) shows the typical S-shape of the molecules that was discussed above and reveals that the chains are homochiral here as in the α'-structure.

However, the image on the lower right hand side in Figure 4.4 (c) shows a chain of the same azimuthal orientation where the handedness is flipped. This means that homochiral chains in all three directions can consist of both enantiomers. We believe that this is due to the fact that the chains are oriented along the high symmetry [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]direction of the Cu(111) substrate. Consequently, upon mirroring of the chains at a plane in the [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]-direction, the molecules will change their handedness, but they maintain their adsorption configurations. Hence, chains of both types of enantiomers are energetically equivalent. Table 4.1: Overview on the structure parameters of 1ML QA on Ag(100) and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], which were obtained in this work, those of QA on Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], which were obtained by Wagner et al. [START_REF] Wagner | Quinacridone on Ag(111): Hydrogen bonding versus chirality[END_REF], and those of the (1 12) plane of the α I -QA polymorph [START_REF] Paulus | Crystal structures of quinacridones[END_REF]. All surface structures belong to the space group P 2. The angle between the vectors b 1 and b 2 is called α, Z denotes the number of molecules per unit cell, and the area of the unit cells is named A. Errors of the matrix entries are given in the text. For the calculation of the vector lengths of the unit cells, the lattice constants at 300 K for Cu (3.597 Å) and Ag (4.079 Å) were used [START_REF] Weast | CRC Handbook of Chemistry and Physics[END_REF]. Reproduced with permission from [START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] Copyright (2020) American Chemical Society.
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Discussion for the monolayer and submonolayer results

The structures of QA investigated in this work, as well as those of QA on Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] reported by Wagner et al. [START_REF] Wagner | Quinacridone on Ag(111): Hydrogen bonding versus chirality[END_REF], result from a subtle interplay between intermolecular interactions and substrate adsorbate interactions. An overview on the structure parameters of QA on Ag(100), Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], and in the α I -QA polymorph of the bulk phase was given in Table 4.1.

Formation of homochiral chains and domains

The formation of homochiral chains, which is very typical for QA, occurs directly upon the deposition at RT and is induced by the intermolecular interactions, where each molecule forms two hydrogen bonds to its next neighbors.

We believe that the substrate has little to no influence on the internal structure of these chains because it is identical within the margins of error on all three metal substrates and in the α I -QA polymorph. The azimuthal orientation of the chains, however, is influenced by the substrate because on all investigated substrates the chains do not arrange randomly, but along distinct orientations. This is also supported by the fact that the chains in the second layer, where the interactions to the QA layer below are weaker (as reported here for Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]) exhibit increased azimuthal disorder. Furthermore, the azimuthal orientation of the QA molecules and of the chains is a criterion to distinguish between the enantiomers. Chains that consist of different enantiomers (R or L) exhibit different orientations (+γ and -γ) with respect to the 10 directions of the surfaces, which leads to large enantiopure domains of these chains on both the Ag(100) and the Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface. This result is remarkable because during and directly after deposition, a homogeneous and statistical mixture of both enantiomers is expected. In order to separate and to form large enantiopure domains, the molecules need a high mobility due to diffusion. However, it seems unlikely that diffusion alone is responsible for such a separation process because especially at high coverages (∼1 ML) there is not much space between the molecules and the lateral motion is hindered. Hence, we would expect plenty of molecules of the 'wrong handedness' that are trapped in the large enantiopure domains during the separation process. As we did not observe many of such defects in the α-phase on Ag(100), we propose that on Ag(100) the molecules can change their handedness by a rotation around their long axes at RT (L ↔ R). This "flipping" of a surface-adsorbed molecule to change its handedness is no uncommon process and was observed for molecules of similar size before [START_REF] Weigelt | Chiral switching by spontaneous conformational change in adsorbed organic molecules[END_REF][START_REF] Liu | Dynamic chiral flipping within strongly chemisorbed molecular monolayers at surfaces[END_REF]. This mechanism allows the formation of enantiopure domains even at high coverages.

On Cu(111) however, kinetic barriers play an even more pronounced role. Directly after deposition at RT, the monolayer on Cu(111) consists mostly of individual chains (or only very small domains), rather than large homochiral domains. The chains on Cu(111) also contain a higher amount of defects (offsets due to changes in handedness of the molecules) than their counterparts on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. These phenomena are compatible with a lower likelihood of chiral segregation of the molecules after deposition in comparison to the Ag surfaces. This would indicate that the diffusion and/or the ability of QA to rotate around the long axis are reduced on Cu(111) compared to the Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surfaces.

In our present model, hydrogen bonds between the N-H and the ketone groups of the QA play a decisive role.

One may of course question whether a coordination of the molecules by metal atoms supplied from substrate steps (Ag or Cu) could alternatively or additionally be relevant. This applies in particular to the phases obtained after annealing (β and β') which we will discuss below. Indeed, metal coordinated N atoms located in heterocycles (i.e. between R-N=R' groups) or at terminal groups have been frequently observed [START_REF] Dong | Self-assembly of metal-organic coordination structures on surfaces[END_REF][START_REF] Zhang | Probing the spatial and momentum distribution of confined surface states in a metal coordination network[END_REF]. However, here we have a R-NH-R' group, and the formation of a metal-N bond would require a preceding deprotonation of the N atom, which is unlikely. In addition, metal coordinated bonds are longer than the here proposed hydrogen bonds for which we derive a length from the N to the O of (2.7 ± 0.1) Å. For the N-Cu-O bond length we estimate 3.9-4.4 Å [START_REF] Classen | Templated growth of metal-organic coordination chains at surfaces[END_REF][START_REF] Umbach | Site-specific bonding of copper adatoms to pyridine end groups mediating the formation of two-dimensional coordination networks on metal surfaces[END_REF].

Hence, a N-Cu-O coordination would not fit into our structural models.

Temperature induced phase transition

The chain-like structures, formed directly after deposition on Ag(100), Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], are thermodynamically not stable, but only metastable, because they transform irreversibly upon annealing. They are stabilized by kinetic barriers that are partly given by the intermolecular hydrogen bonds, which are activated and opened during the annealing. However, this is likely not the only reason for the barriers as we will explain further below. Generally, the α-and α'-phases of QA on these three surfaces that form prior to the annealing are mainly determined by the intermolecular interactions (i.e. intermolecular hydrogen bonds), while the β-phases, formed after annealing, are more strongly determined by the substrate-adsorbate interactions. This is deduced from the fact that on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] and on Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the β-phases are both commensurate. Upon the phase transitions, the overall number of hydrogen bonds is reduced, but in the commensurate structures all molecules occupy one of two distinct adsorption sites which is generally related to a gain in binding energy [START_REF] Hooks | Epitaxy and molecular organization on solid substrates[END_REF]. This is supposed to lead to an energetically more favorable situation overall. However, the fact that the two β-phases on Ag(100) and on Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] are structurally almost identical (cf. Table 4.1) shows that the intermolecular interactions still play an important role. (We note that the agreement of the b 1 values to the third decimal place in Tab. 4.1 is likely coincidental.)

The phases of QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] differ significantly from those on the two Ag surfaces, but the phase transition (α → β ) occurs for likely similar reasons. At low coverages, the chains reorient along the high symmetry directions of the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface upon annealing at 600 K. The full monolayer transforms into a heterochiral, two-dimensional, and long range ordered structure (the β'-phase), which exhibits only 5/8 as many hydrogen bonds as the α'-phase.

We propose that the phase transitions of the submonolayer and the full monolayer of QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] are both driven by an increase of the substrate adsorbate interactions, as we will discuss for the Ag(100) surface below.

A further interesting aspect regarding the phase transitions of QA on Ag(100), Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] concerns the azimuthal orientation of the molecules on the surfaces before and after the phase transitions. On Ag(100), the azimuthal orientations of the molecules in the α-and β-phase are identical within the margins of error, revealing that the molecules already adopt their preferred azimuthal orientations in the metastable α phase. The same behavior can be observed for the phase transitions of full monolayers of QA on the Ag(111) [START_REF] Wagner | Quinacridone on Ag(111): Hydrogen bonding versus chirality[END_REF] surface (α → β) and on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface (α' → β'). On Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], due to the high mobility of the molecules at RT, it is plausible that the molecules adopt their preferred azimuthal orientation upon deposition. In comparison, the mobility on Cu(111) is reduced. Hence, the above result reveals that the molecules may still rotate in the plane of the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface to adopt the most favorable azimuthal orientation upon deposition. Interestingly, the six preferred symmetry equivalent azimuthal orientations of QA chains on Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] are the same as those of QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. This indicates that the local six-fold geometry is the main determining factor for the azimuthal orientation of QA, despite the different lattice constants and chemical reactivities of the two substrates.

We come to the central question regarding the phase transitions (α → β and α → β ) that we have not fully discussed, yet. Considering the high mobility of the molecules on Ag(100) and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and the fact that they can change their handedness at RT, we question why the β-phases phases do not form directly upon deposition. Since the β-phases are stable and do not transform back to the α-phases, they are energetically favored. We suggest that the energy gain related to the formation of the β-phases is explained by an increase of the molecule/surface bonding possibly involving a small reconstruction of the top Ag layer of the Ag surfaces. Such a reconstruction, involving small lateral and vertical displacements of the atoms in the top layers, is feasible because the β-phases exhibit commensurate structures. Reconstructions of the first layer of the substrate by adsorption of a flat lying organic molecule were observed before and were reported, e.g., by Held et al. [123,[START_REF] Held | Realistic molecular distortions and strong substrate buckling induced by the chemisorption of benzene on Ni(111)[END_REF][START_REF] Zhasmina | Complete experimental structure determination of the p(3 × 2)pg phase of glycine on Cu(110)[END_REF]. A change in the molecule/surface bonding related to different phases was reported as well, e.g. by Kilian et al. [START_REF] Kilian | Role of intermolecular interactions on the electronic and geometric structure of a large π-conjugated molecule adsorbed on a metal surface[END_REF], and may contribute to the kinetic barrier. We note that the change in the molecule/surface bond may also have an indirect influence on the intermolecular hydrogen bonds. Now we explain that there must exist kinetic barriers that prevent the direct formation of the β-phases upon the deposition at RT. The β-phases do not form instantaneously because the formation of two hydrogen bonds at the end of a chain of molecules to molecules arriving on the surface favors the formation of the the α-phases.

Hence, a nucleation of chains with the intermolecular arrangement of the α-phase precludes the further growth of this phase. A transition to the β-phases would require that one quarter of the hydrogen bonds of the α-phases have to be opened. This constitutes a kinetic barrier that must be overcome in order to form the β-phases on Ag(100) and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. A similar process may be present on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. In contrast to the α-phases which can be grown on the clean surfaces, the β-phases can only form from a disordered phase of QA molecules upon cooling.

On Ag(100), the disordered phase can be obtained either by annealing the as grown α-phase or by deposition at elevated temperatures (i.e. larger than 430 K). Therefore, the formation of the β-phases only occurs when the molecules can settle into this phase in a concerted manner. This process includes that the molecules bind to the surface more strongly as in the α-phases. The difference in the bonding of the QA molecules to the surfaces in the two phases should be distinguishable in photoemission [START_REF] Kilian | Role of intermolecular interactions on the electronic and geometric structure of a large π-conjugated molecule adsorbed on a metal surface[END_REF] or vibrational spectroscopies.

Finally, we comment again on the possibility that the β-phases are formed by metal coordinated bonds, that form due to the diffusion of substrate metal atoms at the elevated temperatures. As noted for the α-phases, such bonds are sterically not compatible with our current structure models of the β-phases and hence we consider this possibility as unlikely.

Comparison of the substrate surfaces

The structures of QA and their temperature dependent behavior on Ag(100) and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] are very similar, but they differ significantly from those of QA on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. We have already mentioned the reduced mobility of QA on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface, which we explain by a stronger corrugation of the QA/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] bonding potential related to stronger QA/Cu(111) interactions. Besides that, there are further differences between the behavior of QA on the surfaces. On Ag(100), annealing a submonolayer of QA results in island formation of the closely-packed commensurate phase.

On Cu(111) however, a layer of QA with a similar coverage behaves differently. Upon annealing, the molecular chains alter their orientation with respect to the substrate, but mostly remain separated from other chains. Moreover, the annealed full monolayer of QA on Cu(111) exhibits a significant amount of disorder. In addition, many of our experimental attempts to prepare it resulted in disordered structures. This demonstrates that the rearrangement of QA molecules on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface is significantly inhibited by kinetic barriers even at high temperatures.

Furthermore, upon annealing QA on the Ag(100) surface the diffraction pattern vanishes at about 470 K and it reappears at about 430 K upon cooling. Differently, the diffraction pattern of QA on the Cu(111) surface does not vanish completely during annealing at comparable temperatures (T = 500 K). Upon heating it loses intensity and changes gradually with time. All these differences between QA on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface and QA on the Ag(100) and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surfaces can be consistently explained by a stronger bonding of the QA on the Cu(111) compared to the Ag surfaces.

Conclusion for the monolayer and submonolayer

In summary, we have investigated the adsorption and ordering of quinacridone (QA) on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] directly after deposition at room temperature and after annealing. On both surfaces, we found homochiral domains of metastable chain-like structures after deposition. These are mainly a consequence of intermolecular hydrogen bonds and are stabilized by kinetic barriers related to the required opening of the hydrogen bonds. The heterochiral structures that form after annealing have a reduced density of hydrogen bonds and are more strongly dominated by the substrate adsorbate interactions. We suggest that the phase transition on Ag(100) is associated with a change of the molecule/surface bond and a small reconstruction of the first layer of the substrate. A similar situation might presumably be present on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. On the Ag(100) and Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surfaces, the homochiral chain formation upon deposition reveals a high mobility and the activation of the rotation around the long molecular axis of QA allowing a change of the handedness. In contrast, these degrees of freedom are reduced on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface. We attribute these differences to the stronger bonding between the QA and the Cu(111) surface compared to that on the Ag surfaces.

Like many other prochiral molecules on surfaces [START_REF] Dutta | Enantiomer surface chemistry: Conglomerate versus racemate formation on surfaces[END_REF], QA on Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] as well as QA on Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] [107] form structures that are given by the subtle balances of different forces and that undergo phase transitions upon annealing. The observed phase transitions transform homochiral into heterochiral structures, which is an aspect that is not uncommon for structures of prochiral molecules on surfaces [START_REF] Dutta | Enantiomer surface chemistry: Conglomerate versus racemate formation on surfaces[END_REF]. In case of QA on Ag(100), Ag [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the initial formation of the homochiral structures is mainly driven by intermolecular hydrogen bonds. The heterochiral structures are thermodynamically more stable due to stronger substrate adsorbate interactions and form upon annealing the as grown and kinetically trapped chain like structures via a disordered intermediate phase.

Multilayer of QA/Cu(111) and photoluminescence

We now turn to the study of phases when >1ML of quinacridone is deposited on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. For this system too, several phases were observed depending on the deposited amount of molecules, sample temperature during deposition and/or subsequent annealing at 500K. We will distinguish three tentative phases, although the exact conditions of their formation has not been fully elucidated yet. Finally, we will take a look at the luminescence of multiple layers of quinacridone on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] induced by two lasers : a green laser diode and a blue Sapphire laser emitting at 532nm and 458nm respectively.

Regarding methods and equipment, all STM and MCP-LEED images of this section were acquired in the VT-STM laboratory in Bonn (cf section 3.2). All SPA-LEED images and laser-induced luminescence spectra were obtained in the optics laboratory in Bonn (cf section 3.3).

Finally, before starting, we want to clarify an important point. Even though we deposited >1ML of quinacridone onto the sample, if the sample is annealed above the desorption temperature, only the first layer in direct contact with Cu(111) will stay adsorbed and all the upper layers will desorb. Thus even though >1ML are measured with the deposition integral, only 1ML may be effectively left after annealing. In the following subsections, all coverages mentioned in the main text are related to the measured deposition integral while all coverages mentioned in the figure captions are measured directly on the STM picture. Because those phases only appear when >1ML of quinacridone was deposited as measured by the deposition integral, we choose to describe them in this section even if only 1ML are seen on the STM images.

Analog to the α'-phase

We start by depositing about 1.4ML quinacridone on our Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] sample at room temperature. The resulting structure is shown in figure 4.5 and is analogous to the α'-phase of the submonolayer. The first layer, visible in the STM picture in figure 4.5 (a), shows a disordered structure of densely-packed small chains limited by sterical effects.

However, these chains still exhibit the same directions as the α'-phase with regards to the copper substrate. This is visible in the MCP-LEED pattern of figure 4.5 (c) where 6 pairs of streaks emanating from the central (0,0) spot are visible. In addition, the preferred directions of the first layer due to substrate-adsorbate interactions with Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] also contribute to the darker arcs of the faint circle formed by the more random orientation of the chains of the second quinacridone layer. It is to be noted though that while the chains of the second layer are more disorganized and sometimes bent, they also tend to adopt those same preferred directions, although with a broader azimuthal distribution than the first layer, hence the circular shape of the diffraction pattern. Overall, this phase could be considered as the extension of the monolayer α'-phase.

In figure 4.5 (a), we measure on the STM image between two adjacent QA molecules within a chain of the second layer a distance of 6.2±0.1Å, which is 11% shorter than the 7.0Å we measured earlier for the first layer on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and the 6.9 to 7.2Å Wagner et al. [START_REF] Wagner | Quinacridone on Ag(111): Hydrogen bonding versus chirality[END_REF] have measured on Ag(100). However, with more than a full monolayer of molecules, it was not possible to calibrate the piezoelectrics of the STM on the copper surface. As a result, while it may be that the distance shortened as the molecule-substrate interaction is relaxed for the second layer, a compression of the distances due to the piezoelectrics cannot be ruled out. For the MCP-LEED image scale, the structure of the first layer is assumed to be the same as the submonolayer α' phase seen before in SPA-LEED (figure 4 2 ), we measure 1.8±0.1nm. But as LEED electrons are sensitive to both the first and second layer, this value is an average between the two layers. As a result, it is higher than the very dense first layer, and is lower than the more sparse and incomplete second layer. 

Complete β -phase

When depositing 1.5ML onto a clean Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] substrate this time at a temperature of 500K, we observe in figure 4.6 the same β -phase of 1ML of quinacridone deposited on Cu(111) at room temperature then annealed at 500K for 15min as described in section 4.2.2. The only visible difference is the size of the domains and their borders. They cover the entirety of the copper surface, leaving no bare area, i.e. we obtain a complete monolayer as opposed to section 4.2.2 where coverage was estimated to be θ=0.95ML. As a result, the chain-like aggregates observed 

Hexagonal structure

In another experiment, we deposited >1ML of quinacridone onto the clean Cu( 111) sample then annealed it to 500K for 15min. The resulting phase is presented in figure 4.8 (a). More expectedly than for the intermediate phase,

the second (and above if any) layers desorbed from the surface, leaving only a single complete layer on copper.

This structure differs significantly from most of the previous ones, however it closely resembles the one obtained for the annealing of θ=0.5ML at 600K for 15min shown in figure 4.4 (c). We observe this time that the chains strictly align with the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], forming an hexagonal diffraction pattern seen in figure 4.8 (b). Notably, we see two sets of spots. The inner set closer to the (0,0) spot, corresponding to larger distances in real space, is linked to the distance between adjacent chains in a given direction, while the outer set of spots is related to the molecules' orientation. Indeed, in the STM image, one may notice that the molecules themselves are oriented along another copper direction, forming a 60°or 120°angle with the direction of the chain that they belong to. We suggest that chains are possibly still enantiopure as no successive offsets are visible between molecules, but the orientation of the molecule with regards to the chain direction (ie 60°or 120°) depends on the chirality of the molecules in a chain. 

Photoluminescence of multiple layers of quinacridone on Cu(111)

For this new experiment, quinacridone was deposited onto a Cu(111) sample at room temperature. It was then cooled to 42K using liquid helium to enhance the photoluminescence signal and decrease noise. This experiment was entirely carried out in the optics laboratory in Bonn, with the instruments introduced in section 3.3. As the calibration for the deposition was not known initially for this setup, successive depositions were made until a diffraction pattern was obtained. The optical system was then adjusted to maximize the luminescence signal at the entrance of the spectrometer. After later depositions were made, a calibration was obtained when the diffraction pattern of the α' phase was obtained. Indeed for this phase, the deposition had to be close to 1ML, otherwise the LEED pattern would have been too weak to be detected. The total coverage for these first successive depositions was estimated in hindsight at about 10 ± 2M L. The spectrum with the most intense luminescence peak is presented in figure 4.9 (a), as well as a comparison between a 458nm and a 532nm laser excitation in figure 4.9 (b). As a side note, a detailed study of the photoluminescence spectrum as a function of the number of layers of quinacridone was not the goal of this work. These results were obtained as part of calibration measurements for the optical setup. Thus we are not able to precisely identify the threshold number of quinacridone layers required to recover the photoluminescence. No correction was applied on this picture. The laser powers indicated in the graph correspond to the output power of the laser, not the effective power reaching the sample.

Two main structures are visible in this spectrum. First, a tall and broad peak at 606nm (2.05eV) with a second peak creating a plateau on the high energy side. This structure is fitted using 2 Voigt profiles centered on 606nm (red curve) and 594nm (green curve) respectively, which represents an energy difference of 42meV. With 10ML on the surface, it is difficult to identify the peaks. We will tentatively assign the small higher energy component to the luminescence of disorganised clusters of molecules, whereas the tall low energy component may be due to the formation of J-aggregates, leading to a bathochromic shift of the fluorescence [START_REF] Fukunaga | Theoretical analysis of the intermolecular interaction effects on the excitation energy of organic pigments: solid state quinacridone[END_REF]. One could also argue that most of the molecules form a bulk 3D structure which would be an H-aggregate due to parallel transition dipoles.

An hypsochromic shift is then expected, but it would be the dominant peak, which is not the case here. Finally, with such a low energy difference, another explanation could be that we observe a vibronic transition in addition to the pure electronic transition, i.e. the 0-0 (high energy) and 0-1 or 0-2 (low energy). The formation of an excitonic band structure changes the relative weight of vibronic transitions. Since we have 10ML which may form an H-aggregate, it is possible that the 0-0 transition is unfavoured compared to the 0-1 or 0-2 transition, leading to a smaller purely electronic peak compared to the 0-1 or 0-2 vibronic peak [START_REF] Sergeevich | The theory of molecular excitons[END_REF].

Secondly a Raman series is observed up to the low-pass filter cutoff (532nm). The observed peaks are compared to the literature [START_REF] Binant | The application of electronic and vibrational spectroscopic techniques to the identification of quinacridone pigments in vehicle paint systems[END_REF] [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the Raman shift with respect to the 532nm green laser excitation, and values found in the literature [START_REF] Binant | The application of electronic and vibrational spectroscopic techniques to the identification of quinacridone pigments in vehicle paint systems[END_REF] for the Raman shifts of quinacridone in crystalline powder. In bold are the values reported for a strong peak.

Finally, taking a look at the comparison between the excitation of a 458nm laser and the one from a 532nm laser, we see a sharp decline in the fluorescence signal, despite an increase in the laser power (50mW for the 458nm laser versus 8mW for the 532nm laser). This result is in line with the previously reported absorption spectra of quinacridone derivatives with a maximum of absorption between 500 and 550nm depending on the derivative [START_REF] Smith | Acridones and quinacridones: novel fluorophores for fluorescence lifetime studies[END_REF][START_REF] Jia | New quinacridone derivatives: structure-function relationship exploration to enhance third-order nonlinear optical responses[END_REF][START_REF] Wang | A diphenylamino-substituted quinacridone derivative: red fluorescence based on intramolecular charge-transfer transition[END_REF].

Conclusion of the chapter

In this chapter, we looked at the different structures of the linear trans-isomer of quinacridone on an hexagonal Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface. Upon deposition of ≤1ML at room temperature, quinacridone forms enantiopure chains of up to 46 40 molecules. This phase is named the α' phase and results from a fine balance between molecule-substrate and intermolecular interactions. Upon annealing at 500K, this phase transforms into the β' phase with close-packed domains of molecules of both chiralities. When looking at ≥1ML, analogous phases are observed. Further demonstrating the fine balance of interaction, intermediate phases or even new phases can be obtained by small changes of parameters, like the annealing temperature or duration. We then proceeded to studying the luminescence of many layers (10ML) of quinacridone on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. A Raman series was observed as well as two main peaks. The origin of the two main peaks is not fully clear but is tentatively assigned to disorganised clusters and J-aggregates respectively.

After studying the molecules on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and observing 1D chains of interest, we now need to determine if those chains may be grown on thin insulating films. In the next chapter, we will first study the growth of several insulators that may be suitable as thin spacers. thermodynamical factors, and we have observed that the number of defects and the general quality of the substrate surface also plays a role in the proportion of islands oriented in this direction.

We will now take a look at the surface lattice constants. For this, we measure the ratio of the reciprocal lattice vectors of KCl and Ag or Cu, from which we deduce the realspace surface lattice constants using the following literature values for the bulk:

a KCl(100) = a KCl √ 2 2
= 4.45Å with a KCl = 6.29Å [START_REF] Masciocchi | Lattice parameters determination from powder diffraction data: Results from a round robin project[END_REF] a Ag(100) = a Ag √ 2 2 = 2.89Å with a Ag = 4.09Å [START_REF] Liu | Compression of Ag and phase transformation of NaCl[END_REF] a Cu(111) = a Cu √ 2 2 = 2.55Å with a Cu = 3.61Å [START_REF] Straumanis | Lattice parameters, densities, expansion coefficients and perfection of structure of Cu and of Cu-In α phase[END_REF] We measure 4.59 and 4.58±0.19Å for both the 0°and the 45°KCl domains on Ag(100). To the precision of our measurements, our results for KCl/Ag(100) match the standard values from the literature.

Alkali halides like NaCl and KCl typically form straight island edges due to charge neutrality: energetically, it is more stabilizing to have paired charges, i.e. an alternance of one anion and one cation [START_REF] Cabailh | Thin NaCl films on silver (001): island growth and work function[END_REF]. As a result, the island edges always have a 45°angle with the lattice vectors. In other words, the edges are oriented parallel to the [START_REF] Huanyao Cun | Homochiral recognition among organic molecules on Cu(110)[END_REF] and [START_REF] Gordon E Moore | Cramming more components onto integrated circuits[END_REF][2][START_REF] Mateusz | Conditional quantum operation of two exchangecoupled single-donor spin qubits in a mos-compatible silicon device[END_REF][START_REF] Chen | Thermal resistance and thermal rectification of silicon device with triangular pores: A molecular dynamics study[END_REF][START_REF] Thomas | Germanium nanowire transistors stack up[END_REF][START_REF] Žutić | Spintronics: Fundamentals and applications[END_REF][START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF][START_REF] Kubatkin | Single-electron transistor of a single organic molecule with access to several redox states[END_REF][START_REF] Edgar A Osorio | Electrical manipulation of spin states in a single electrostatically gated transition-metal complex[END_REF][START_REF] Matković | Light-assisted charge propagation in networks of organic semiconductor crystallites on hexagonal boron nitride[END_REF] directions. In the bottom left picture, one can indeed observe three directions by looking at the island edges, and only one in the bottom right (as well as the occasional 45°islands mentioned earlier for the LEED pattern).

One final discussion for those salts regards the number of layers composing the islands. It is essential to note that the island formation is in most cases not a layer-by-layer growth. The first layer does not fully cover the entire metallic surface before the second layer starts growing. The next layer almost immediately starts growing on the second layer, for average coverages below 1ML. This usual growth mode is visible in figure 5.2 (d), where brighter [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Three square KCl domains are visible. The copper reciprocal lattice vectors are not fully visible on the screen, only their directions are indicated in red. ∼ 0.2M L of quinacridone was also deposited on this preparation, but its diffraction pattern is too weak to be visible. The distorsion of the LEED image could not be corrected. As a result, the corners of the square KCl domains near the edge of the screen do not fit perfectly. Additionally, the scale could not be calibrated with the Cu(111) spots. As a result, the KCl reciprocal vector length is assumed to be the same as on Ag( 100 square-shaped islands form a second layer on top of the first, and the start of a third layer is seen as a small cluster on top of most second layer islands. From this perspective, figure 5.2 (c) shows an unusual (with our preparation parameters) large wetting bilayer without further layers growing on top. Even though we were not able to record the exact sample temperature and deposition integral, the following is assured:

-The deposited amount of KCl was intended to be much lower than 1ML, probably around 0.1 or 0.2ML. Many areas of the sample simply did not contain any visible KCl island.

-The sample temperature was hotter than our usual preparations, with a sample temperature between 20°C and 100°C. As a result, diffusion of the ions of the salt on the surface was enhanced and what must have started as many separated small islands, was able to coalesce into a few large islands. Similar deposition conditions, i.e. low deposition rate and high surface diffusion, were also used by Müller et al [START_REF] Müller | Structure of epitaxial layers of KCl on Ag(100)[END_REF] to cover the entire surface of Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] by KCl. For our purpose, this is not useful for two reasons that will be detailed later in chapter 6, but are already visible in figure 5.2 bottom left STM image:

-As a result of this strong interaction with the Cu(111) surface, strong decoupling is needed and a single KCl or NaCl layer is not enough. Additional layers are desirable for this reason.

-As a minor experimental note, it is easy for the tip to be contaminated with KCl, have molecules picked up by the apex, or simply needing reshaping. Having bare copper areas allows for voltage pulses to clean the tip.

One standing question is the number of atomic layers making up each island. It was initially thought, like in Müller et al [START_REF] Müller | Structure of epitaxial layers of KCl on Ag(100)[END_REF], that the thinnest visible layer of KCl/Ag(100) is composed of just one atomic layer. Later articles showed that for electrostatic reasons, the first layer should actually be a bilayer to have paired charges, and subsequent layers are monolayers added on top of the bilayer (i.e. we start with 2ML thick islands, then 3ML, then 4ML etc.). This interpretation is generally accepted in later articles [START_REF] Guo | Adsorption of PTCDA on terraces and at steps sites of the KCl(100) surface[END_REF][START_REF] Matthaei | Coulomb attraction during the carpet growth mode of NaCl[END_REF] (or even some earlier articles [START_REF] Repp | Snell's law for surface electrons: refraction of an electron gas imaged in real space[END_REF]). A. Husseen in her PhD thesis [START_REF] Husseen | Alkali-Halide Thin Films: Growth, Structure and Reactivity upon Electron Irradiation[END_REF] reports 3ML being her first wetting layer for KCl/Ag(100), which is consistent with a higher deposition integral in her preparations with a hot sample (T sample = 435K favouring diffusion).

Our results are summarized in figure (5.3) and are in good agreement with previously reported heights. The apparent height in STM topography images of alkali halide salts does not yield the true thickness of the film and is voltage-dependent [START_REF] Husseen | Alkali-Halide Thin Films: Growth, Structure and Reactivity upon Electron Irradiation[END_REF]. This is due to different tunneling channels: at low voltages (about 1V), tunneling electrons use a gap state that is created at the interface of the metal and the alkali halide [START_REF] Kiguchi | Electronic properties of metal-induced gap states formed at alkali-halide/metal interfaces[END_REF] ; at higher voltage (about 4V), the electrons tunnel in an image potential state of the Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] or Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface [START_REF] Ev Chulkov | Image potential states on lithium, copper and silver surfaces[END_REF], which is located above the surface, leading to a higher apparent height. In other words, as we increase the voltage, more and more states become available for tunneling, leading to the exponential increase of the apparent height with increasing current shown in figure 5.3.

The subsequent layers forming on top of the wetting bilayer, although forming as individual monolayers, also exhibit an apparent height that is different depending on the number of layers below. Due to an issue with the STM, 

Ag step (nm) 0 -> 2ML (nm) 2 -> 3ML (nm) 3 -> 4ML (nm)

0.15 0.30 0.07 -0.06 We see that the apparent height decreases with the number of layers and even reverses as a negative contrast for the fourth layer, which we see (weakly) on most islands in figure 5.4 left image. This effect has also been reported by A. Husseen [START_REF] Husseen | Alkali-Halide Thin Films: Growth, Structure and Reactivity upon Electron Irradiation[END_REF] for both KCl and NaCl. Glocker et al. [START_REF] Glöckler | Initial growth of insulating overlayers of NaCl on Ge(100) observed by scanning tunneling microscopy with atomic resolution[END_REF] explain it by the exponential decay away from the surface of the bulk and/or surface states of germanium in their case, which reduces the tunneling current normally gained to the added height of the extra layer. This layer-dependent height could also be the case on Ag(100) and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Of note, negative contrast of neither KCl nor NaCl was seen on Cu(111) up to 6ML.

Hexagonal boron nitride on Cu(111)

We now turn to take a look at the growth of h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Hexagonal boron nitride is a layered material similar to graphite. Like carbon, it has other phases (a-BN for amorphous-BN, c-BN for cubic-BN...), but in this work and in the nanomaterial research community, the hexagonal phase has attracted a lot of attention as a 2D insulator with a direct bandgap of about 6 eV [START_REF] Auwärter | Hexagonal boron nitride monolayers on metal supports: Versatile templates for atoms, molecules and nanostructures[END_REF][START_REF] Watanabe | Direct-bandgap properties and evidence for ultraviolet lasing of hexagonal boron nitride single crystal[END_REF]. A schematic of a monolayer of the hexagonal phase is shown in figure 5.5. The main appeal of h-BN as an insulator for our work is its growth through a copper-catalyzed, self-terminating reaction from borazine gas which enables a near complete coverage of the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface by h-BN in one single deposition (see section 3 for more details). shows such depositions, with 80% and 90% coverage respectively. In this case, figure 5.6 (a) was the first deposition, and a subsequent deposition was made to see if the coverage could be improved further, which was successful. However, some clusters appeared in the gaps between the islands. Although we have no evidence, we hypothesize those to be boron clusters. They did not seem to play a role with quinacridone later on. Noticeably, several Moiré patterns are visible on different h-BN islands. They result from the lattice constant mismatch with Cu(111), 2.49Å [START_REF] Auwärter | Hexagonal boron nitride monolayers on metal supports: Versatile templates for atoms, molecules and nanostructures[END_REF] for h-BN vs 2.55Å for Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], and from the different, fully random orientations of the h-BN islands compared to Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. These random orientations are much more visible in the SPA-LEED images in figure 5.6 (c) and (d). A perfect circle is visible with a radius slightly above the length of the reciprocal lattice vectors of Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], as expected from the small mismatch. The circle indicates that all orientations of the lattice vectors are available and equiprobable. This confirms that the interaction between h-BN and Cu( 111) is very weak, as shown by Brülke et al [START_REF] Brülke | Long vertical distance bonding of the hexagonal boron nitride monolayer on the Cu(111) surface[END_REF]. Interestingly, secondary circles resulting from double scattering of the electrons are visible only in some directions in the bottom left figure. Only some directions are selected due to interference of the scattered electrons' wavefunctions, which is energy dependent and is called extinction rule. Taking into account all multiple scatterings, a rosette should appear over the whole pattern and around the (0,0) spot [START_REF] Brülke | Long vertical distance bonding of the hexagonal boron nitride monolayer on the Cu(111) surface[END_REF] and that is what we see in figure 5.6 (d).

Overall, the high coverage, multiple Moiré patterns, well-defined SPA-LEED pattern shows the prepared h-BN layer is suitable to use as a flat spacer for molecules. The bottom row pictures were obtained for a coverage of 0.8ML. The MCP-LEED pattern indicates that, as for the α'-phase of QA/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], the chains follow the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] directions with angles of about ±8.5°. As the chain are yet enantiopure, the explanation still holds that we have mirror domains each entirely composed of chains of the same enantiomer. However, compared to the 0.3ML preparation (top right), the chains are bent, the azimuthal disorder has increased. This is reflected in the circle, indicating completely random directions, and elongated spots of about 8±1°in the MCP-LEED image. As this only appears at high coverages, we can attribute it to steric effects.

One could argue that the molecule follows the h-BN directions rather than the copper. However, as the h-BN islands themselves have random directions, i.e. form a circular diffraction pattern, so should quinacridone if it were the case. While we see a faint circle in the MCP-LEED picture of figure 6.1, this is very weak compared to the pairs of spots in the Cu(111) directions. Hence our suggestion that the weak circle is rather caused by steric limitations.

Overall, the main conclusion from the analysis of this SPA-LEED pattern is that the directions of the QA chains are still dictated by the interactions with the Cu(111) surface, even on monolayer h-BN. of QA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] (in red). The two stitched curves in red were taken with a finer grating, hence the smaller range in wavelength. As a result, two acquisitions were necessary to cover the same range and only the grating center wavelength was changed from 560 to 590nm. Due to fluctuations of the laser intensity from the first acquisition to the second one, one curve had to be shifted by 850 counts down to obtain a continuous spectrum. Table 6.1 compares the Raman series for both systems and for 4ML QA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] as well. Overall we can see that the Raman series is preserved when going from 10ML QA/Cu(111) to 0.4ML QA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and to 4ML QA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF].

As expected from using a finer grating of 1200 grooves/mm, weaker Raman peaks can be resolved.

Going from 0.4ML QA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] where no fluorescence is visible, to 4ML QA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], a broad peak appears centered at 603nm. Interestingly, this broad peak can be fitted with two Voigt profiles centered on the same two wavelengths 594nm and 606nm as for 10ML QA/Cu(111) (obtained from section 4 figure 4.9). This fit can be seen in the bottom spectrum of figure 6.2. What's more, the high energy component is once again smaller than the lower energy component. As a result, the same hypothesises as 10ML QA/Cu(111) may be still valid here, i.e.:

-either we have both disorganized clusters and J-aggregates luminescence ;

-or we have formed an H-aggregate with an active vibronic transition in addition to the pure electronic transition, and where the vibronic transition is favoured due to the excitonic dispersion relation [START_REF] Sergeevich | The theory of molecular excitons[END_REF].

Finally, we notice that the number of quinacridone layers required for recovering the fluorescence has been reduced from about 10ML to 4ML due to the single h-BN monolayer. Those numbers are only qualitative as they also reflect the collection and detection efficiency of our setup. For instance, it has been shown [START_REF] Brülke | Long vertical distance bonding of the hexagonal boron nitride monolayer on the Cu(111) surface[END_REF] that 3 layers of PTCDA are needed for molecules on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] to start fluorescing, while the first layer of PTCDA/h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] already exhibits a weak fluorescence. In essence, our experiment with QA/h-BN/Cu(111) also shows that decoupling with h-BN is more efficient than stacking molecular layers.

In conclusion, we studied the decoupling effect of monolayer h-BN and observed that a single layer, while efficient as a spacer, is not enough to inhibit the fluorescence quenching of the quinacridone molecule. Our results however suggest that with a different preparation technique, growing a few layers of h-BN might be able to decouple quinacridone. [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] (the first value is for the grating centered at 560nm, the second at 590nm), and values found in the literature [START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF][START_REF] Binant | The application of electronic and vibrational spectroscopic techniques to the identification of quinacridone pigments in vehicle paint systems[END_REF] for the Raman shifts of quinacridone in crystalline powder. In bold are the values reported for a strong peak. For reference [START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF], both the values for IR and FT-Raman are reported because our peaks match with reported shifts of both columns.

Growth and STM-induced luminescence of QA/salt/Cu(111)

Another way to decouple molecules from the Cu(111) substrate and recover the intrinsic fluorescence is the use of thin alkali halide films. One advantage of using salts in our setup compared to h-BN is that we can deposit multiple layers with a controlled desired thickness, as we have seen in chapter 5. Using multiple layers of quinacridone is also unsuitable as the emission properties of the multilayer are different from the monomer (as mentioned in section 2.2 and observed in our photoluminescence experiment at the end of chapter 4) due to intermolecular interactions (π-stacking, H-aggregates, exciton diffusion and/or trapping...). These preparations and measurements were made in ultrahigh vacuum in ISMO, France, and the luminescence of quinacridone was excited by tunneling current at 78K (cf section 3.4 for more details on the instruments).

In this section, we will see that due to high diffusion of the molecule deposited at room temperature, pinning at specific adsorption sites on the salt islands is required to prevent the molecules from migrating to the bare copper surface. Using STM, we will then study the growth of chains as long as up to 15 molecules on two few-layers salts, KCl and NaCl. Finally the STM-induced light emission (STM-LE) of QA/NaCl/Cu(111) will be studied.

Pinning QA molecules on salt using kinks

To prepare our system, one main hurdle had to be overcome: diffusion of the molecules on the alkali halide islands.

Indeed in our UHV setup, deposition of quinacridone is not done in the LT-STM chamber. As a result, the substrate has to be taken out of the cryostat for up to 5min and be placed in front of a heated crucible, therefore receiving infrared radiation. Thus the temperature of the sample has to be between 78K and 300K. As a result, the temperature of the sample is likely enough to enable significant diffusion. Figure 6.3 (a) shows one such depositions of QA/KCl.

We notice that only a few molecules stays on the salt, and only near a KCl step edge. This shows that in this temperature range, diffusion on KCl is enabled, and by moving around, most molecules go back to the copper substrate where they then stay due to a stronger adsorption energy. Only molecules with a specific favourable adsorption site are pinned on top of the salt.

As alkali halides are ionic crystals, any defect or kink in the island induces a local charge, i.e. a pinning site. By engineering the growth of irregular-shaped layers on top of the first wetting layer of salt, one can create many pinning sites for the molecules. With this technique, one can design a decoupled nano-optical system that can withstand close to ambiant temperature and even take advantage of the diffusion through the molecules self-assembling behaviour, as we will see in section 6.2.2 later.

Through trial and error, we have optimized the alkali halide deposition. The basic idea is a two-step deposition of the salt. The first deposition should aim to cover most of the metallic substrate with a flat first wetting layer. As seen before in chapter 5, the first wetting layer is composed of 2 atomic layers. As a result, the target coverage for the first deposition should be 1-2ML on a substrate at room temperature or slightly higher (60-80°C). The second deposition should add less than 1ML, as the goal is to create smaller irregular islands on top of the existing ones. But more importantly, the second deposition should be done at a low substrate temperature. In our case, temperature could not be controlled during the deposition, so the sample was cooled at 78K in the STM then quickly taken out for deposition for less than 5 minutes. The molecules can then be deposited on top of the salt, ideally at similarly low substrate temperatures (between 78K and 300K), but we suspect that depositing at room temperature could also succeed. shows the result of this preparation method. It should be noted that the coverage of the first salt deposition was increased to create 3ML islands as a result of preliminary experiments where no STM-LE was obtained on 2ML islands. The irregularities of the 4ML islands creates a lot of pinning defects, which are visible as black spots when scanning at 4V. This may be related to a shift in energy of the copper image potential state just below the defect, thus appearing with a lower STM apparent height. Figure 6.3 (d) shows a zoom on the same KCl island, this time at a voltage of 2.5V which allows for tunneling into a quinacridone molecular orbital. It is immediately apparent that the molecules indeed only stay pinned onto the defects/kinks, but that not all defects/kinks have caught a molecule. The orbital shapes and chain formation will be discussed in subsection 6.2.2 below.

We were not able to determine precise properties of the adsorption sites of quinacridone on KCl. The reason for this is twofold: firstly, the large molecular orbitals masked the exact configuration of the salt below ; secondly, only Cl -ions are imaged used bare metal STM tips [START_REF] Hebenstreit | Atomic resolution by stm on ultra-thin films of alkali halides: experiment and local density calculations[END_REF]. Thus a visible kink or defect does not reveal whether it is due to a negative Cl -or a positive K + corner or defect. As quinacridone possesses both a positively-and negatively-charged functional groups on each side of its long axis, it is difficult to estimate the charge of any one visible defect. We hypothesize that both polarities could pin the molecule by attracting the corresponding functional group. For instance, a Cl -vacancy with a positive charge in a straight edge would attract the C = O group and a negative N a + vacancy would attract the C = N H group. Or simply any atomic step kink along an island edge leads to a locally stronger corrugation of the electrostatic potential, like the local negative charge schematically illustrated in figure 6.3 (c). The only result we can observe in this experiment is that quinacridone is always at 0°or 90°with the straight KCl island edge. Thus the geometry of the absorption site is important.

Imaging QA molecules on salt

As already apparent in the previous figure 6 Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. As a result, the tip is high above the surface (>1nm) and molecules pinned on the salt are not visible ;

however it allows to have a clear picture of the layout of the KCl islands as well as safe scanning conditions for the tip. Defects in the KCl are visible as dark spots. It should be noted that the lateral resolution is degraded as in this regime, the tunneling current mostly depends on the tip shape and the tip-sample distance [START_REF] José | Near field emission scanning tunneling microscopy[END_REF].

Figure 6.4 (b) was taken at 3.5V, which is lower than the energy of the image potential state of Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. As a result, the tip is much closer to the sample. We are then in the tunneling regime, yielding a nanometer or subnanometer lateral resolution. However, from a structural point of view, not much has changed. Only the 3/4/5ML KCl islands are visible, as well as the dark spots from the defects. At 2.7V (figure 6.4 (d) ), the dark spots from defect have almost completely disappeared, and the molecules finally appear. However, the bright spots that we have previously attributed to KCl molecules make it diffcult to precisely identify quinacridone. The contrast between the different KCl layers is also recovered.

At 2V (figure 6.4 (e) ), we obtained the ideal tunneling conditions to observe quinacridone: the dark spots of the defects have completely disappeared, and so did the yellow spots on the edges. The molecular orbitals have a distinctive shape that is easy to spot compared to the previous yellow spots. For reference, the calculated HOMO-LUMO bandgap can vary from 1.6 to 3.5eV depending on the method used [START_REF] Lüftner | Experimental and theoretical electronic structure of quinacridone[END_REF]. Of note: the tip seems to be scratching on the 5ML KCl layer and the 6ML cluster on top of it, creating the horizontal lines in the picture. Indeed, with an increase in the number of insulating layers, it becomes more and more difficult for the tunneling current to get through. For this reason, we tried in all depositions to stay below 5ML of KCl, ideally 3-4ML.

This value of about 2V being optimal for imaging quinacridone is also backed by a few scanning tunneling spec-troscopy (STS) measurements. One such typical STS spectrum is shown in figure 6.4 (f). It should be noted that those measurements are difficult at liquid nitrogen temperature. These spectra exhibit variability in the ionization resonances observed. While they may be attributed to molecules on different adsorption sites, STS is very sensitive to the tip shape and material and can be affected by adsorption of molecules or KCl on the tip. Moreover, while the molecules have been pinned to the salt due to local charged defects, the presence of the tip above for several seconds often disrupted the delicate balance of interactions, moving the molecules to other sites, adsorbing molecules onto the tip, and/or making it fall down the salt onto the bare copper surface. For all these reasons, we were only able to use STS as an indication of the energy of a molecular orbital, about 2 ± 0.3V . In further work, it would be interesting to study QA/salt at liquid helium temperature (<10K). This would make the molecules more stable and reduce the thermal drift even further, possibly unveiling more details about the molecular orbitals. The current setpoint was 5pA for all images. The thickness of the KCl film varied between 3 to 5ML and is indicated in white in (a). All pictures were acquired at 78K. Some lateral drift is visible between the 4V and the 3.5V pictures as a result of the tip having to further approach the surface when moving from field emission regime to tunneling regime. (f) A typical STS spectrum taken on a quinacridone chain adsorbed onto at least 3ML KCl. I(V) was recorded, smoothed using 5 point FFT filter, then derived numerically to better observe the peaks.

We will now describe in more detail the orbitals of quinacridone and how they change when forming chains. trans-isomer that is also observed for the elongated lobes here. This orbital shape has been observed several times both on NaCl and KCl islands.

Interestingly, we see in figure 6.5 (b) that the shape of the orbitals in our STM images do not match the calculated HOMO nor LUMO of the isolated molecule from Lüftner et al. [START_REF] Lüftner | Experimental and theoretical electronic structure of quinacridone[END_REF]. This is in contrast to what has been observed

for pentacene on NaCl on Cu(111) by Repp et al. [START_REF] Repp | Molecules on insulating films: scanning-tunneling microscopy imaging of individual molecular orbitals[END_REF]. Two hypotheses may explain this observation. Firstly, the charge state of the molecule may be different upon adsorption on the salt. This is particularly likely for molecules adsorbed at a charged pinning site described in figure 6.3 bottom left. Secondly, at the energy used to image quinacridone (2eV), it is possible that multiple orbitals overlap and the resulting image is therefore a combination of orbitals.

We now finally describe chains of quinacridone on alkali halide salts. Figure 6.6 (a) shows an STM image we obtained, with both molecular resolution on quinacridone and Cl -atomic resolution on KCl. This is likely a result of a molecule of quinacridone adsorbing onto the apex of the tip. We can see that quinacridone has indeed formed chains of varying length, from the monomer to dimer, trimer and 4 molecules. One can notice on the bottom left of every molecule the shape of another molecule, albeit less bright. This is an artifact resulting from a "double tip", i.e. a tip with a double apex. It is not a physical molecular structure. Looking at the aggregate circled in blue in figure 6.6

(a), one can see 7 lobes: 2 circular lobes on each edge, 2 elongated lobes on each side in a similar fashion to the single molecule, and one big round central lobe. We think this is a dimer. Because the monomer has 4 lobes, one would expect two molecules to have 8 of them. However, due to hydrogen bonding, we suggest that the elongated lobes of the functional groups forming the hydrogen bond merge into the large circular central lobe. As a result, for a chain of N molecules, we expect to see N+1 large lobes, and 2N small edge lobes. An easy way to determine the number of molecules in a chain is therefore to simply count the number of small circular lobes on one side of the chain. Using this technique to count the molecules, we notice in figure 6.6 (b) that we have chains of 2 to 4 molecules. Overall, in all our depositions, we obtained mostly chains of 2-5 molecules, few single molecules, and chains of up to 16 molecules (figure 6.6 (c) ), which is the longest we have observed. The average length of the chains increases with the amount of quinacridone deposited. The distance between two adjacent molecules in a chain is measured to be 5.9±0.2Å, which is smaller than the 6.4±0.1Å we measured for quinacridone directly on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and smaller than the intermolecular distances (6.19-6.69Å) calculated from the center of one molecule to the center of the next using hydrogen bond lengths from the literature [START_REF] Sławomir | Understanding Hydrogen Bonds: Theoretical and Experimental Views[END_REF]. A planar adsorption configuration is still the most likely as the apparent height of the molecule is the same on both sides in our STM images. As a result, this shortened length may result from a deformation of the molecule possibly due to epitaxy with KCl. We cannot fully rule out that experimental error might have been underestimated, especially since the value is still close to litterature value (less than 10% difference). For instance, STM tip drift, while low at 77K, was not compensated. Now that we understand the structure we obtained, we will see if STML of quinacridone is possible for QA/KCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and QA/NaCl/Cu(111).

STM-induced luminescence (STML) of QA/NaCl/Cu(111)

In this subsection about the STML of quinacridone, we will investigate whether and under what conditions STML may be observed on KCl or NaCl. STML would show that the molecule is sufficiently decoupled and act as a proof of concept for our nano-optical system. Furthermore, STML of quinacridone has never been reported to our knowledge. Kong et al. [START_REF] Kong | Probing intramolecular vibronic coupling through vibronic-state imaging[END_REF] have observed the vibronic structure of pentacene on a thin NaCl film through STML.

As quinacridone only differs from pentacene by 4 functional groups, we expect quinacridone to be able to exhibit luminescence in such a system. However STML requires that the molecule is decoupled enough from the metallic surface, and that we have a specific positioning of the energy levels of the molecule, tip Fermi level and substrate

Fermi level. As a result, it is not known whether it will work for both KCl and NaCl.

We have seen up to now that the material, shape of the tip and any adsorbate have strong effects on the STM image and the resolution that we can attain. They also have a dramatic impact on the plasmon of the tip-sample cavity. For the visible range, tungsten is not a metal from the point of view of plasmonics. Indeed in the visible, the real part of its dielectric constant is not negative, therefore tungsten does not support surface plasmons in the visible frequency range. Thus for the STML experiments, we switch from a sharper (chemically-etched) tungsten tip which is good for imaging, to a larger (plier-cut) silver tip which supports visible plasmons. Silver also has the advantage of being a softer material. As a result, silver atoms can be moved by the strong electric field at the tip apex using voltage pulses, resulting in a different tip shape and therefore a different nanocavity plasmon. In figure 6.7 (a), we can see the emission spectrum of 2 cavities: one that is resonant with the molecular absorption and emission around 600nm, one that is emitting in the infrared around 900nm. In order to prepare the tip, voltage pulses in the range of [-10V, +10V ] and duration of a few ms were made on clean copper. After a few pulses in both polarities, most of the adsorbates have fallen down from the tip. The nanocavity plasmon resonance can be measured directly on the copper surface because the inelastic tunneling current can excite plasmonic modes of the tip-sample cavity, allowing us to probe what is in a way the spectrum of the excitation with which the molecule will be excited. Pulses can be made until the desired nanocavity plasmon resonance spectrum with a peak around 600nm is obtained. Due to thermal drift at liquid nitrogen temperatures, optimal placement of the tip was not possible. Therefore, we simply tried to avoid placing the STM tip above the center of the chain. This is displayed in figure 6.7 (b) by the semitransparent blue rectangles. If the tip is placed above such a position in the blue semitransparent area, the light emission to the far field of the molecule excited by inelastic tunneling may be exalted.

We now move back to quinacridone pinned on the salt. First we will discuss QA/KCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Figure 6.7 (d) shows the emission spectra of both when the tip is above the molecule and when it is above bare KCl. While the plasmon is still there while exciting the molecule, the peak intensity has dramatically decreased by a factor 6 at the peak maximum. This indicates that the properties of the nanocavity, such as tip height or local electric permittivity in the gap, have changed. Furthermore, another spectrum taken on bare KCl afterwards (not shown) is identical to the first reference spectrum on bare KCl, which demonstrates that the tip has not changed. Therefore we can conclude that the tip was indeed above or nearby (within ∼1nm) the molecule during acquisition. However, light from the molecule is absent from the spectrum. Further attempts were made at different voltages including -2.5V, 2.5V, 2.7V, 3.0V. Due to instability of the molecular chains, spectra for current setpoints above 0.6nA could not be measured. However, compared to reference [START_REF] Kong | Probing intramolecular vibronic coupling through vibronic-state imaging[END_REF] on pentacene at 7K where currents of 2pA were enough to obtain a spectrum, 0.6nA should be more than enough to obtain a spectrum at 78K. As a result, we turn to other possible causes for the absence of light emission from quinacridone on KCl.

To explain this, we have two hypotheses. The first that KCl might not decouple the molecule as well as NaCl, which is more frequently used in the literature. For instance, specific energy levels alignment could occur for QA/KCl which may prevent the molecule from being excited, or which may prevent radiative decay. For this reason, we also prepared QA/NaCl both as an attempt to observe STML and for comparison purposes with QA/KCl. However for 2ML, both KCl and NaCl seemingly did not provide enough decoupling, in a similar fashion to what we have observed for monolayer h-BN. As a result, we tried growing thicker films of both alkali halides, up to 4ML. However for QA/KCl, STML was yet not observed. The vertical line shows where the electronic transition of quinacridone is expected to be (1.98eV from our earlier PL measurements). Acquisition parameters for all spectra: duration 120s, grating 300 grooves/mm. STM tunneling parameters 2.7V / 0.6nA for (a), 2.5V / 0.6nA for (c).

Our second hypothesis is that charge state of the molecule may not allow for STML to happen. For another molecule, PTCDA, it has been observed that the charge state varies from PTCDA/NaCl/Au (neutral) to PTCDA/NaCl/Ag(111) (charged), with only the charged molecule able to emit light [START_REF] Cochrane | Pronounced polarization-induced energy level shifts at boundaries of organic semiconductor nanostructures[END_REF][START_REF] Cochrane | Molecularly resolved electronic landscapes of differing acceptor-donor interface geometries[END_REF].

Overall, to summarize our results for QA/KCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], we have tried on 2ML-thick to 4ML-thick islands to obtain the STM-induced luminescence of quinacridone. While 2ML was likely not enough at 78K to decouple the molecule from copper, STML was not observed, possibly due to quinacridone being negatively charged on KCl in a similar fashion to PTCDA/NaCl. However, as PTCDA (and other molecules like ZnPc as we have seen in chapter 2) can luminesce on NaCl, NaCl appeared as a good candidate for decoupling quinacridone. It should be noted that those measurements are preliminary results which were obtained in parallel to finding the appropriate growth conditions for the chains of QA on both KCl and NaCl. As a result, the geometry and environment of the molecules are not fully controlled. First we will describe the peculiar sample preparation that is visible in the STM images of figure 6.8, then we will study the spectra obtained. (2min vs 5min before) in front of the heated crucible, and therefore, the temperature of the sample must have been lower than previous depositions. As a result, NaCl was not able to diffuse as much on the surface, which created many small clusters instead of islands with irregular edges. As it turned out, the clusters created many pinning sites, and many molecules stayed on the surface as we can see in figure 6.8 (b). However, the NaCl clusters seem to have prevented the formation of quinacridone chains. This second STM image is very busy visually, because in addition to the molecules, bright round dots have appeared as we have seen before at a sample bias of 2.7V (cf figure 6.4), which we assume to be NaCl molecules which may be moved by the STM tip.

Figure 6.8 (c) shows three STML spectra obtained for QA/NaCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Note that the STM topographs in figure 6.8 (a) and (b) are given as an example, but not all spectra in (c) were acquired for this specific sample preparation.

Among the three spectra, the black one stands out as both exhibiting sharper features and shifted by 40 to 50meV compared to the other two spectra. We will detail this black one first then come back to the other two spectra. Figure 6.8 (d) shows the black spectra from (c) in more detail. The most intense peak at 1.98eV (626nm) is attributed to the pure electronic transition as it seems to broadly fit reported values for quinacridone or QA derivatives emission maximum between 600 and 700nm [START_REF] Deska | Two-photon excited luminescence and second-harmonic generation in quinacridone microstructures[END_REF][START_REF] Kalinowski | Electromodulation of luminescence in organic photoconductors[END_REF][START_REF] Liu | Luminescence properties of novel soluble quinacridones[END_REF]. The rest of the spectrum is then very similar to a vibronic spectrum. Using the pure electronic peak as the reference, vibronic transitions are displayed in figure 6.8 (d) as vertical red lines using the position of the Raman shifts and IR spectroscopy from Del Puerto et al. [START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF] for solid quinacridone. They correspond well to most of the spectrum. However, one region on the left of the spectrum is left unexplained, indicated by the left orange arrow. A speculative hypothesis may be that the molecule could be deformed while adsorbed on the salt, thus allowing for new modes that are otherwise forbidden for the flat flying molecule. This is possible especially for a molecule with partial charges distributed on different functional groups.

In fact, this spectrum of quinacridone on thin NaCl could be compared to the vibronic spectrum of pentacene on NaCl from Kong et al. [START_REF] Kong | Probing intramolecular vibronic coupling through vibronic-state imaging[END_REF] due to the similarities of the structures of QA and pentacene as well as the very similar experimental procedure (both are STML of molecules on thin NaCl films). Thus, in figure 6.9 (a), we reproduce the spectrum we obtained for quinacridone on NaCl at 78K and plot it against the spectrum extracted from Kong et al. obtained for pentacene on thin NaCl films at 7K. We notice a good qualitative agreement between several vibronic peaks owing to the similar structure of both molecules. We speculate that the differences might be due to the different functional groups between the two molecules.

Coming back to the two other spectra in figure 6.8 (c), we notice that all peaks are both shifted and broadened.

The shift could be due to different adsorption sites and local environment of the molecule. The impact of the adsorption site has been demonstrated for the PTCDA molecule on KCl [START_REF] Paulheim | Fluorescence spectroscopy of PTCDA molecules on the KCl(100) surface in the limit of low coverages: site selection and diffusion[END_REF] and on h-BN [START_REF] Brülke | The influence of an interfacial hBN layer on the fluorescence of an organic molecule[END_REF]. Finally, inhomogeneous broadening of the vibronic transitions is likely to happen outside of well-controlled systems. In our case, anything from small thermal drift to molecules moving under the STM tip can result in inhomogeneous peak broadening.

One more feature of interest on the spectrum from 6.8 (d) is a shoulder on the high energy side of the pure electronic transition. To better notice it, we reprint the spectrum in figure 6.9 with a blue arrow pointing at the shoulder, and we compute the second derivative of the signal to precisely measure the energy shifts on the left and the right shoulders of the 0-0 peak. We measure 30±5 and 23±5meV for the low energy and high energy shoulder 

Conclusion of the chapter

To conclude this chapter, through these preliminary results, we have successfully observed the STM-induced luminescence of quinacridone on 4ML of NaCl on a Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] substrate, validating our design as a system of interest for further studies in nano-optics. We have seen the luminescence of quinacridone requires careful preparation of the sample as well as a tip-sample plasmonic cavity which is resonant with the molecular adsorption and emission.

The emission of quinacridone is also affected by the adsorption/pinning site on the salt. Further studies of interest with quinacridone include spectroscopy of QA/KCl at low temperature to better understand why this system does not seem to luminesce, a more detailed study of the effect of the adsorption site, and finally the luminescence of properties for each material. Each material may also have several phases [START_REF] Voiry | Phase engineering of transition metal dichalcogenides[END_REF]. excitons. As the spin-degeneracy is lifted, by using left-or right-handed circularly polarized light for instance, one can selectively excite one exciton or the other [START_REF] Selig | Ultrafast dynamics in monolayer transition metal dichalcogenides: interplay of dark excitons, phonons, and intervalley exchange[END_REF]. Furthermore, in these single layers, strong Coulomb interactions are also displayed as a result of the spatial confinement and weaker screening, from which their excitonic properties and large exciton binding energies of the order of 0.5eV arise [START_REF] Ramasubramaniam | Large excitonic effects in monolayers of molybdenum and tungsten dichalcogenides[END_REF], making them robust even at room temperature.

Semiconducting TMDs have been incorporated in many devices for instance as diodes or photodetectors [START_REF] Li | Photodiode-like behavior and excellent photoresponse of vertical Si/monolayer MoS 2 heterostructures[END_REF][START_REF] Wei | Photodetectors based on junctions of two-dimensional transition metal dichalcogenides[END_REF]. They are also studied for potential photovoltaic applications as space-efficient 2D materials that would allow higher collection efficiencies when stacked [START_REF] Shahriar Memaran | Pronounced photovoltaic response from multilayered transition-metal dichalcogenides PN-junctions[END_REF][START_REF] Rawat | Nanoscale interfaces of janus monolayers of transition metal dichalcogenides for 2D photovoltaic and piezoelectric applications[END_REF][START_REF] Wang | Efficient ultrathin liquid junction photovoltaics based on transition metal dichalcogenides[END_REF]. In this work, we study them as flakes exfoliated onto an indium-tin-oxide (ITO)-coated glass sample.

In our case, as we are interested in optical properties, we focus on the semiconducting phases of a two TMDs: the 2H phases of both MoSe 2 and WS 2 . Notably, they exhibit an indirect to direct bandgap transition at the single layer limit, making them good light emitters as a monolayer. 2H MoSe 2 has a direct bandgap of 2.18eV [START_REF] Miguel M Ugeda | Giant bandgap renormalization and excitonic effects in a monolayer transition metal dichalcogenide semiconductor[END_REF] (measured by STS and PL and corroborated by ab initio calculations) while 2H WS 2 has a direct bandgap of 2.42eV [START_REF] Herbig | Local electronic properties of coherent single-layer WS 2 /WSe 2 lateral heterostructures[END_REF] (measured by STS) as monolayers.

The study of TMD materials was shared between Delphine Pommier, also PhD student in ISMO (who has now graduated), Ricardo J. Peña, PhD student from the State University of Campinas, Brazil, and myself. Delphine

Pommier acquired data for both MoSe 2 and WS 2 while I focused on data acquisition for only WS 2 , but both of us discussed all results. A few results from MoSe 2 will be reproduced here with permission from our article [START_REF] Pommier | Scanning tunneling microscope-induced excitonic luminescence of a two-dimensional semiconductor[END_REF] (Copyright 2019 by the American Physical Society) for comparison with my WS 2 results. Additionally, during the writing of this manuscript, Ricardo J. Peña came to ISMO as part of a collaboration with his group from the State University of Campinas. I showed him how to perform a novel type of experiments that I discovered by chance.

This novel experiment will be detailed below and is based on the effect of an STM tip in tunneling conditions on the laser-induced photoluminescence of WS 2 . With his additional results, we were able to further our understanding of the phenomena at play. An article on WS 2 is under preparation. Only my preliminary results on WS 2 are presented in this manuscript.

Photoluminescence and STM-induced luminescence of monolayer MoSe 2 and WS 2

We start by studying the PL and STML of MoSe 2 as this material presents a comparatively simpler to understand luminescence spectrum compared to WS 2 . To our knowledge, these results on MoSe 2 are the first to have observed purely excitonic luminescence using STM as the source of excitation. -different MoSe 2 -ITO coupling due to the presence of a decoupling water layer in-between [START_REF] Javier | Tunneling-current-induced local excitonic luminescence in p-doped WSe 2 monolayers[END_REF] resulting from the fabrication process and the ambient condition of measurement, -different local doping levels due to the inhomogeneous local composition of ITO (grains) [START_REF] Lin | Electronic conduction properties of indium tin oxide: single-particle and manybody transport[END_REF],

-different mechanical stress due to the roughness of ITO [START_REF] Castro-Rodrıguez | Effect of indium tin oxide substrate roughness on the morphology, structural and optical properties of CdS thin films[END_REF], e.g. some flakes may follow the roughness of the ITO while some may be suspended. surprisingly, the entire flake is visibly luminescent and specific hotspots appear. This shows that either charges or excitons diffuse over micrometer lengths in the flake and rules out any radiative transition between a tip state and the sample. In the case of charges diffusing, they then form excitons and recombine locally. In the case of excitons diffusing, they simply recombine after diffusing. This leads to radiative recombination over the entire flake. However, some defects may trap charges at a specific spot, thus acting as recombination centers and lead to the hotspots such as the one visible in the inset of (d). In any case, hotspots indicate a region where the excitons will stay for a prolonged time compared to the rest of the flake. In our experiment, we could not investigate their exact nature.

They could be selenium vacancies, or a substitution with another material during the synthesis of MoSe 2 . Finally, we arrive at 7.2 (e) which shows a comparison of the laser-induced photoluminescence (PL, black curve) and the STM-induced luminescence (STML, red curve). For this analysis, I will quote our article [START_REF] Pommier | Scanning tunneling microscope-induced excitonic luminescence of a two-dimensional semiconductor[END_REF] :

"The STML and PL spectra from monolayer MoSe 2 shown in Fig. 7.2 (e) are similar to each other. At a sample bias of Vs = 2V and a current set point of 10 nA, an STML peak at 1.57eV (λ = 788nm) is observed: the full width of which is 74 meV at half-maximum (FWHM). The lower FWHMs are measured at lower currents, i.e., 55meV at 0.1nA for the 1.5-3.0V bias range. Likewise, the PL spectrum of monolayer MoSe 2 exhibits an emission peak at 1.58eV: the FWHM of which is 45meV. These values are typical of the neutral A exciton in MoSe 2 at room temperature [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der Waals heterostructures[END_REF]. The peaks in both spectra in Fig. 7.2 (e) are asymmetric on the low-energy side due to additional contributions from charged excitons (trions) [START_REF] Chernikov | Excitons in atomically thin transition-metal dichalcogenides[END_REF] and/or vibronic transitions [START_REF] Christiansen | Phonon sidebands in monolayer transition metal dichalcogenides[END_REF][START_REF] Niehues | Strain control of exciton-phonon coupling in atomically thin semiconductors[END_REF]. Such contributions cannot be resolved at room temperature. In addition, the semilog plot shown in Fig. 7.2 (e) clearly shows the existence of a secondary peak blueshifted by 180-190meV with respect to the A exciton. This shift matches the energy splitting of the valence band due to spin-orbit coupling in monolayer MoSe 2 [START_REF] Chernikov | Excitons in atomically thin transition-metal dichalcogenides[END_REF]; thus, we ascribe the blueshifted peak to hot luminescence from the B exciton [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der Waals heterostructures[END_REF]. The match between the PL and STML spectra shown in Fig. 7.2 (e) is evidence that they result from the same emission mechanism. Thus, the dominant emission process of STML from monolayer MoSe 2 on ITO is the radiative recombination of A excitons in MoSe 2 . Other emission mechanisms such as blackbody radiation or radiative electronic transitions between tip and surface states may be ruled out because of the close match of the results to the PL spectrum."

We now realize the same PL and STML experiments on WS 2 . The PL spectrum features a peak at 2.035eV, which we assign to the neutral A exciton [START_REF] Lorchat | Filtering the photoluminescence spectra of atomically thin semiconductors with graphene[END_REF][START_REF] Wang | In-plane propagation of light in transition metal dichalcogenide monolayers: optical selection rules[END_REF]. The STML peak, recorded at a sample bias V s = 3V and a current setpoint I t = 1.0nA, is almost three times as broad as the PL peak and it is redshifted, i.e., at 2.000 ± 0.006eV on the low energy side (from 1.99eV to 1.70eV including the shoulder at 1.89eV) indicates that further contributions are still unaccounted for. This is often described as localized excitons in the litterature [START_REF] Koperski | Optical properties of atomically thin transition metal dichalcogenides: observations and puzzles[END_REF][START_REF] Jadczak | Probing of free and localized excitons and trions in atomically thin WSe 2 , WS 2 , MoSe 2 and MoS 2 in photoluminescence and reflectivity experiments[END_REF][START_REF] Bonnet | Nanoscale modification of WS 2 trion emission by its local electromagnetic environment[END_REF]. These localized exciton would be associated with different defects in the material, but their exact nature is still unclear.

Comparing now our PL and STML experiments for MoSe 2 and WS 2 , we see that each TMD material has a very different spectrum. MoSe 2 is comparatively simpler, with two clear contributions that we attribute to the A and B excitons. In WS 2 however, the B exciton seems absent from the PL, which would suggest that its radiative decay rate is much smaller than its conversion rate into an A exciton. Furthermore, a broader, redshifted peak is visible in the spectrum. The redshift and broadening of the peak seems to be due to a stronger trion contribution in STML.

One hypothesis could be that free carriers are already in the sample, forming trions a few ps [START_REF] Peng Fan | Trion-induced distinct transient behavior and stokes shift in WS 2 monolayers[END_REF] after excitons are created by the tunneling current. Even though no study with ITO as a substrate is available, substrate-dependent doping has been reported, eg for SiO 2 /Si [START_REF] Kobayashi | Growth and optical properties of high-quality monolayer WS 2 on graphite[END_REF].

Another figure of merit worth investigating is the quantum efficiency, i.e. the number of emitted photon per tunneling electron. It can be calculated by recording the tunneling current and integrating the spectrum to get the total number of photons. The formula is :

QE = N ph e I∆t
with N ph the total number of photons, e the charge of an electron, I the current setpoint, ∆t the acquisition time.

The efficiency varies from flake to flake but it is of the order of 10 -8 to 10 -9 photon per electron for MoSe 2 and 10 -6 to 10 -7 photon per electron for WS 2 . The primary reason for these seemingly low efficiencies is the low proportion of inelastically tunneling electrons in the total tunneling current. Secondly, these efficiencies may seem very low compared to efficiencies up to 10 -4 photon per electron reported for WS 2 in B. Schuler et al. [START_REF] Schuler | Electrically driven photon emission from individual atomic defects in monolayer WS 2[END_REF],

but the goal of our experiment was to observed pure excitonic luminescence. Therefore we used materials with no plasmons in the visible range, namely tungsten for the STM tip and ITO for the substrate. Thus the radiative coupling to the far field was much lower than in [START_REF] Schuler | Electrically driven photon emission from individual atomic defects in monolayer WS 2[END_REF], who used plasmonic materials in the visible range (Au tip, SiC substrate).

In fact, more detail can even be acquired by recording at each tip position of the STM image both the tunneling current and the number of photons emitted (with an avalanche photodiode (APD)). With the number of photons emitted at each pixel, one can get a so-called photon map. The ratio of the photon and current map yields an efficiency map that may reveal additional details of the sample with the spatial lateral resolution of the STM. In our case, for STM in ambient conditions, that is a lateral resolution of 10-20nm. Such an efficiency map (figure 7.4 (b)

) is compared to a standard STM topography image (figure 7.4 (a) ). The efficiency map exhibits a sharp contrast between the two WS 2 1ML flakes that is not visible on the STM map. An optical microscope image of the photoluminescence is provided in 7.4 (c) and also shows this contrast, albeit with much lower resolution, λ/2N A ∼210nm

(image sampling 85nm/pixel).

Looking only at the PL optical and the efficiency map, one could think that the two areas of the WS 2 are 1ML for the brighter area and 2ML for the fainter area. However, looking at the STM image, no height difference is visible, meaning that we have the same number of layers on both sides. Another clue is that the efficiency decreases from the bright area to the faint area by only about 17%, i.e. by less than one order of magnitude. We suggest that those two areas are actually two different monolayer flakes, with a different coupling to the ITO and/or a different environment that results in a relative quenching of the luminescence of one flake compared to the other.

To conclude this section, we have seen that STM-induced luminescence is a technique that allows us to probe the excitonic properties of MoSe 2 and WS 2 with a much lower resolution than optical spectroscopy. It also offers an alternative excitation mechanism, with an out-of-plane tip-sample dipole compared to the usually in-plane dipole of a laser. 

Local electrical control of the photoluminescence via the STM tip

One final series of novel experiments we have conducted is to investigate the effect of the approached STM tip on the photoluminescence induced by laser. Photoluminescence images are recorded in presence of the STM tip in the tunneling regime. In this way, the effect of the biased tip-sample junction on the luminescence properties of the semiconductor may be spatially resolved (using the optical microscope) and its dependence on the bias voltage and current setpoint may be investigated. At first, one may expect that the presence of the STM tip only locally affects the photoluminescence yield on an area with comparable size to the tip-induced electrostatic field, i.e. less than the diffraction limit of our optical microscope. But as it turns out, the effects are seen over micrometer-sized flakes. As PL is measured, the STM tip is engaged and the sample bias is gradually increased from 0.5 to 1.5eV by steps of 0.1eV, after which the tip is finally withdrawn. The PL intensity integrated over a circular area of radius ∼3µm centered on the tip is plotted in Fig. 7.5 (f) versus time, together with the applied bias. The PL intensity integrated over all in-plane directions is plotted versus the lateral distance from the tip in Fig. 7.5 (g). In both figures, the PL intensity is divided by its value at the beginning of the experiment; thus, it is the relative variation of the PL intensity that is considered, in order to get rid of all other spatial heterogeneities.

The zoomed-in areas shown in inset of Fig. 7.5 (b) and the top curves in Fig. 7.5 (g) reveal that, at low bias voltage (V s ≤ 0.8eV), the PL is quenched within a localized area around the tip. The resulting intensity dip has a FWHM of 0.25 to 0.30µm, which is slightly larger than the point spread function (PSF) of the optical microscope (λ 0 /2NA ∼ 0.21µm). Analytical calculations indicate that this quenching is primarily of electromagnetic origin. However, at higher bias voltage (V s ≥ 1.1eV), the presence of the tip yields a comparatively much larger, micrometer-sized, dark circular area. The resulting intensity dip increases both in depth and in lateral spread as the bias voltage is raised.

At V s = 1.5eV [Fig. 7.5 (f)], the PL averaged over an area of 32µm² around the tip is reduced by a factor of two. As shown in Fig. 7.5 (d), this other quenching effect does not extend itself across the cracks separating the split pieces of the monolayer flake; thus, it must be of electronic origin. At this time, we are unable to provide a definite explanation for this behaviour, as it could result from a thermoelectric Seebeck effect, electrolysis of the water between the flake and ITO, charge injection from the tip or others. This effect is unlikely to result solely from the tip-sample distance changing as we vary the voltage in constant current mode. Indeed, the extension of the electromagnetic field below the tip is smaller than the resolution of the optical microscope. Thus any change due to the change in tip height would have to be confined to a single pixel below the tip. Instead, we suggest that a gradient of the majority carrier density induced by the STM tip electromagnetic field (i.e. lateral band bending) might explain the observed quenching.

Another discussion is related to the effect of the STM tip on the excitation power. There are two aspects to consider: the near field and the far field. For the near field, there is likely a lightning rod effect which enhances the field, but this would be by less than one order of magnitude. Furthermore, tungsten is not plasmonic in the visible range, thus the presence of the tungsten tip only increases the losses by non-radiative paths. Finally, as mentioned above, these near field affects would be confined below the resolution of our optical microscope and would only affect a single pixel. For the far field considerations, the laser illuminates the sample in transmission, in normal incidence and opposite to the STM tip. Thus the STM tip is unlikely to have any effect on the far field illumination of the sample.

Further ongoing experiments (not shown) suggest that this effect is not ambipolar, i.e. the quenching behaviour of the STM tip varies with the bias polarity, and thus very different mechanisms are at play for each polarity. Spatiallyresolved photoluminescence spectroscopy on tip-quenched areas and unquenched areas may exhibit different spectra, with possible insights into those differing mechanisms.

Conclusion of the chapter

Semiconducting TMDs are layered materials which are of interest for excitonic physics and optoelectronic appli-cations. We studied both the laser-induced photoluminescence and the STM-induced luminescence of monolayer MoSe 2 and WS 2 in ambient conditions. MoSe 2 exhibited two contributions from the neutral A and B excitons both in photoluminescence and STM-induced luminescence. For WS 2 , while we observed the neutral A exciton in photoluminescence, in STM-induced luminescence only trions and localized excitons linked to defects were visible in the spectrum. Quantum efficiencies up to 10 -8 photons per electron for MoSe 2 and 10 -6 photons per electron for WS 2 were observed. Photon mapping allowed to obtain structural information of the sample which was not available from STM topography alone and which was spatially resolved much beyond the diffraction limit of light. Finally, combining STM and photoluminescence, we modulated the photoluminescence emission properties of the TMD material over micrometer-sized areas. These early results open the door to new ongoing experiments built upon these ideas to further understanding of the excitonic and light emission processes in these materials.

Chapter 8

Conclusion and perspectives

The work reported in this manuscript focused on the design and study of low dimensional systems of interest for nano-optics. Two main topics were addressed: the growth and luminescence of 1D self-assembled molecular chains of quinacridone (QA) on thin insulating films in ultrahigh vacuum, and the excitonic properties and emission of 2D semiconductors, i.e., monolayer transition metal dichalcogenides (MoSe 2 and WS 2 ) in ambient conditions.

For molecules, as the 1D chains require a fine balance of intermolecular interactions and with the substrate, a comprehensive understanding was needed. As a result, in chapter 4, possible phases of quinacridone on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] were investigated through varying annealing and coverages of the surface. The observed phases were then studied structurally. Two main phases were investigated in detail and show the importance of hydrogen bonding and chirality for the self-structuration of the system. The α' phase exhibited upon deposition at room temperature was composed of six domains of 1D chains following with a ∼20°angle the hexagonal Cu(111) lattice directions. The domains were mirrored due to the chiral properties of the adsorbed molecule. The α' phase was not thermodynamically stable as it morphed into the β' phase upon annealing at 500K. This revealed the strong interaction with the Cu(111) surface, inhibiting the phase transition at room temperature. The β' prime phase still relied on hydrogen bonds, but this time quinacridone formed 2D domains. Individual molecules also followed the same orientation with respect to the Cu(111) substrate. Intermediate and other phases were also obtained, showing that for quinacridone on Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], any disruption favouring one type of interaction over the other can change the resulting structure significantly. Thus many of the interactions are of the same order of magnitude. Laser-induced luminescence of multilayer quinacridone has also been measured. The resulting peaks are likely due to the presence of different light-emitting structures of quinacridone on the surface for 10ML. A Raman series has also been observed. Overall, the important message of these results for our design is that in the case of 1D chain formation, hydrogen bonds are driving the self-assembling behaviour and thus 1D chains of quinacridone can be grown on thin insulating films.

Chapter 5 on thin insulating films resulted from the need to efficiently decouple quinacridone from the metallic Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] while still allowing tunneling current for STM studies. Before depositing the molecule, the growth mode of different insulators was studied. Monolayer hexagonal boron nitride (h-BN) was deposited from a self-terminating copper-assisted catalysis of borazine gas. Multiple single-layer islands covered 80 to 90% of the metallic substrate and displayed a strong Moiré pattern due to the similar lattice constant and rotational mismatch with Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. The growth of two alkali halide salts, KCl and NaCl, were also studied on both Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and Ag(100) surfaces. For most parameters at room temperature, the growth mode was not a layer-by-layer mode. Instead, a square wetting layer composed of two atomic monolayers partly covered the surface, leaving bare metallic areas. A new single monolayer then started growing on top of this wetting layer. For larger deposition integrals, coverage of the surface was increased, although never complete, but the thickness of the KCl islands increased, with new layers growing on top of the already existing ones. This unique growth mode allowed for some control of the thickness of the film while leaving bare metal, which is desirable for tip cleaning and shaping the tip-sample plasmon.

Chapter 6 described the result of depositing quinacridone on the thin insulating films we studied. Quinacridone formed close-packed domains of chains on monolayer h-BN, indicating the loss of a substrate-mediated repulsion.

However, the orientations of these domains is still related with the directions of the Cu(111) substrate below the atomically-thin h-BN. Thus there still exists some form of epitaxial relation between the molecules and the metal.

Laser-induced luminescence was only obtained after depositing 4ML of quinacridone on monolayer h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF].

The decrease from 10ML QA to only 4ML QA on monolayer h-BN required for the luminescence of QA shows that h-BN is a promising candidate for decoupling if thicker layers can be grown, which was not the case for us using borazine dissociation (max 1ML). Similar spectra to 10ML QA/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] were obtained, with a broad peak due to different structures of quinacridone on the surface as well as the same Raman series. These results indicate that a single h-BN layer is not enough to decouple quinacridone from Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. More generally, these results suggest that if some molecule-metal epitaxy subsists, the decoupling is not enough and the molecular luminescence will still be quenched.

For quinacridone on salts however, the behaviour was different. Due to the mobility of QA at room temperature, all molecules moved from the salt to the copper, indicating that the epitaxial relation with Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] is stronger than with the salt. A new growth strategy had to be elaborated for self-assembly to occur on the salt. A two-step deposition process for the salts was designed to create irregularly-shaped layers, pinning QA likely due to local charges resulting from kinks and defects. Using this new growth technique, single molecules and even small chains of up to 15 molecules were observed on the salt at 77K. STM-induced luminescence was observed on NaCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF].

The 0-0 transition as well as a vibronic series was observed. This confirms the previous result on h-BN: moleculemetal epitaxy is essential to the formation of 1D chains. However, due to hybridization of the electronic states of quinacridone with the metallic states, chains grown using this molecule-metal epitaxy are not luminescent. Thin insulator films may decouple molecular states from metallic states. But by doing so, they also remove one of the necessary interactions for chain growth. Thus on salts, a new stabilizing mechanism is needed for chains to form.

Epitaxy with the salt is a possibility, but our work shows that defect-stabilized nucleation sites can also be used to grow luminescent 1D quinacridone chains on alkali halide thin films.

Finally, chapter 7 moved from studying molecules in ultrahigh vacuum and low temperature to 2D materials in ambient conditions. The laser-induced photoluminescence (PL) and STM-induced luminescence (STML) were compared for 2 TMDs, MoSe 2 and WS 2 . For the first time, pure excitonic emission was observed, with no surface plasmon at the considered wavelengths (in the visible range). MoSe 2 PL and STML exhibited similar emission mechanisms, namely the radiative decay of A and B excitons. The differences in PL and STML of WS 2 were more pronounced. The PL simply exhibited the luminescence from the neutral A exciton. The STML however exhibited a broad peak shifted compared to the PL. The main contribution of the STML peak was identified as the charged A exciton. The large tail on the low energy side is made of several other contributions, as of yet unidentified but possibly linked to defects. Photon mapping was also performed on WS 2 , revealing different coupling strengths of two different monolayer flakes to the ITO substrate. Finally, a novel type of experiment was designed to study the effect of an STM tip in tunneling condition on the PL of WS 2 . By combining STM and wide-field optical microscopy, we were able to decorrelate the electromagnetic effect of the STM tip from the effect of the electronic tunneling current.

Thus, we were able to study the effect of the tunneling current on light emission properties and possibly on exciton dynamics on the timescale of one second and a sub-micrometer spatial resolution. This information is usually not available to STML-only experiments. A micrometer-sized spatial quenching of the PL was observed for positive sample bias. When the tip is retracted, the PL recovered instantly down to our time resolution (less than 1 second).

Due to the small lateral extension of the electromagnetic field below the tip and the size of the affected area, the effect has to be of electronic origin. Our hypothesis is that tunneling electrons from the STM tip combine with the laser-created neutral excitons to form trions (i.e. charged excitons). The radiative decay of these trions may have a lower quantum yield compared to the radiative recombination of excitons, effectively lowering the luminescence yield. Further experiments are ongoing, notably at negative sample bias to show a different behaviour for different charge carriers, and on the resulting changes in the luminescence spectrum.

For future studies, a few were already suggested above. We would add that determining the charge state of quinacridone on KCl and NaCl, through STS at liquid helium temperature for instance, may reveal why STML did not work on KCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Quinacridone chains on other thin insulating films and other metallic substrates should also be investigated and may result in luminescent 1D chains. For TMDs and especially WS 2 , it seems crucial to determine the doping of the material, the role of the substrate (ITO) and of the defects. Additionally, STM tip-induced quenching of the laser-induced PL should be studied at negative sample bias and comparison of quenched/unquenched areas should be explored to further confirm the charge injection hypothesis. Finally, the same experiments could be tried with other TMDs on ITO, especially materials with similar chemical composition to MoSe 2 and WS 2 such as MoS 2 .

They may yield further insight into excitonic emission mechanisms, doping, and the effect of defects. Title: Design and study of low dimensional systems decoupled from metallic surfaces for nano-optics Keywords: luminescence spectroscopy, exciton, scanning tunneling microscopy, inelastic tunneling, molecular assembly Abstract: Organic molecules may become the building blocks of tomorrow's electronics. Their size ( 1nm) is one order of magnitude smaller than the smallest components of silicon devices ( 10nm). An organic molecule can absorb light and transfer its energy to its neighbours via short-scale ( 1 to 10nm) resonant dipole-dipole coupling, a process that may be used to transfer information in highly miniaturized devices. Such a device could be a 1D nanowire along which molecular excitations (excitons) can propagate. Molecular self-assembly into 1D chains is therefore a critical aspect for this purpose. In addition, 2D semiconducting materials such as monolayer transition metal dichalcogenides (TMDs) have been drawing increasing attention as novel platforms for exciton generation and diffusion, with many potential applications to nano-optics and optoelectronics. In a first step of this PhD thesis, we study the growth of self-assembled 1D chains of a chiral molecule (quinacridone) under ultrahigh vacuum. Under these conditions, the formation of chains is partially guided by interactions with a monocrystalline Cu(111) surface; however, the molecular electronic states are decoupled from the metallic substrate using thin films of alkali halides (less than 5 ML) or a single layer of boron nitride (a wide-bandgap 2D semiconductor).

We study the growth modes and the structure of the chains using scanning tunneling microscopy (STM) and high resolution low energy electron diffraction (SPA-LEED). In a second step, we study the excitonic properties of monolayer TMDs exfoliated onto transparent conducting electrodes (ITO) at the nanoscale using an air-operated STM coupled with an optical microscope. Excitons are generated under the STM tip through inelastic tunneling current, and they may diffuse in the TMD material up to several micrometers away from the source.
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Figure 2 . 1 :

 21 Figure 2.1: Self-assembly of nanoribbons of titanyl phthalocyanine (TiOPc) on Cu(110) through Cu adatom covalent bonding. a) is before and b) after annealing. Reprinted with permission from [43]. Copyright 2015 American Chemical Society.

Figure 2 . 2 :

 22 Figure 2.2: Different techniques of 1D self-assembled molecular structures. Republished with permission of the Royal Society of Chemistry from [23]; permission conveyed through Copyright Clearance Center, Inc.

Figure 2 . 3 :

 23 Figure 2.3: Schematics detailing what is an exciton. Panel a) shows the creation of an exciton in a semiconductor by absorption of a photon. Panel b) shows two types of excitons, the delocalized Wannier-Mott and the localized Frenkel exciton, and illustrates the optical bandgap energy as lower than the electronic bandgap due to the exciton binding energy.

Figure 2 . 4 :

 24 Figure 2.4: Schematics illustrating the need of a decoupling layer. Panel a) shows the typical decay times between radiative and non-radiative decay processes for an excited molecule adsorbed on a metal [56, 57]. Panel b) shows the effect of adding a spacer, i.e. an insulator film, to spatially decouple the molecule from the metallic surface states.

Figure 2 . 5 :

 25 Figure 2.5: Schemes illustrating different decoupling methods from the literature. a) Using multiple layers of molecules [60]. Two types of porphyrins are used (H 2 TBPP and PtTBPP). The molecules are actually lying parallel to the surface. b) Using self-coupling molecules composed of a fluorophore on top of a decoupling tripod. Reprinted with permission from [61]. Copyright 2013 American Chemical Society. c) Using metallic oxide [62]. The molecules are actually lying parallel to the surface. d) Using a suspended molecule, i.e. the STM tip picks up a molecule. Figure reprinted with permission from [63]. Copyright 2016 by the American Physical Society.

Figure 2 .

 2 Figure 2.6 shows two of such experiments. Doppagne et al. [65] have used an Ag tip to excite zinc phtalocyanine (ZnPc) molecules decoupled from a Ag(111) surface by a few layers of NaCl, as schematized in figure 2.6 a). This has been realized in ultrahigh vacuum (UHV, ≤ 10 -10 mbar) at low temperature (LT, 4.5K). Panel b) shows an STM topograph of a single ZnPc molecule and chains of 2 and 4 molecules. In a very similar fashion, Luo et al. [66] have excited the same molecule ZnPc with a silver tip in the same conditions (ie UHV and LT), but this time forming chains from 1 to 12 molecules as can be seen in panel (c). Panel (d) is a schematic of their experiment, which is very similar to panel (a).

Figure 2 . 6 :

 26 Figure 2.6: Panel (a) Schematic of the experiment. ZnPc molecules have been deposited on 2-3ML thin islands of NaCl on a Ag(111) substrate. An STM tip excites the molecules and the light emitted by the molecule is collected in the far field. Panel (b) shows an STM topography image with ZnPc chains from 1 to 4 molecules long. STM parameters for the image are -2.5V / 30pA. Panel (c) is also an STM topography image taken at 2.5V / 2 pA. Panel (d) is a schematic of the experiment. Figure reprinted with permission from [65] Copyright 2017 by the American Physical Society for panels (a) and (b).Figure reprinted with permission from [66] Copyright 2019 by the American Physical Society for panels (c) and (d).

  Figure 2.6: Panel (a) Schematic of the experiment. ZnPc molecules have been deposited on 2-3ML thin islands of NaCl on a Ag(111) substrate. An STM tip excites the molecules and the light emitted by the molecule is collected in the far field. Panel (b) shows an STM topography image with ZnPc chains from 1 to 4 molecules long. STM parameters for the image are -2.5V / 30pA. Panel (c) is also an STM topography image taken at 2.5V / 2 pA. Panel (d) is a schematic of the experiment. Figure reprinted with permission from [65] Copyright 2017 by the American Physical Society for panels (a) and (b).Figure reprinted with permission from [66] Copyright 2019 by the American Physical Society for panels (c) and (d).
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 31 Figure 3.1: Photograph of the two chambers of the VT-STM setup.

Figure 3 . 2 :

 32 Figure 3.2: Panel a) shows a photograph of the UHV chamber. Panel b) shows a scheme of the optical setup. The laser can either be the green diode or the Sapphire laser and the low pass filter is then adjusted accordingly.

Figure 3 . 3 :

 33 Figure 3.3: Panel (a) shows a schematic of the inside of the STM chamber, including the tip and sample position as well as the light collecting lens. Panel (b) shows a schematic of the entire UHV setup. Panel (c) is a picture of the setup. The optical fiber and spectrometer are not visible.
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 34 Figure 3.4: Panel (a) shows a schematic of the STM tip, sample and oil objective taken from our article [69] (reproduced with permission, Copyright 2019 by the American Physical Society). Panel (b) shows the two imaging configurations: real-space or Fourier-space. The specifications of the STM are also indicated at the top of the schematic.

( 1 .

 1 5 to 2ML) coverages. Finally, we will see that at more than 4ML, it is possible to measure a photoluminescence spectrum of quinacridone. This study was carried out at the Institute of Theoretical and Physical Chemistry of the University of Bonn, in the Organic Films group led by Prof. Dr. Moritz Sokolowski. The structural analysis of quinacridone on Cu(111) at low coverage (≤ 1M L) and the following discussion (see section 4.1 to 4.4) is adapted with permission [copyright (2020)

Figure 4 .

 4 Figure 4.1: a) Structural formula of quinacridone (QA) with the direction of the transition dipole moment indicated by the red line and a hard sphere model, which shows the dimensions of the molecule. The dimensions of the molecule result from the bond lengths and van der Waals radii that were used for this model (cf. section 2). The color code of the atoms is as follows: carbon = black, hydrogen = gray, nitrogen = blue and oxygen = red. b) Schematic illustration of the 2D-chirality of the adsorbed QA molecule on the Ag(100) surface and the relationship between the two enantiomers. The two adsorption configurations are energetically equivalent. The angle γ = 32 • was chosen such that the orientations of the molecules with respect to the Ag(100) surface corresponds to their azimuthal orientation in the α-phase (cf. Fig.4.2, below). The adsorption site is chosen arbitrarily. Adapted with permission from[START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] Copyright (2020) American Chemical Society. c) The different 3D crystal structures of quinacridone from reference[START_REF] Te Gorelik | Crystal structure of disordered nanocrystalline α IIquinacridone determined by electron diffraction[END_REF] (without change, CC-BY 3.0 licence). Note: (c) was not part of our original published article[START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] and was added in this manuscript only.

Figure 4 .

 4 Figure 4.1 (b) for QA on the Ag(100) surface. Each enantiomer is rotated by either +γ or -γ with respect to the [10]-direction of the substrate, depending on its handedness. For one given enantiomer, the +γ and -γ orientations

Figure 4 .

 4 2 (b). The STM image shows that the molecules form the same kind of chains in the second layer. Similarly to the chains of the monolayer, the directions of the chains in the second layer are influenced by the copper below, forming six domains that are mirrored accounting for chirality.
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 42 Figure 4.2: Complete monolayer of QA on the Cu(111) surface in the α'-phase. a) Overview image at a coverage of θ = 0.95 ML (U Bias = -1.5 V, I = 0.25 nA). Image size: 100 × 100 nm 2 . The inset shows a zoom-in of the structure. Image size: 25 × 25 nm 2 . b) Overview image at a coverage of θ = 1.40 ML. It shows the growth of QA chains in the second layer on top of the monolayer of the α'-phase. Image size: 100 × 100 nm 2 . c) SPA-LEED image at a coverage of θ = 0.50 ML (T = 110 K, E = 55 eV). The superstructure is almost identical to the one observed for the complete monolayer except that the vector b * 2 is ca. 50% shorter (cf. Fig 4.4 (b) and text). d) Structure model of QA on Cu(111) in the α'-phase. The model encompasses three symmetry equivalent chain directions. Reproduced with permission from [75] Copyright (2020) American Chemical Society.

Figure 4 .

 4 2 (c). It consists of six pairs of sharp spots around the specular and first order spots of the substrate that correspond to the distance b 2 between neighboring chains. Due to chirality, the lattice vector should formally be 2 b 2 . But as LEED is not very sensitive to the chirality of molecules, only b * 2 appears in the diffraction pattern. For clarity, we represent only b 2 in both the LEED image and our structural model. The rest of the pattern is made up of streaks, which indicates the lack of correlation between neighboring chains. The displayed pattern was actually recorded at submonolayer

Figure 4 .

 4 3 (a). It shows an area with a gradual transition from an ordered structure (left side), which, however, contains a large amount of small holes and larger defects, to a disordered structure composed of chain-like aggregates (right side). The molecular arrangement within the ordered structure can be seen in Figure4.3 (b), and a corresponding structure model is given in Figure4.3 (d). The structure consists of parallel molecular chains, which are held together by hydrogen bonds. But here

Figure 4 . 3 :

 43 Figure 4.3: Complete monolayer of QA on the Cu(111) surface in the β'-phase. a) Overview image at a coverage of θ = 0.95 ML (U Bias = -1.5 V, I = 0.25 nA). Image size: 21 × 21 nm 2 . The blue circles mark a common type of defect that can also be seen in (d) on the right hand side. b) Close-up of the structure (U Bias = -1.5 V, I = 0.25 nA). Image size: 5 × 5 nm 2 . It shows a symmetry equivalent domain to the one shown in (a). The unit cell determined from the STM image is depicted in white. c) SPA-LEED image at a coverage of θ = 1 ML (T = 214 K, E = 54 eV). The upper half of the image is superimposed with a simulation of the diffraction pattern. The corresponding unit cell is depicted in red and corresponds to the matrix given in the text. The long black lines point towards to first order spots of the substrate. d) Structure model of QA on Cu(111) in the β'-phase. The blue circle marks a certain kind of defect, which can be seen in (a). The image in (a) depicts a different mirror domain, which leads to the mirrored shape of the defects. The white lines mark the unit cell. The handedness of the molecules was determined by the position of the molecules relative to their next neighbors in the chain (adjacent molecules connected by hydrogen bonds). Offsets in the direction of b 1 between two molecules cause changes of the handedness along the chains.The displayed unit cell does not take into account the handedness of the molecules. The small deviation in the shape of the unit cell compared to that indicated in (b) is due to the distortion of the STM image. Reproduced with permission from[START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] Copyright (2020) American Chemical Society.

  Figures 4.3 

  (a) and (d).

  Figure 4.3 (c). The spots of the first and second order (corresponding to b * 1 and b *

2 .

 2 The matrix corresponds to a unit cell with b 1 = (15.6 ± 0.2) Å, b 2 = (25.3 ± 0.2) Å and α = (94 ± 1) • with α being the angle between b 1 and b 2 . The length b 1 matches the length of the molecule and the length b 2 corresponds to four times the width of the molecule.
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 44 Figure 4.4: Submonolayer structures of QA on the Cu(111) surface after deposition at RT ((a) and (b)) and after annealing at 600 K ((c) and (d)). a) STM image (U Bias = -1.5 V, I = 0.35 nA) at a coverage of θ = 0.50 ML. b) Structure model corresponding to (a). The average unit cell was determined from a SPA-LEED image and is indicated in white. The length b 2 varies with coverage. c) STM images (U Bias = -1.5 V, I = 0.25 nA) at a coverage of θ = 0.50 ML after annealing at 600 K for 15 minutes. The two smaller images show chains in the same direction, which consist of different enantiomers. d) Structure model corresponding to (c). Each chain adopts one out of three directions that correspond to the main directions of the substrate ([100], [010],[START_REF] Huanyao Cun | Homochiral recognition among organic molecules on Cu(110)[END_REF]). The individual chains are homochiral but all chains in all three directions can be made up of both enantiomers. The arrow in the bottom right corner indicates the[START_REF] Semion | Photonics meets excitonics: Natural and artificial molecular aggregates[END_REF]-direction of the substrate. Reproduced with permission from[START_REF] Humberg | Hydrogen-bonded one-dimensional chains of quinacridone on Ag(100) and Cu(111): The role of chirality and surface bonding[END_REF] Copyright (2020) American Chemical Society.

  images. This led to a pseudo unit cell with b 1 = (7.0 ± 0.3) Å, b 2 = (23.2 ± 1.0) Å, and α = (90 ± 1) • . Notably, the vector b 2 of the pseudo unit cell (cf. Fig. 4.4 (b)) corresponds to an average distance vector between neighboring chains, since these local distances vary. Thus, epitaxial growth with regard to Cu(111) only happens along the axis of the chain defined by the vector b 1 .= A structure model is given in Figure 4.4 (b). It shows the straight chains and the noted defects. The structure differs from that of the full monolayer of the α'-phase only by the value of b 2 , which is elongated by a factor of 1.4.

  .2). Thus we set the length of the reciprocal vectors (b * 1 and c * 1 ) at 7.0Å. Then, regarding interchain distance (reciprocal vectors (b * 2 and c *
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 45 Figure 4.5: (a) 100x100nm² STM image of an estimated 1.4ML coverage of an analogous α -phase quinacridone deposited on Cu(111) at room temperature. STM parameters -1.5V and 0.25nA. (b) 25x25nm² zoom on the area indicated in (a) by a blue square. (c) MCP-LEED image acquired at 25eV for a different preparation in the same conditions (T sample = 300K and QA coverage of 1.8ML). The two yellow and blue vectors indicate the reciprocal vectors of one enantiopure domain and its mirror domain of opposite chirality respectively. Some dust on the MCP of the LEED resulted in the bright bubble-like noise on the picture.

in figure 4

 4 .3 (a) in the bottom right corner on the boundaries of each domain have disappeared, and the domains abruptly switch from one to another. The corresponding LEED pattern is the same as the one seen in figure4.3 (c).
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 46 Figure 4.6: (a) 100x100nm² STM image of 1ML of quinacridone deposited on Cu(111) when T sample = 500K. (b) 20x20nm² zoom on the structure visible in (a). Both images: STM parameters -1.5V and 0.25nA. The Cu(111) surface lattice vectors are indicated in yellow.

Figure 4 . 7 :

 47 Figure 4.7: (a) STM image of >1ML QA/Cu(111), size 445x445nm². (b) STM image of >1ML QA/Cu(111), size 20x20nm². Both STM images: -1.5V, 0.25nA. The Cu(111) surface lattice vectors are indicated in blue. (c) MCP-LEED image acquired at 30eV. The red lines in the MCP-LEED picture indicate the Cu(111) directions. The yellow and blue vector pairs this time indicate the reciprocal vectors of the first and second layer respectively.
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 48 Figure 4.8: (a) 44x44nm² STM images of the 1ML hexagonal structure. Parameters: -1.5V, 0.25nA. The yellow arrows indicate the Cu(111) surface lattice vectors. (b) SPA-LEED image of the structure acquired at 30eV. The red lines indicate the Cu(111) directions. The yellow vectors indicate the reciprocal lattice vectors for domains of both enantiomers of quinacridone.
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 49 Figure 4.9: Two photoluminescence spectra of an estimated 10ML of QA/Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. (a) The 532nm laser excitation is indicated by the green arrow. Parameters: acquisition time 400s, grating 300 grooves/mm centered at 600nm, slit opening 0.1mm, T sample =42K. The vertical lines represent the known vibronic transition from Del Puerto et al[START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF]. The original spectrum was normalized using the laser peak as reference, and both Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] and glass tube fluorescence were substracted. A constant offset measured by averaging the baseline left of the laser peak was added to compensate for the double background substraction. Finally, an artifact of these operations was corrected by setting to 0 the values right of the laser peak, before the low-pass filter cutoff. The main feature is fitted with two Voigt profiles. A reference spectrum on bare Cu(111) is also given (red spectrum, normalized on the laser peak). (b) Comparison between the fluorescence of 10ML quinacridone with a 532nm laser and with a 458nm laser. Parameters: acquisition time 200s, grating 300 grooves/mm centered at 600nm, slit opening 0.1mm, T sample =45K. No correction was applied on this picture. The laser powers indicated in the graph correspond to the output power of the laser, not the effective power reaching the sample.
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 51 Figure 5.1: Schematic representation of the bulk NaCl crystal structure from [134] (public Domain; Benjah-bmm27 via Wikipedia), also called the rock-salt structure. Green spheres represent chloride anions , while violet spheres represent sodium atoms. Most alkali halides crystallize this way.
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 52 Figure 5.2: (a) and (b) MCP-LEED patterns obtained at 50eV of KCl on different substrates. (a) Structure of KCl on Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] for a preparation of about 1.9ML KCl on Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Three square KCl domains are visible. The copper reciprocal lattice vectors are not fully visible on the screen, only their directions are indicated in red. ∼ 0.2M L of quinacridone was also deposited on this preparation, but its diffraction pattern is too weak to be visible. The distorsion of the LEED image could not be corrected. As a result, the corners of the square KCl domains near the edge of the screen do not fit perfectly. Additionally, the scale could not be calibrated with the Cu(111) spots. As a result, the KCl reciprocal vector length is assumed to be the same as on Ag(100). (b) Structure of KCl on Ag(100) for a deposition of about 1.7ML KCl deposited. Two square domains of KCl are visible. (c) and (d) STM topography pictures acquired at 78K. (c) Structure of KCl on Cu(111) for a preparation of about 0.4ML of KCl similar to (a). The many small structures on copper like the one circled in white are quinacridone chains as a small amount of quinacridone was already deposited before acquiring this STM image. (d) Structure of KCl on Ag(100) for 1.7ML KCl deposited similar to (c).

  Figure 5.2: (a) and (b) MCP-LEED patterns obtained at 50eV of KCl on different substrates. (a) Structure of KCl on Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] for a preparation of about 1.9ML KCl on Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. Three square KCl domains are visible. The copper reciprocal lattice vectors are not fully visible on the screen, only their directions are indicated in red. ∼ 0.2M L of quinacridone was also deposited on this preparation, but its diffraction pattern is too weak to be visible. The distorsion of the LEED image could not be corrected. As a result, the corners of the square KCl domains near the edge of the screen do not fit perfectly. Additionally, the scale could not be calibrated with the Cu(111) spots. As a result, the KCl reciprocal vector length is assumed to be the same as on Ag(100). (b) Structure of KCl on Ag(100) for a deposition of about 1.7ML KCl deposited. Two square domains of KCl are visible. (c) and (d) STM topography pictures acquired at 78K. (c) Structure of KCl on Cu(111) for a preparation of about 0.4ML of KCl similar to (a). The many small structures on copper like the one circled in white are quinacridone chains as a small amount of quinacridone was already deposited before acquiring this STM image. (d) Structure of KCl on Ag(100) for 1.7ML KCl deposited similar to (c).
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 53 Figure 5.3: Plot of the average height of the first layer of KCl measured by STM profiles on Ag[START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF]. The STM piezos were calibrated using the silver step height measured at 2.04Å (theoretically 2.89Å).
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 54 Figure 5.4: (a) 500x500nm² STM topograph of KCl/Ag(100) at +0.2V / 0.3nA. The exact deposition integral is not known but the target coverage was several ML. (b) Profile taken along the line 1 in cyan indicated on the left picture.
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 55 Figure 5.5: Schematic of a top view of the structure of monolayer h-BN. Republished from Wang et al. [152] with permission from Elsevier. Blue spheres represent nitrogen atoms, and grey sphere boron atoms.

Figure 5 .

 5 Figure 5.6 (a) and (b) shows such depositions, with 80% and 90% coverage respectively. In this case, figure
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 56 Figure 5.6: (a) and (b) STM topographs of a monolayer h-BN film covering 80% for (a) and 90% for (b) of the Cu(111) substrate. STM parameters for both: +4V / 50pA / 350x350nm². The bright lines in (b) are likely boron clusters resulting from a second deposition to maximize the coverage of h-BN. (c) and (d): SPA-LEED images of the h-BN monolayer acquired at electron energies of 90eV for (c) and 54eV for (d). The Cu(111) reciprocal lattice vectors are indicated in red in (c). (d) is a zoom on the (0,0) spot for another preparation of the surface.

Figure 6 . 1 :

 61 Figure 6.1: (a) and (b) STM topographs of different preparations for low coverages of QA/h-BN/Cu(111). (a) 1.5V / 25pA / 50x50nm² / 0.05ML. (b) -1.5V / 25pA / 100x100nm² / 0.3ML. (c) STM topograph (left, -1.5V / 50pA / 50x50nm²) and (d) corresponding MCP-LEED picture acquired at 20eV for a preparation of about 0.8ML of QA/h-BN/Cu(111). The red lines in the MCP-LEED picture indicate the Cu(111) directions. The two yellow and blue vectors indicate the reciprocal vectors of one enantiopure domain and its mirror domain of opposite chirality respectively.
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 62 Figure 6.2: (a) Comparison between the photoluminescence spectrum of 10ML of quinacridone directly on Cu(111) seen before (cf subsection 4.5.4, reproduced here for comparison) and the photoluminescence spectrum of 0.4ML of quinacridone decoupled by a monolayer of h-BN from the Cu(111) substrate. Parameters for both spectra: acquisition time 40s, 10 accumulations, slit 0.1mm, grating 600 grooves/mm centered at 590nm. (b) Comparison between 0.4ML and 4ML of quinacridone on a single layer of h-BN on Cu(111). Parameters for black spectrum: acquisition time 900s, slit 0.1mm, grating 600 grooves/mm centered at 590nm. Parameters for the 2 red curve (2 spectra stitched together): acquisition time 400s, slit 0.1mm, grating 1200 grooves/mm centered at 560nm and at 590nm. The 532nm excitation laser is visible to the left in all spectra. (c) Zoom on the broad peak visible in (a) (red spectrum) fitted with 2 Voigt profiles. (d) Zoom on the broad peak visible in (b) (red spectrum) and fitted with two Voigt profiles centered on 594nm and 606nm.
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 6 Figure 6.2 shows the laser-induced luminescence of quinacridone decoupled in different ways.Figure 6.2 (a)

Figure 6 .

 6 Figure 6.2 shows the laser-induced luminescence of quinacridone decoupled in different ways.Figure 6.2 (a)compares the light emission of QA decoupled through many layers (10ML, red graph) and the light emission of 0.4ML of QA decoupled from copper with a monolayer of h-BN (black curve). We notice that the main fluorescence peak around 606nm is present for 10ML QA/Cu(111) but absent for 0.4ML QA/h-BN/Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. This result suggests that a single h-BN layer does not provide sufficient decoupling. It was already suspected from the strong pairs of spots along the Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] directions visible in the MCP-LEED from figure 6.1 bottom right which was discussed

Figure 6 .

 6 Figure 6.2 (b) compares the photoluminescence spectrum of 0.4ML of QA/h-BN/Cu(111) (in black) and of 4ML
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 63 Figure 6.3: (a) STM topography at 3V / 40pA showing one initial preparation of QA/KCl/Cu(111) with rare defect or kink managing to pin molecules on top of the 2ML salt. The pinned molecules have already formed a chain, with an additional QA molecule on top. Atomic resolution of Cl -anions is visible on the top layer of KCl (bottom and left of the picture). A Moiré is also visible both on the 2 and 3ML of KCl. (b) STM topography at 4V / 5pA of an optimized preparation showing QA/KCl/Cu(111) with irregular-shaped 4ML KCl islands in order to maximize the number of pinning sites, visible as the many dark spots on the edges of the 4ML islands. One of those pinning defects is circled in turquoise for clarity. (c) drawing of a negatively-charged step along an island edge that may act as a pinning site. Blue = K + cation, green = Cl -anion. (d) STM topograph of the same area as top right, but at 2V / 5pA to see the molecules. A molecule that is adsorbed on the previously circled defect is also circled in turquoise for clarity.

Figure 6 .

 6 Figure 6.3 (b) shows the result of this preparation method. It should be noted that the coverage of the first

  .3 (b) and (d) pictures, the voltage applied on the sample for STM imaging can change drastically what we observe. As a result, before looking specifically at the molecules and chains, we will first analyze the different structures visible at different voltages.

Figure 6 .

 6 Figure 6.4 shows the same 100x100nm² area when scanned under different sample voltages. The area is composed of large 3ML KCl islands on top of which very irregular 4th and 5th layers have been grown. A small amount of quinacridone (<0.2ML) has also been deposited before all pictures were taken.

Figure 6 .

 6 Figure 6.4 (a) shows the area acquired at 4V, which corresponds to tunneling into the image potential states of

Figure 6 .

 6 Figure 6.4 (c) shows the same area at 3V. Radical changes are observed. Looking first at the KCl layers, we notice a decrease in contrast between the different heights. The edges of the islands however display a stronger topographical contrast than the flat surface of the islands. Regarding the defects, the dark spots are bigger than before, especially the ones on which a molecule has adsorbed, as we will see in the next pictures. Finally, additional bright spots have appeared on the edges, which we tentatively assign to other types of defect and/or to adsorbed KCl molecules.
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 64 Figure 6.4: (a) to (e) Five STM topographs of the same 100x100nm² area with QA/KCl/Cu(111) at different voltages. The sample voltages were decreased from 4V to 2V and are indicated in yellow in the bottom left of each picture.The current setpoint was 5pA for all images. The thickness of the KCl film varied between 3 to 5ML and is indicated in white in (a). All pictures were acquired at 78K. Some lateral drift is visible between the 4V and the 3.5V pictures as a result of the tip having to further approach the surface when moving from field emission regime to tunneling regime. (f) A typical STS spectrum taken on a quinacridone chain adsorbed onto at least 3ML KCl. I(V) was recorded, smoothed using 5 point FFT filter, then derived numerically to better observe the peaks.

Figure 6 .

 6 Figure 6.5 (a) shows a single QA molecule at 2V. A hard sphere model to size is placed next to it with the orientation we suggest for comparison. One can see that the orbitals seem larger than the hard sphere model,
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 66 Figure 6.6: All: STM topographs of QA/KCl/Cu(111). (a) Image with clear molecular resolution and atomic resolution of Cl -anions for the 4ML islands. An example of a dimer is circled in blue. STM parameters: 2V / 10pA. (b) Zoom of top left on chains of different length (2 dimers, 1 trimer and 1 chain of 4 molecules). Hard sphere models of quinacridone to scale and with the correct orientation is superimposed for clarity. (c) Other preparation with higher deposited amount of quinacridone leading to the formation of a chain of at least 16 molecules. Atomic resolution of Cl -anions for 4ML islands is also visible. STM parameters: 2V / 5pA.

Grey curves from figure 6 . 7 (

 67 a) and (d) are good examples of the typical nanocavity plasmon resonance spectrum we have used to excite the molecule and couple its luminescence into the far-field. STML of a molecule under the tip requires that the electric field of the tip-surface nanocavity plasmon at the molecule has a non-null component parallel to the transition dipole moment of the molecule. This coupling condition between the nanocavity and the molecule is very similar to the dipole orientation factor found in the efficiency of Förster resonant energy transfer between two molecules. For a molecule with a transition dipole moment oriented parallel to the surface plane, this nanocavity-molecule dipolar coupling is null when the tip apex is located on the geometric center of the molecule.
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 67 Figure 6.7: (a) Schematic showing the direction of the transition dipole moments of quinacridone molecules in a chain (red line) and the areas where the STM tip was roughly positioned to excite the molecule for luminescence experiments (blue semitransparent rectangles). (b) Spectra of plasmons for very different tip-sample cavities.The red spectrum has a main peak at 881nm (1.41eV), the grey spectrum has several features, but the main one peaks at 598nm (2.07eV). The vertical line shows where the electronic transition of quinacridone is expected to be. (c) STM topography image acquired at 2.0V / 5pA. The red (grey) line indicates the position where the red (grey) spectrum in (c) was acquired, respectively. Of note, this image was acquired with a double tip as a repeated shape with weaker contrast is present a few nanometers below each chain. (d) Comparison of the plasmon above 2ML KCl/Cu(111) (grey) and QA/2ML KCl/Cu(111) (red). The vertical line shows where the electronic transition of quinacridone is expected to be (1.98eV from our earlier PL measurements). Acquisition parameters for all spectra: duration 120s, grating 300 grooves/mm. STM tunneling parameters 2.7V / 0.6nA for (a), 2.5V / 0.6nA for (c).

Figure 6 .

 6 Figure 6.8 (a) shows a preliminary scan to map the area. This scan was done at 4V as we have shown earlier (cf figure6.4) that at this voltage the tip is at a safe distance from the sample and only salt islands are visible for clarity (no QA molecule is visible in (a) ). The entire area we scanned is covered by flat 3ML-thick NaCl, and flat islands of 4 to 5ML are visible. Additionally, small NaCl clusters are dotted all over the area. This is the result of a shorter second NaCl deposition when the sample is cold, taken out from the STM cryostat. The sample spent less time
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 68 Figure 6.8: (a) STM image acquired at 4V / 5pA to "map" the area. At 4V, only the NaCl islands are visible. (b) STM topograph acquired at 2.7V / 5pA. Both QA molecules and the bright spots (possibly NaCl molecules) seen previously in figure 6.4 are visible. Edges of islands of 4 and 5ML are retraced in white for clarity. The number of NaCl layers is also indicated in white. Lines show the position of the tip during some of the excitations (error ±1nm). The grey line shows the position of the tip during the acquisition of a reference plasmon on bare NaCl (not shown). The red line shows the position of the tip above a quinacridone side lobe. (c) Three different STML spectra obtained with the tip on top of different molecules on NaCl. No plasmonic spectra is shown. Acquisition parameters for all spectra: duration 120s, grating 300 grooves/mm, STM excitation 2.7V / 0.6nA. (d) Detail of the black spectrum in (c). On the spectrum, known Raman and IR transitions from table6.1 (reference[START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF]) are indicated with red vertical lines. The vibrational modes from the reference corresponding to the strongest observed peaks are indicated (δ ip : in-plane deformation, δ oop : out-of-plane deformation, ν: stretching). The blue line indicates the pure electronic transition at 1.98eV (626nm). The two orange arrows indicate either parts of the spectrum where the known vibronic peaks do not reproduce the observed spectrum, or a high energy tail of the pure electronic transition. This spectrum was normalized and divided by the normalized plasmon spectrum and background was substracted.

  respectively. Due to the overlap with the uncertainty, one speculative hypothesis is that we are observing Stokes and anti-Stokes shifts of the 230cm -1 (likely in-plane C-C-C vibrations[START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF]). The anti-Stokes may result from hot luminescence due to coupling with tip-sample cavity plasmons. Hot luminescence has been observed under STM excitation for a porphyrin molecule by Dong et al[START_REF] Dong | Generation of molecular hot electroluminescence by resonant nanocavity plasmons[END_REF].

Figure 6 . 9 :

 69 Figure 6.9: (a) Reproduced spectrum from earlier figure 6.8 (d), with the added vibronic spectrum of pentacene extracted from Kong et al. [158]. The blue arrow on the right indicates a shoulder on the high energy side of the 0-0 purely electronic transition, which we detail next. (b) The second derivative of the spectrum zoomed in on the 0-0 peak to measure the shoulder positions on both sides.

Figure 7 . 1 :

 71 Figure 7.1: Structure of a single layer of a transition metal dichalcogenide. (a) shows the perspective from a side view and (b) shows the view from the top of the layer. The black spheres represent transition metal atoms, and the yellow spheres chalcogen atoms. Reproduced with no changes from [168] (CC-BY-SA 3.0).
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 7 Figure 7.2 from[START_REF] Pommier | Scanning tunneling microscope-induced excitonic luminescence of a two-dimensional semiconductor[END_REF] summarizes some of our results on MoSe 2 . Figure 7.2 (a) shows our experimental setup and a white light transmission image of a large fragmented flake is shown in figure 7.2 (b). Some of the fragments are monolayers (1ML), some are bilayers (2ML) or more.Figure 7.2 (c) shows the same area under laser illumination,

Figure 7 .

 7 2 (c) shows the same area under laser illumination, with the laser filtered out before the detection CCD. Only the 1ML areas are luminescent while the 2ML appear dark as a result of the direct-to-indirect bandgap transition between 1ML and 2ML. Spatial inhomogeneities can be seen. First of all, the laser spot size is a few dozen microns in diameter, resulting in a circular illumination of the flakes. Secondly, individual flakes under the laser spot have different emission efficiencies. This may result from a combination of effects:

Figure 7 . 2 :

 72 Figure 7.2: (a) Schematics of the experiment: the sample is placed between the tungsten tip of an STM and a high-NA microscope objective. The STM tip is grounded and the sample is positively biased. (b) White-light transmission and (c) laser-induced photo-luminescence optical microscopy images of the sample, i.e., a thin exfoliated MoSe 2 microflake on an ITO-coated glass coverslip. Most of the MoSe 2 microflake area has the thickness of a single monolayer (1 ML), except for a small bilayer (2ML, i.e., two monolayers) area on the bottom left corner of the image. (d) Real-space optical microscopy image of the STM-induced light from monolayer MoSe 2 . In the inset of (d) is an intensity profile taken along the dashed line in (d). For STML, V s = 4V , It = 5nA, and the acquisition time is 200s. (e) PL and STML spectra of monolayer MoSe 2 . PL is laser excitation at λ = 465.8nm, with the longpass filter from λ = 491nm. For STML, V s = 2V , It = 10nA, and the acquisition time is 150s. All spectra are corrected for detection efficiency (see supplementary material of[START_REF] Pommier | Scanning tunneling microscope-induced excitonic luminescence of a two-dimensional semiconductor[END_REF] for more details). In the inset is a semilog plot of the same data, clarifying the A and B exciton contributions. Reproduced with permission from[START_REF] Pommier | Scanning tunneling microscope-induced excitonic luminescence of a two-dimensional semiconductor[END_REF] Copyright 2019 by the American Physical Society.

Figure 7 .

 7 Figure 7.2 (d) shows a real-space CCD image of an STM excitation above the optical bandgap. A bright luminescent spot appears under the tip where charges are injected from the STM tip and excitons are created, but

Figure 7 .

 7 3 (a) and (b) show optical microscopy images of a WS 2 sample in white light transmission and laser-induced PL respectively.

Figure 7 .

 7 3 (c) shows representative STML and PL spectra (though of different WS 2 monolayers).

Figure 7 . 3 :

 73 Figure 7.3: (a) White light transmission image with several WS 2 monolayer flakes outlined in red and (b) laserinduced photoluminescence image acquired by optical microscopy of the same monolayer flakes. (c) Comparison between spectra of PL and STML of WS 2 monolayers. The excitation wavelength is λ = 465.8nm and the longpass filter is from λ = 488nm. STML parameters: 3.0V / 1.0nA, acquisition time 500s.

Figure 7 . 4 :

 74 Figure 7.4: (a) STM topography picture acquired at 3.0V / 10nA. Two 1ML flakes are visible, separated by a crack or fold that is barely visible (indicated in white). (b) Efficiency map obtained by dividing the photon map by the current map (and constants). The color scale is in 10 -9 photon/electron, i.e. going from 1.42 × 10 -7 to 3.4 × 10 -8 . (c) Laser-induced photoluminescence of the entire area, with a yellow square indicating the area scanned by the STM. The excitation wavelength is λ = 465.8nm and the longpass filter is from λ = 488nm.
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 75 Figure 7.5: [(a) to (e)] Laser-induced PL microscopy images of a monolayer WS 2 microflake on ITO in absence or presence of the STM tip, at different bias voltages. (f) PL intensity averaged over a 32µm 2 area around the tip and STM bias voltage, plotted versus time (I t = 3nA).(g) PL intensity radial profile, averaged over all in-plane directions, at various STM bias voltages. PL intensity in f and g is taken from the same experiment as the images in a to e, and is divided by its value measured at time t = 0s. (h) Similar as f, where the bias is kept constant (V s = 3V) and the setpoint current is varied.

Figure 7 .

 7 Figure 7.5 shows the results of these experiments that combine laser-induced photoluminescence microscopy and STM. A selection of laser-induced PL images recorded on a monolayer WS 2 microflake is shown (in chronological order) in Figs. 7.5 (a) to (e), on top of which is specified the status of the STM tip. The results of the full experiment are presented in Figs. 7.5 (f) and (g). As PL is measured, the STM tip is engaged and the sample bias

Titre:

  Conception et étude de systèmes de basse dimension découplés de leur substrat métallique pour la nano-optique Mots clés: spectroscopie de luminescence, exciton, microscopie à effet tunnel, effet tunnel inélastique, assemblage moléculaire Résumé: Les molécules organiques pourraient devenir les composants de base de l'électronique de demain. Leur taille ( 1nm) est inférieure d'un ordre de grandeur aux plus petits composants actuels de l'électronique à base de silicium ( 10nm). Une molécule organique peut stocker de l'énergie en absorbant de la lumière et transférer cette énergie à très courte échelle ( 1 à 10nm) par couplage dipôle-dipôle résonant à des molécules voisines, ce qui peut être utilisé pour transférer des informations dans des dispositifs hautement miniaturisés. Un enjeu central pour le développement de cette technologie est l'assemblage de ces molécules sous forme de chaînes 1D, telles des nanofils le long desquels les excitations moléculaires, ou excitons, peuvent se propager. D'autre part, des matériaux 2D semiconducteurs tels que les monofeuillets de dichalcogénures de métaux de transition (TMD) constituent également des plateformes très intéressantes pour la génération et la diffusion d'excitons, pour des applications à la nano-optique et l'optoélectronique. Dans une première partie de cette thèse, nous réal-isons la croissance sous ultravide de chaines moléculaires 1D par l'assemblage de molécules chirales (quinacridone). La structure de ces agrégats est en partie guidée par les interactions avec une surface monocristalline de Cu[START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], mais leurs états électroniques sont découplés de ceux du substrat métallique par une couche mince (moins de 5 monocouches) d'halogénure alcalin ou par une monocouche de nitrure de bore (un semiconducteur 2D à grand gap). Les modes de croissance et la structure de ces chaines sont étudiés par microscopie à effet tunnel (STM) et diffraction d'électrons lents à haute résolution (SPA-LEED). Dans une seconde partie, les propriétés excitoniques de monofeuillets de TMDs exfoliés et reportés sur des électrodes transparentes conductrices (ITO) sont étudiées à l'échelle nanoscopique au moyen d'un STM couplé à un microscope optique et fonctionnant à l'air. Les effets inélastiques du courant tunnel permettent de générer localement sous la pointe du STM des excitons, lesquels peuvent diffuser jusqu'à plusieurs micromètres de la source.
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	Measured peak position (nm)	Measured Raman shift (cm -1 )	Literature Raman shift (cm -1 ) [129]
	535.853	234	230
			336
	542.874	475	464
			560
	592		586
	546.878	710	698
			746
			940
	564.643	1185	
	567.667	1280	
	569.581	1339	
	572.299	1422	
	578.228	1601	

values in the table 4.2 below and visualized in figure

4

.9 (a) by thin vertical grey lines (from references

[START_REF] Del Puerto | Adsorption study and detection of the high performance organic pigments quinacridone and 2, 9-dimethylquinacridone on Ag nanoparticles by surface-enhanced optical spectroscopy[END_REF][START_REF] Binant | The application of electronic and vibrational spectroscopic techniques to the identification of quinacridone pigments in vehicle paint systems[END_REF]

). Our values have been tentatively matched to the ones reported before, and we seem to have a good match with most of the strong Raman lines. 2: Table showing our measured Raman lines positions for 10ML of QA/Cu
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1: Average STM height in nm for different layers of KCl/Ag(100) taken on 9 different profiles from figure 5.4.

Uncertainty on all values is ±0.01nm. STM parameters: +0.2V / 0.3nA.

Table 6 .

 6 1: Table showing our measured Raman shifts with regards to the 532nm green laser excitation for 10ML QA/Cu(111) (reprinted from table 4.2 for convenience), 0.4ML of QA/h-BN/Cu(111) and 4ML QA/h-BN/Cu
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Chapter 5

Growth of thin insulating films

In order to study the luminescence properties of quinacridone, the molecule needs to be electronically decoupled from the metallic susbtrate in order to prevent luminescence quenching by ultrafast energy and charge transfer to the metal (cf section 2.2). Before depositing the molecule, we did a preliminary study on the growth and structure of the chosen insulators, the "spacers". These are two alkali halide salts, KCl and NaCl, and monolayer hexagonal boron nitride (h-BN). They have been studied on two metallic surfaces, Ag [START_REF] Potts | The crystal structure of quinacridone: An archetypal pigment[END_REF] and Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF].

Alkali Halide salts on Cu(111) and Ag(100) surfaces

Alkali halides salts are ionic crystals which almost all crystallize in bulk as the rock-salt structure [START_REF] Sl Baldochi | Alkali halide crystals growth[END_REF], which is two intertwined face-centered cubic structure, one for each atomic species. As a result, each cation is surrounded by six anions and vice-versa. Such a structure is also called the NaCl structure and is visible in figure 5.1.

In our work, we focus on two such salts: sodium chloride (NaCl) and potassium chloride (KCl). As bulk crystals at 77K, NaCl and KCl have bandgaps of 8.97eV and 8.69eV respectively [START_REF] Roessler | Electronic spectra of crystalline NaCl and KCl[END_REF], which they should retain with little variation as ultrathin films [START_REF] Kiguchi | Electronic structure of alkali halide-metal interface: LiCl(001)/Cu(001)[END_REF], making them very good insulators at the nanoscale.

First, we will discuss the orientation of the alkali halide islands using KCl LEED patterns. When deposited as thin films, NaCl and KCl mainly create rectangular islands oriented along a substrate direction (in total three different domains for Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] [START_REF] Bennewitz | Ultrathin films of NaCl on Cu(111): a LEED and dynamic force microscopy study[END_REF], one for Ag(100) [START_REF] Müller | Structure of epitaxial layers of KCl on Ag(100)[END_REF]). This is also what we observe in figure 5.2.

On the top left picture, KCl/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF], three rectangular domains are visible, with one of their axes respectively rotated by 0°, 15°, 30°with respect to one of the copper direction. The spots are circular and sharp, indicating no azimuthal mosaicity.

On the top right picture, KCl/Ag(100), one main domain is aligned with the Ag(100) surface directions with a spread of 22°, but an additional domain is oriented at 45°with regards to the silver and the main KCl domain. This was also reported by Le Moal et al. for NaCl [START_REF] Éric | Misfit driven azimuthal orientation of NaCl domains on Ag(100)[END_REF]. They attributed the intensity of the spots of this 45°domain to

Chapter 6

Growth and luminescence of QA/insulator/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] After studying the growth of different insulators on the Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF] surface and confirming the suitability of the obtained thin films as spacers, we now move on to the deposition of the molecule quinacridone to finally obtain our desired systems and to study their luminescence.

Growth and photoluminescence of QA/h-BN/Cu(111)

We first describe quinacridone deposited onto h-BN/Cu [START_REF] Lin | Temperature-tuned organic monolayer growth: N, n -di(n-butyl)-quinacridone on Ag(110)[END_REF]. We will study different deposition coverages for quinacridone: 0.05ML, 0.3ML and 0.8ML. All those preparations are shown in figure 6.1.

The lowest coverage deposition, in the top left, shows h-BN islands covering entirely the copper surface, barring some narrow crevasses between different islands. Those gaps in h-BN are also visible in all STM topographs. The top left picture displays a few short chains oriented in the same direction grouped together as a small domain.

Molecules seem to always be located near the h-BN edges, where the density of states or defects is likely higher.

In the top right picture, for a coverage of 0.3ML, long domains of chains are visible. As expected from the previous picture, domains seem to start near edges and holes in the h-BN islands, but the chains are then able to keep extending further in on the h-BN island away from the copper. The chains are straight, indicating enantiopurity, and the structure is very similar to the α'-phase of QA/Cu(111) from chapter 4, but with less disorder. This suggests that the strong interaction on Cu(111) hampers the molecules' ability to move on the metallic surface, whereas h-BN weakens it and enables more diffusion. Finally, of note is the seemingly attractive force grouping the chains together into close-packed domains, as opposed to chains that would repel each other when directly on the copper surface (cf subsection 4.2.3).

Chapter 7

Two-dimensional semiconductors on transparent conducting electrodes STM-induced luminescence (STML) of quinacridone in ultrahigh vacuum (UHV, 10 -10 mbar) and liquid-nitrogen low temperatures (LT, 78K) has shown that it is possible to control the excitation with the ultimate subnanometer precision. However, doing so requires perfect control of all parameters, needing large, expensive equipment. As a result, we have in parallel studied another system in less stringent conditions: the STML of 2D transition metal dichalcogenides (TMDs) in ambient conditions, i.e. at room temperature (300K) and in air. TMDs exhibit excitonic properties with high exciton binding energies making them interesting for optoelectronics, both for fundamental research in exciton physics as well as industrial applications.

In a first section, we will detail what TMDs are and our motivation to study them, then in a second section we will study the STML of two of those 2D materials, namely MoSe 2 and WS 2 , and compare their STML to their laser-induced photoluminescence (PL), then finally in a third section we will show that by combining STM and laserinduced PL in a novel way, it is possible to locally modulate some properties of the PL emission.

Monolayer transition metal dichalcogenides

Transitional Metals Dichalcogenides (TMDs) are a class of layered materials. The 3-atom-thin layers are loosely bonded together by van der Waals interactions. They are therefore easy to exfoliate in a similar fashion to graphene from bulk graphite (top-down approach), or they can be grown by various synthesis methods (bottom-up approach) such as chemical vapor deposition (CVD). The sketch of a monolayer is shown in figure 7.1. The stoechiometric ratios give the material its name: MX 2 , where M is a transition metal atom (Mo, W, V, Ta...) and X 2 represents the two atoms of a chalcogen species (S, Se, Te...). As a result, many combinations are possible resulting in distinct